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We thank both Referees for their thorough evaluation of the manuscript. Their comments are repeated below in blue and our

response follows in black.
Response to comments by Referee 1

This paper describes a new microphysical aerosol module "S3A-v1" within the LMDZ GCM for stratospheric applications,
and evaluates it against ambient and volcanic observations. This is valuable research, as stratospheric aerosols are important for
climate and chemistry, and can have small (ambient) impacts or large perturbations such as volcanic eruptions or hypothetical
geoengineering schemes. Additionally, as the authors note, due to the long lifetime, the growth and microphysical processes
are complex and important, and most modeling studies lack at least one important process. The model disclosed in this pa-
per should be useful to advance our understanding of stratospheric aerosols. This is a well-written paper with clear structure,
meaningful utility, promising results, and good grammar. I have just a couple general suggestions and numerous minor specific
suggestions to be considered before publication.

We thank the Referee for their general positive appreciation.

General Minor/Moderate suggestions:

1) Additional comparisons to observations can help strengthen the paper and understand how robust your model is. A few
suggestions: a) Compare vertical profiles of sulfate aerosol mixing ratio taken by aircraft (Borrmann et al. (2010); also applied
in English et al. (2011) figure 10). b) Comparison to observations of sulfuric acid concentrations. (e.g. balloon data applied in
English et al. (2011) Figure 5c). c) Is there UTLS and stratospheric temperature data after Mt Pinatubo eruption (to test your

aerosol radiative heating code)?
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The manuscript already includes a number of comparisons to observations, but we agree that comparison to additional obser-
vations can bring further insight into the model. We consider below the three suggestions made by the Referee.

a) In Fig. 1 below we compare the simulated sulfate particle mixing ratio in the tropical upper troposphere / lower stratosphere
(UT/LS) to observations from aircraft reported by Borrmann et al. (2010). As already seen on Fig. 5 in the discussion paper, the
comparison to optical particles counter (OPC) measurements by Deshler et al. (2003) shows that the model overestimates the
number of particles significantly, mainly at the lower end of the size distribution. This positive bias is larger at higher altitudes.
Said differently, the height of the maximum particle mixing ratio is shifted towards higher potential temperatures (Fig. 1).
There could be several reasons for these discrepancies: the model may predict too many small particles (but sensitivity tests
described below on enhancing coagulation are not entirely conclusive), the model may predict the right amount of particles
but at a too high altitude, or measurements may miss a fraction of small particles. The discrepancy can also be explained by a

combination of these reasons.
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Figure 1. Vertical profile of sulfate particle mixing ratios measured from aircraft in the tropics under background conditions (Borrmann
et al., 2010) compared to simulated profiles at the same latitudes. The measurement campaigns TROCCINOX (TR), SCOUT-03 (SC), and
SCOUT-AMMA (AM) took place in 2005 and 2006 at various tropical sites (21°S, 12°S, and 12°N, respectively). The authors would like to

thank Ralf Weigel for providing them with the measurement data.

b) As it was not possible to get access to the original measurement data from Arnold et al. which are shown in Fig. 5c of
English et al. (2011), we performed an eyeball comparison between English’s plot and the vertical profile of HoSO4 number
concentration at 43°N in September and October in LMDZ-S3A under background conditions shown in Fig. 2. The agreement
between the simulated and the measured sulfuric acid concentration is very good. In both cases the highest concentrations are

found at an altitude of 30-35 km and reach values of 107 to 10® molecules per c¢m?, while concentrations decrease to values



10

15

of 10° to 10° in the lower stratosphere. Only above == 40 km our model overestimates concentrations considerably, because it
does not include photodissociation of HySO,4, which causes the concentration to decrease more rapidly with increasing altitude

in the observations.
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Figure 2. Simulated vertical profile of H>SO4 number concentration at 43°N in September and October under background conditions. To be

compared to measurements by Arnold et al. shown in Fig. 5c of English et al. (2011).

¢) Comparing simulated and observed temperature anomalies following the Pinatubo eruption is far from being straightfor-
ward. Upper tropospheric and lower stratospheric (UT/LS) temperatures are routinely measured by radiosondes but require
some complicated processing and bias correction that are beyond the scope of this study. Temperatures are also retrieved from
radiance measurements made by satellite infrared sounders such as AIRS or IASI, but the presence of aerosols complicates
significantly the temperature retrieval. We are not aware of a reliable dataset of LS temperatures from infrared sounding during
Pinatubo. Available meteorological reanalyses (such as ERA-interim) are not so reliable either because the meteorological
models used for deriving the reanalysis generally do not consider the effects of stratospheric aerosols. Hence the resulting re-
analysis of the LS temperature is likely to be biased low. A few studies report LS temperature changes following Mt. Pinatubo’s
eruption as measured from satellite with a microwave sounding unit (MSU) instrument (Randel et al., 1995; Zhang et al., 2013).
As it relies on microwave, MSU has the advantage of not being influenced by the presence of aerosols, but it has the disad-
vantage of having a relatively broad weighting function on the vertical that encompasses both the UT and a large fraction
of the stratosphere. Because stratospheric temperatures in climate models are generally biased one way or the other, it is not
meaningful to compare absolute values of temperature. Rather we should compare temperature anomalies with and without
the Pinatubo aerosols. There is a methodological issue here however. In the case of observations, one can only compare years
1991/1992 against a climatology from previous or following years. In the case of the model, it is also possible to perform two

simulations with and without the Pinatubo aerosols and infer the temperature anomaly due to the aerosols. This can be done in
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nudged mode (which is the case of the simulations performed in this manuscript) or in free-running mode. In order to be able to
compare the models results to the aerosol profiles measured at Laramie after the Pinatubo eruption, the model dynamics, here
horizontal winds, has to be nudged towards meteorological analyses. Indeed, in a free-running mode, the GCM calculates its
own "random" wind fields and cannot reproduce the actual dynamics and variability for specific years over a specific site such
as Laramie. The wind nudging is possibly interfering with modelled temperature response, especially at high latitudes where
dynamical feedbacks are known to play an important role.

Despite the intrinsic limitations of such a comparison, we compare here the model temperature anomaly (with and without
Pinatubo aerosols) with the observed temperature anomaly (relative to baseline years) in Fig. 3. Zhang et al. (2013) report a
peak warming of about 2 K after Pinatubo in the global mean for MSU channel 4 that encompasses both the upper troposphere
and lower stratosphere. This is a bit more warming than shown in an earlier study by Randel et al. (1995). CMIP5 models show
up to 3 K anomaly (see Fig. 2 in Zhang et al. (2013)). The temperature anomaly in the LMDZ-S3A simulation, convoluted with
the MSU channel 4 weight function to make things comparable, is larger with a peak warming of 4.0 K, which may indicate
an overestimated radiative heating in the model. One reason for the discrepancy in peak warming is likely due to the fact that
O3 is prescribed in the model to a constant climatology whereas, in the real world, O3 has decreased by up to 15% after the
Pinatubo eruption (according to Randel et al. (1995)). Since a large fraction of the SW heating rate induced by aerosols is
actually related to an increase in gaseous absorption due to an increase in photon path upon aerosol scattering, the observed
decrease in Og is expected to lead to a decrease in shortwave heating rates. We would need to couple an interactive O3z scheme
to our model to test this hypothesis. Finally it is also worth mentioning that the simulated temperature anomaly spreads from
the tropics to the high latitudes within about a month (at least in nudged mode), that is more rapidly than the sulfate aerosol
itself and the corresponding AOD in the visible spectral range. This behaviour is caused by a relatively strong diffusion of the
temperature field in the model —which is required to stabilize the model dynamics— while the aerosol is transported through a

less diffusive numerical scheme.
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Figure 3. Global mean MSU channel 4 (upper tropospheric and lower stratospheric) temperature anomaly. The modelled anomaly due to the
Pinatubo sulfate aerosol is computed as the difference between simulations with and without volcanic aerosol, while the observed anomaly

reported by the UAH (Spencer and Christy, 1993) is with respect to the 1981-2010 base period.
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2) I suggest adding van der Waals forces to your coagulation scheme to improve simulations of ambient aerosol. In your
Figure 5, small particles are overestimated and large particles are underestimated by about an order of magnitude in the
middle/upper troposphere. Inclusion of van der Waals forces would significantly reduce this bias. This was investigated in the
WACCM/CARMA model (English et al., 2011). WACCM/CARMA with van der Waals forces included in the coagulation
scheme had a much better match to aerosol size distribution than your model (Fig 9 in English et al. (2011)). This was
concluded to be due to van der Waals forces; the experiment without van der Waals forces overestimated particle number (Fig
10 in English et al. (2011)), similar to your model. (Neither model includes meteorites, suggesting that not including meteorites
is not the problem). This should improve your comparisons in your Figure 5 and 11, and would be a nice improvement to your
model. Also, you could compare vertical profiles of mixing ratio (Borrmann et al., 2010). Also, you could compare Pinatubo
simulations to other studies that looked at van der Waals forces (English et al., 2013; Sekiya et al., 2016), although as you
mention, the observed variability is too large to conclude with confidence whether including van der Waals forces improves
volcanic simulations. Most likely, van der Waals forces is important to match ambient observations of number concentration
though.

In the original manuscript we have only considered Brownian coagulation for spherical neutral spheres (Jacobson et al., 1994).
Other contributions for coagulation come from van der Waals forces, sedimentation and turbulence. Among these additional
terms, only that due to van der Waals forces has been considered by some authors (English et al., 2013; Sekiya et al., 2016). Both
studies rely on the calculations of Chan and Mozurkewich (2001), but do not describe precisely how this additional process is
treated in their models. Chan and Mozurkewich (2001) measured coagulation for sulphuric acid particles of identical size. They
infer an enhancement factor over Brownian coagulation for the limit cases of the diffusion (continuum) regime (£/(0)) and the
kinetic (free molecular) regime (F(c0)). These enhancement factors are not directly usable in our model because stratospheric
conditions encompass both the continuum and the free molecular cases and the equations in Jacobson et al. (1994) cover the
general case. In additional sensitivity tests, we have now applied the parametrizations of the enhancement factor of Chan and
Mozurkewich (2001) to the coagulation kernels of Jacobson et al. (1994). We performed two additional simulations of the
Pinatubo eruption, a first one with coagulation enhanced uniformly by the factor E(0) and a second one with coagulation
enhanced uniformly by the factor E(oc), which is generally larger than F/(0). Actual enhancement factors corresponding to
stratospheric conditions can be expected to lie in between these two limit cases. As anticipated by the Referee, the van der
Waals coagulation term improves the comparison to observation for particle number concentration (Fig. 4) and effective radius
(Fig. 5), but it makes it a little worse for AOD as shown in Fig. 6, with global-mean AOD peaking too low (and too early)
compared to the Sato climatology. Given that there are only few measurements of the van der Waals coagulation term, and the
mixed results obtained in our model, we do not include this process in the default version of our model, but we offer it as an

option in the revised code. The manuscript has been revised to reflect this discussion.
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Figure 4. Vertical profile of the cumulative aerosol number concentration (cm~?) for three channels ( > 0.01 um in light blue, > 0.15um
in orange, and r > 0.5um in dark blue) in November 1991, May 1992 and November 1992 at Laramie, Wyoming (41°N, 105° W) from
the experiment with coagulation enhanced by the kinetic regime enhancement factor E(co) (to be compared to the corresponding figure in
the article for the experiment without van der Waals forces). Solid lines show the modelled monthly mean, while the crosses indicate the
range of daily mean concentrations within that month. Optical particle counter (OPC) measurements from Deshler et al. (2003) are shown as

symbols.
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Figure 5. Stratospheric effective particle radius at Laramie, Wyoming (41° N, 105° W) as simulated by the LMDZ-S3A model and observed
with optical particle counters (Deshler et al., 2003). The light blue (resp. orange) line shows the model result for coagulation enhanced by

the continuum regime enhancement factor £(0) (resp. the kinetic regime enhancement factor E(co)).

Global mean strat. AOD at 550 nm

018 """""" T T | RALALLALLAL] | LALALALLLLL] | AAALLALALY
: © | — LMDZ-S3A
UEL A . LMDZ-S3A I
014 | --- ______ -7 (vdW factor E(0))
) : LMDZ-S3A
012 F -4\ -] 7 (vdW factor E(o0)) H
: Sato
a R i
2 0.10 & :
g3 008 =t AN T
] AN R e
S A N
PO ST NS

0.00
1991 1992 1993 1994 1995 1996 1997
year

Figure 6. Evolution of the global mean stratospheric aerosol optical depth (SAOD) at 550 nm modelled with LMDZ-S3A compared to the
climatology from Sato (2012) and to SAOD simulated with WACCM by Mills et al. (2016). The dashed (resp. dotted) line shows the model

result for coagulation enhanced by the continuum regime enhancement factor £(0) (resp. the kinetic regime enhancement factor F(c0)).
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3) Using prescribed chemical lifetimes is probably fine for ambient aerosol, but could be problematic with large volcanic

eruptions or geoengineering. I suggest you clarify these caveats and either do some evaluations that conclude that prescribing
the oxidants doesn’t cause too many errors in your results, or state that this current model setup is not recommended for very
large volcanic eruptions or geoengineering. Also, cite Bekki (1995) for evidence of limited oxidants. (It’s reassuring that your
results are reasonable for Pinatubo, but unclear whether your model is safe to use for eruptions larger than Pinatubo or for
geoengineering).
We agree with the referee that assuming a constant SO lifetime (and hence a constant OH mixing ratio) might be a limitation
for very large SOq injections. Bekki (1995) showed that a constant SOq lifetime is not justified for an eruption as large as
that of the Tambora, but they concluded that in the case of Pinatubo “OH changes would have been too modest to have had a
noticeable effect on the global SO, removal rate”. However, Bekki used a zonally-averaged 2-D model with coarse latitudinal
resolution of 10°, which could not represent the large initial SO2 concentration in the volcanic plume. It is thus possible that
the SO, lifetime may have increased in the initial Pinatubo volcanic cloud.

In order to test the sensitivity of the results to the assumed global SO removal rate, we performed another simulation with
SO, lifetimes arbitrarily increased by a factor 2. It appears unlikely that the OH effect impacted the global SO, lifetime beyond
this factor 2, notably when compared with observational studies of the volcanic SOy decay. Analyses of SO, observations after
the Pinatubo eruption give a global SO, lifetime ranging from 23 to 35 days (Bluth et al., 1992; Read et al., 1993). We find that
a two-fold increase in assumed SO- lifetime has a small effect on the simulated global-mean AOD following Pinatubo (Fig. 7).
The peak AOD is delayed, which is more consistent with the observations, but it is also slightly decreased. We also performed
a Pinatubo simulation with SO4 lifetimes increased by a factor 2 on the day of the eruption and decreasing linearly to their
climatological values within one month. This temporary increase in SO, lifetime delays and increases slightly the peak of the
global-mean AOD. Overall the sensitivity to the SO, lifetime appears to be small.

Furthermore, there are other, probably more important, sources of uncertainties. For instance, it is likely that large amounts
of water vapour were injected with SO5 (Guo et al., 2004b). This water would have the opposite effect of enhancing OH levels
in the SO4 plume and decrease the SO, lifetime. Another uncertainty is the amount of SO5 injected. There is almost a factor 2
in the possible range of SO5 injection. From satellite data, Read et al. (1993) estimated an injection of 17 Tg SOy whereas
another estimate reports an effective emission of 10 Tg SO, at 8-10 days after the eruption because of a possible rapid removal
of SO, on ash (Guo et al., 2004a).

Finally it should be noted that many of the geoengineering stratospheric aerosol injection (SAI) scenarios envisaged consist
of a continuous injection rate of SO, which is unlikely to lead to large SO5 concentrations and decreased SO, lifetime. In
conclusion using a prescribed chemical lifetime is probably not currently a major limitation of our model although it is desirable
of course to improve the model in that respect in a future phase of model development.

The manuscript has been revised to reflect this discussion.

Specific suggestions:

Abstract: 1) Add that stratospheric aerosols impact chemistry as well as radiative forcing 2) Describe your model in more
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Figure 7. Same as Fig. 6, but here the dashed (resp. dotted) line shows the model result for SO lifetimes uniformly doubled (resp. SO2

lifetimes doubled on the day of the eruption, and decreasing linearly to their climatological values within 1 month).

detail (it computes aerosol radiative heating and QBO but has semi-prescribed chemistry). 3) Remove the word "all" from
relevant microphysical processes, as certainly *some* are missing, such as van der Waals forces. 4) Add a few more details of
your results, e.g. number of ambient large particles are underestimated/small particles overestimated (which may be due to not
including van der Waals forces).

We changed the first sentence to “Stratospheric aerosols play an important role in the climate system by affecting the Earth’s
radiative budget as well as atmospheric chemistry [...]”. We also added some more details of the model and the results and

removed the word “all” even though we now include the coagulation term due to van der Waals forces as an option.

Introduction Line 21: Remove the word "quite"

The word was removed.

2.1.1 Line 20: Does Hourdin et al. (2006) evaluate the model for stratospheric applications? If not, I suggest adding a subsec-
tion where you describe and evaluate some of the stratospheric processes in your model to ensure it is behaving reasonably,
such as looking at strat age-of-air, trop-strat transport processes, seasonal/latitudinal temperatures. It is nice that you looked at
QBO.

We added a reference to de la Cdmara et al. (2016), where different aspects of the Brewer-Dobson circulation and the QBO in

the LMDZ model are evaluated and discussed.

2.1.2 Line 8: Say why you only compute nucleation, condensation etc in the stratosphere (to save computational time? or is a
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different aerosol module used in the troposphere?)

LMDZ-S3A is a module developed for sulfate aerosol in the stratosphere, therefore it is only active above the tropopause.
Tropospheric aerosols are treated separately in the model, either by prescribing a climatology (as is the case in the model
version presented here) or by activating an interactive standard bulk aerosol model described by Escribano et al. (2016). The

manuscript has been revised to explain this.

2.1.2 Line 10: Do you compute the tropopause level at each timestep? Please clarify.

We clarified that the tropopause pressure is computed at each timestep.

2.2.1 Line 19: I suggest put these paragraphs in a new section called "Chemistry".

We created a subsection called “Semi-prognostic sulfur chemistry”.

2.2.1 Line 31: Please add some discussion regarding my general concern 3) here.

A discussion on the limitation of using prescribed chemical lifetime has been included in the revised manuscript.

2.2.2 Line 5: The statement that coagulation and growth, not nucleation, determines particle size distribution is a main conclu-
sion from English et al. (2011).
We added a reference to English et al. (2011).

2.2.5 Line 13: Please add discussion of the possible importance of van der Waals forces to accurately model ambient aerosol.
Results by English et al. 2011 (see Figure 9) suggest van der Waals forces is very important to get ambient aerosol correct
(likely more important for ambient aerosol than for large perturbations such as volcanic eruptions).

As discussed above, we have introduced a parametrization of the effect of van der Waals forces on coagulation and we have

performed additional sensitivity simulations. A discussion on this has been included in the revised manuscript

2.3 Line 23: "widely tested by the authors". are there any peer-reviewed papers to cite?
The Mie code was extensively tested. Early references describing the code and some reference calculations include Boucher
(1995) and Boucher et al. (1998).

3.1 Line 29+: (discuss the likely importance of van der Waals forces). Also, since English et al. (2011) also didn’t have me-
teoritic dust in their model, but the size distribution looks good, the lack of meteoritic dust is not likely a source of error for
particle size/mixing ratio (but probably is a source of error for burden/extinction).

We agree that the role of meteoritic dust on the stratospheric AOD is likely to be small. However its role of the aerosol size
distribution remains an open question because of a lack of reliable measurements. We have added a short discussion on this in

the revised manuscript.

3.2 Line 21: Cite Aquila et al. (2012) who also investigated the relationship between injection height and Pinatubo accuracy

when aerosol heating is involved (How do your injection height results compare )

10
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We added a reference to Aquila et al. (2012), who also found the best agreement between the simulated and the observed

sulfate cloud for an injection height of 16 to 18 km.

3.2 Line 26: Is this data published anywhere yet?
No, there is no publication on the CMIP6 stratospheric aerosol data yet. Luo Beiping provided it to the authors via personal

communication.

Conclusions Line 30: Please add discussion about whether your model is safe to use for perturbations larger than Pinatubo
and/or for hypothetical geoengineering schemes given that oxidants are prescribed.

As dicussed above we think the model is safe to use up to fairly large rates of SAI. The manuscript is revised to clarify this.

Figure 5 and Figure 11: It is difficult to distinguish the model and observation lines, especially the dark blue lines. Can you
change the colors or markers to better distinguish?

Figure 7: Add to the caption the source of the CMIP6 aerosol data set. Please add a header to each row and column describing
each panel.

We updated the respective plots and hope that the legibility improved.

Response to comments by Referee 2

This manuscript describes the stratospheric aerosol model S3A and it’s application in the LMDZ GCM. The model allows for
interaction between aerosol radiative effects and atmospheric dynamics. Comparisons with observation for a background (un-
perturbed) period and for the Pinatubo period are presented. The introductory section has a thorough discussion of the evolution
of global aerosol models and trade-offs related to the aerosol approach chosen. The sectional approach to aerosol is appropri-
ate for the stratosphere. The disconnect between stratospheric and tropospheric aerosols should be justified or it’s limitations
discussed and relegated to future model development. In particular, interactions between sulfate and organic aerosols in the
UTLS region (see recent GRL paper by Yu et al. (2016)) and affects of descending sulfate aerosol on clouds and tropospheric
chemistry should be mentioned. Meteoritic particles in the middle stratosphere and polar regions could also be significant in
some cases. The radiative code is appropriate to the application, with 6 shortwave and 16 longwave bands. The paper is gener-
ally well-written, though a few relevant model details and caveats have been omitted, as detailed below. The model has room
to grow by adding an interactive chemical scheme and strat-trop aerosol interactions, but the version presented here is still a
useful contribution to the literature and worthy of documentation in Geoscientific Model Development.

We agree that the model can be further complexified but is already usable in its current form.

Specific Scientific Comments:
Page 1, lines 16-18: “Gravitational sedimentation . . . is extremely dependent on the size of the aerosol particles and ambient
air density.” Air density (or pressure) explains why sedimentation is not important in the troposphere but is in the stratosphere.

We agree that higher pressure partly explains why sedimentation is not important in the troposphere. But we think that the main

11
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reason is that there are other faster processes in the troposphere that are not at work in the stratosphere. Ambient air density is

a small term relative to the aerosol density. We have not modified the text here.

Page 4, lines 6-7: It is not accurate to say that “We have included processes relevant to . . . much larger and/or longer emission
rates than experienced in typical volcanic eruptions” because of the prescribed oxidants converting SO2 and OCS to sulfate.
Perturbations to OH will decrease SO lifetime following an eruption much larger than Pinatubo. The model currently as the
hooks to account for larger eruptions in the future when the REPROBUS chemical scheme is integrated into LMDZ, as ex-
plained on page 8, but currently does not have that capability.

See our reply to Referee 1 on this issue. We think that the prescribed SOs lifetime is not a significant limitation of our model

unless we consider very large SO injection rates.

Page 4, lines 23-25: Please include the height of the model top.
We added the model top height of 75 km.

Page 7, lines 24-26: Apparently the photochemical transformation of HoSO,4 gas to SO3 and SO5 above the top of the aerosol
layer is neglected? This will result in errors in nucleation in the polar regions due to downwelling of SO».
It is right that we do not photolyse H,SO,4 in our model, but we do have downwelling of (previously evaporated) H,SO, at

higher latitudes, which may have a similar effect on particles there as the mentioned SOs.

Page 8: lines 7-8: Wet and dry deposition are mentioned but not washout/cloud removal processes. Are aerosols removed in
clouds throughout the troposphere or at the surface only?

Wet deposition in the LMDZ model includes both in-cloud and below-cloud scavenging.

Page 12, lines 17-24: Can you justify using the Steele and Hamill (1981) formulation for aerosol weight percent? How does it
compare to Tabazadeh et al. (1997)?

We do not use the Steele and Hamill (1981) results. We calculate aerosol composition “following the approach described in
Steele and Hamill (1981) assuming the water content of the aerosol particles to be in equilibrium with the surrounding ambient
water vapour.” Tabazadeh et al. (1997) used the same approach. The difference between these two studies is the expression
used to calculate the partial pressure of H,O above aqueous sulphuric acid solutions. The differences in aerosol composition
between these 2 studies were less than 1% at temperatures above 200 K, and hence throughout almost all the stratosphere. The
only exception is in the lower stratosphere in the polar regions in winter when and where temperatures drop below 200 K. We
have rephrased this part and added the Tabazadeh et al. (1997) reference: “...following the approach described in Steele and
Hamill (1981) and also used in Tabazadeh et al. (1997). In this approach, the water content of the aerosol particles is assumed

to be in equilibrium with the surrounding ambient water vapour.”

Page 13, lines 24: How can you justify using a constant temperature and 75 weight percent aerosol in the optical properties

calculation for all latitudes and altitudes? This weight percent will be pretty far off near the poles and near the top of the aerosol

12
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layer. How much error does this contribute to the scattering and heating rates calculations?

We acknowledge that using constant composition in the optical properties calculation is one of the limitations of our model.
It would be difficult to evaluate the error due to this assumption, but it should not be very large, as aerosol concentrations are
typically low in the regions where the composition deviates considerably from the assumed value. The model may be improved

in this respect in the future, given that refractive index data are available for a broad range of temperatures and compositions.

Page 15-16, Pinatubo Experiment: It would be nice to see a figure showing the change in temperature, particularly near the
tropical tropopause, due to the volcanic aerosols, and possibly a figure showing the change in stratospheric dynamics.

See response to Referee 1.

Minor comments:
Page 2, line 30: “. . .a dozen global three-dimensional stratospheric aerosol models”. Omit “of”

We omitted the word.

Page 4, line 1: “Recent reviews of scientific studies. . .” Change “on” to “of”

We changed the word.

Page 6, line 20: “Nudging is activated in the model calculations described in Sect 3.2”

We changed the sentence accordingly.

Changes made in the revised manuscript

The changes in the manuscript resulting from the comments by the two Referees are marked on the following pages.
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Abstract. Stratospheric aerosols play an important role in the climate system by affecting the Earth’s radiative budget as well
as atmospheric chemistry and the capabilities to simulate them interactively within global models are continuously improving.
It is important to represent accurately both aerosol microphysical and atmospheric dynamical processes because together they
affect the size distribution and the residence time of the aerosol particles in the stratosphere. The newly developed LMDZ-S3A
model presented in this article uses a sectional approach for sulfate particles in the stratosphere and includes all-the relevant
microphysical processes;—alowing-. It allows full interaction between aerosol radiative effects (e.g. radiative heating) and
BO) in the stratosphere. Sulfur

atmospheric dynamics —ttincluding e. enerated quasi-biennial oscillation

chemistry is semi-prescribed via climatological lifetimes. LMDZ-S3A reasonably reproduces aerosol observations in periods
of low (background) and high (volcanic) stratospheric sulfate loading, but tends to overestimate the number of small particles

. an internally

and to underestimate the number of large particles. Thus, it may serve as a tool to study the climate impacts of volcanic
eruptions, as well as the deliberate anthropogenic injection of aerosols into the stratosphere, which has been proposed as a

method of geoengineering to abate global warming.

1 Introduction

The study of stratospheric aerosols has traditionally been a separate activity to that of tropospheric aerosols, inter alia because
of different observing methods and observing systems. This has also been true for the modelling efforts because, due to dif-
ferent residence times of aerosols in the troposphere and stratosphere, the relevance and relative importance of the various
processes at play are different. Resolving accurately the size distribution of aerosol particles is crucial to calculate correctly
the lifetime, vertical distribution and radiative properties of aerosol particles in the stratosphere, whereas tropospheric aerosol
models can in first approximation rely on the assumption of self-preserving modes in the aerosol size distribution. Gravitational

sedimentation, which is the main loss process for aerosols in the stratosphere (Deshler, 2008), is extremely dependent on the



size of the aerosol particles. Coagulation, a fairly non-linear process, is also dependent on the details of the aerosol size dis-
tribution. The importance of resolving accurately the size distribution, notably the large particles tail of the distribution where
most the sedimentation mass flux takes place, was already identified in the early modelling studies (Turco et al., 1979; Pinto
et al., 1989), which used sectional aerosol models with a relatively high resolution in aerosol size but only ene-dimensional-in
heightone dimension (i.e. height) in space.

An accurate representation of dynamical processes in the stratosphere (e.g., subtropical meridional transport barriers, Brewer-
Dobson circulation, stratosphere-troposphere exchange) is also paramount to properly simulate the distribution of stratospheric
aerosols and their dispersion following volcanic eruptions. Representing accurately the interplay between aerosol microphysi-
cal and dynamical processes can be presumed to be computationally very expensive as it involves at least five dimensions: three
space dimensions, the aerosol size dimension, and the time dimension. This means that, for a given computational cost, some
trade off is necessary between the representation (or discretization) of these dimensions and/or the length of the simulation and
the number of simulations. One possibility is to exploit the approximately zonal symmetry in the stratosphere to reduce the
atmosphere to the height and latitude dimensions. This approach was used in particular by Bekki and Pyle (1992) and Mills
et al. (1999) who retained the sectional approach to represent aerosol size.

The increase in computational capability has progressively allowed the development of three-dimensional models of strato-
spheric aerosols in the late 1990s / early 2000s. Most of these models were initially chemistry-transport models (CTMs). This
so-called offline approach was often preferred because chemistry-transport models are cheaper to run as wind and temperature
fields are specified according to meteorological analyses instead of being calculated prognostically like in climate-chemistry
models. In addition, since the transport of tracers is driven by meteorological analyses, the observed day-to-day variability
in chemical composition can be reproduced (at least to some extent), facilitating the comparisons with measurements. While
chemistry-transport models are suitable for a broad range of studies, they do not include any radiative feedback between
chemical composition and dynamics, and notably ignore the radiative effects of aerosols onto atmospheric dynamics.

Given the importance of stratospheric aerosols for the Earth’s radiative budget, there is also a need to represent stratospheric
aerosols in climate models. The volcanic aerosol forcing is guite-important to simulate the temporal evolution of the climate
system over the last millennium in general, and over the instrumental period (1850 to present-day) in particular. This was
initially done by prescribing the amount and properties of stratospheric aerosols as (time-varying) climatologies derived from
observations. This was the case in most if not all of the climate models involved in the 5th phase of the Climate Model
Intercomparison Project (CMIP5) as discussed in Flato et al. (2013), and it is still expected to be the case in the forthcoming
sixth phase (CMIP6) (Eyring et al., 2016). However capabilities to simulate stratospheric aerosols within global climate models
are continuously improving.

The SPARC stratospheric aerosol assessment report (Thomason and Peter, 2006) provides a review of stratospheric aerosol
models as of 10 years ago. It clearly represents a milestone and stimulated significant further model development since then.
As a result, the recent review by Kremser et al. (2016) lists more than a dozen ef-global three-dimensional stratospheric aerosol
models. It should be noted however that several of these configurations share the same atmospheric general circulation model

(GCM) or the same aerosol module and not all of them include the interaction of aerosols with radiation.



The sectional approach has been adopted by a number of these three-dimensional stratospheric aerosols (e.g., Timmreck,
2001; Pitari et al., 2002; Sheng et al., 2015). Stratospheric aerosols have also been modelled in climate models as an extension
of schemes initially designed for tropospheric aerosols. Simple mass-based (i.e., bulk) aerosol schemes modified to account for
gravitational settling of the sulphate aerosols have been used occasionally (Oman et al., 2006; Haywood et al., 2010; Aquila
et al., 2012). Such models do not represent the growth of aerosol particles but rely instead on a fixed size distribution for each
aerosol type. More sophisticated approaches have also been developed, whereby the aerosol size distribution is approximated by
a statistical function with a pre-defined shape and a few variable parameters. The evolution of the size distribution is governed
through variations in these selected parameters but, by construction, it has only a few degrees of freedom, which may lead
to discrepancies and artefacts in the simulated size distribution. Examples include two-moment modal aerosol microphysics
schemes such as the M7 model (Vignati et al., 2004; Stier et al., 2005) and the GLOMAP model (Mann et al., 2010; Dhomse
et al., 2014), whereby each aerosol mode is represented prognostically by a number and a mass concentration.

A key question relates to the performance of the different approaches for representing the aerosol size distribution. Weisen-
stein et al. (2007) compared sectional and modal aerosol schemes. They found that the modal aerosol schemes performed
adequately against the sectional aerosol schemes for aerosol extinction and surface area density but less so for effective radius.
Kokkola et al. (2009) found considerable deviations in the simulated aerosol properties between sectional and modal aerosol
schemes for elevated SO5 concentrations but they focused on very short timescales after a SO5 burst, and it could be that the
discrepancy is less on longer timescales. The modal schemes have the advantage of being computationally cheap (relative to
the sectional schemes), but may have to be “tuned” against results of the sectional scheme. The sectional approach has the
advantage that the number of size bins can be increased to increase the accuracy of the aerosol scheme. If the scheme is numer-
ically stable, it should converge to a (numerical) solution when the number of size bins increases. It is thus possible to evaluate
the uncertainty induced by limiting the number of size bins, whereas it is difficult, if not impossible, in the modal approach
to assess the uncertainty induced by the assumption of pre-defined aerosol modes with pre-defined shape. This does not mean
however that aerosol sectional scheme will always be superior, as in the end, it will be subject to the same computational trade
off as other models, and the relatively large cost of the sectional approach may limit the horizontal or vertical resolutions of
the atmospheric model.

A climate model with a well established stratospheric aerosol capability is the WACCM/CARMA model described by
English et al. (2011) (for WACCM see Garcia et al. (2007) and for CARMA see Toon et al. (1988)) which includes a sectional
stratospheric aerosol with all the relevant chemistry and microphysics, along with a high vertical resolution. However the
model does not consider aerosol radiative heating. Recently Mills et al. (2016) used the WACCM model to simulate the time
evolution of the stratospheric aerosol over the period 1990-2014. They find a good agreement in stratospheric aerosol optical
depth (SAOD) with SAOD derived from several available lidar measurements by Ridley et al. (2014) and in surface area
density (SAD) with balloon-borne optical particle counter (OPC) measurements at the University of Wyoming (Kovilakam and
Deshler, 2015).

Our research on stratospheric aerosols is motivated by their interaction with both incoming solar radiation and outgoing

terrestrial radiation, and the associated climate response to such a radiative forcing. We are interested in a wide range of



stratospheric aerosol burdens: from background levels to the large volcanic loads observed after major eruptions such as El
Chichén, Pinatubo (e.g., Dutton and Christy, 1992), Krakatoa, or Tambora. Furthermore we are interested in studying the
potential of stratospheric aerosol injection (SAI) as a geoengineering mean to artificially cool the Earth’s climate in order to
compensate for greenhouse gas global warming (e.g., Budyko, 1977; Crutzen, 2006). Recent reviews on-of scientific studies
and open questions regarding solar geoengineering (e.g., Irvine et al., 2016; MacMartin et al., 2016) highlighted again the need
for accurate stratospheric aerosol models. These research interests motivate the introduction of a versatile stratospheric aerosol
model within the IPSL Climate Model (IPSL-CM) and its atmospheric component LMDZ. As a first step towards this objective
we have introduced a sectional stratospheric sulfate aerosol model in the LMDZ model. We have included processes relevant to
both the background and volcanic stratospheric aerosol layer, but also processes relevant to much larger and/or longer emission
rates than experienced in typical volcanic eruptions.

In this article we offer a full and detailed description of the aerosol model in Sect. 2. We also evaluate its performance against
available observations. The eruption of Mount Pinatubo in June 1991 is the last major eruption experienced by the Earth and

was relatively well observed. As such it is a useful case study for any stratospheric aerosol model and is discussed in Sect. 3.

2 Model description

The newly developed sectional stratospheric sulfate aerosol (S3A) module is now part of the three-dimensional atmospheric
general circulation model (GCM) LMDZ described in Hourdin et al. (2006) and Hourdin et al. (2013). LMDZ itself can be
coupled to the ORCHIDEE land surface model (Krinner et al., 2005), the oceanic GCM NEMO (Madec, 2008) and other
biogeochemical or chemical model components to form the IPSL Earth System Model (Dufresne et al., 2013). It is thus
possible to use the S3A model to study the climate response to volcanic eruptions or SAI. We briefly describe below the host

atmospheric model in Sect. 2.1 and make a comprehensive description of the S3A model in Sect. 2.2.
2.1 Host atmospheric model
2.1.1 Model resolution and model physics

A full description of the LMDZ model in its LMDZS5A configuration is available in Hourdin et al. (2006) and Hourdin et al.
(2013). We do not repeat the description here but instead focus on the evolutions of the model since Hourdin et al. (2013) and
the specificities of the LMDZ configuration considered in this study.

In the configuration tested here with the S3A module, LMDZ is run with 96x96 grid-points, i.e. a horizontal resolution
of 1.89° in latitude and 3.75° in longitude —which is the same as for LMDZ5A—, but with a vertical resolution increased to
79 layers and a model top height of 75 km. The additional layers are mostly located in the stratosphere so that in the lower
stratosphere (between 100 and 10 hPa) the vertical spacing Az is approximately 1 km in this model setup. The increased

resolution on the vertical aims to “close” the stratospheric circulation. It is also necessary to generate a realistic quasi-biennial



oscillation (QBO) as discussed below. de la Camara et al. (2016) provide a more extensive description of the stratospheric

dynamics modelled with this vertically enhanced configuration of LMDZ.
Our configuration of the LMDZ model differs from that described in Hourdin et al. (2013) in that it has a different radiative

transfer code. In the shortwave, the code is an extension to 6 bands of the initial 2-band code that is used in LMDZS5A (Fouquart
and Bonnel, 1980), as implemented in a previous version of the ECMWF numerical weather prediction model. In the longwave,
we use the ECMWF implementation of the RRTM radiative transfer scheme (Mlawer et al., 1997) with 16 spectral bands. This
change in radiative transfer scheme is motivated by the necessity to account for the radiative effects of the stratospheric aerosols
both in the shortwave (SW) and longwave (LW) part of the spectrum with sufficient spectral resolution.

Finally it should be noted that the time step for the model physics, Atphys, is unchanged at 30 minutes, which is also the

main timestep used for the S3A model.
2.1.2 Tropopause recognition

As the model focuses on stratospheric aerosols, the separation between troposphere and stratosphere (i.e. the location of
the tropopause) is of special importance. The S3A model requires the knowledge of whether a particular model grid box
is located in the troposphere or the stratosphere, because the processes of nucleation, condensation, evaporation and coagu-
lation are only activated in the stratosphere. Tropospheric aerosols are treated separately by a standard bulk aerosol model
(e.g., Escribano et al., 2016) . Also we have a set of stratospheric aerosol variables that are only diagnosed in the stratosphere.

To this effect we use the algorithm by Reichler et al. (2003) which is based on the WMO definition of the tropopause as
“the lowest level at which the lapse-rate decreases to 2 Kkm™! or less, provided that the average lapse-rate between this level
and all higher levels within 2 km does not exceed 2 Kkm~!”. We use the FORTRAN code provided by Reichler et al. (2003)
which we have adapted to the LMDZ model. With this the tropopause pressure is computed at each timestep. In the rare case

that the algorithm does not find the tropopause in a grid column, it is set to a default value that only depends on the latitude ¢

(in radians) through the relationship:

prp [hPa] =500 — 200 - cos(p) (1)

In this case the tropopause is assumed to vary between 300 hPa at the Equator to 500 hPa at the Poles, independently of the

season.
2.1.3 Quasi-biennial oscillation in the stratosphere

The vertical extension to the LMDZ domain, as discussed above, is accompanied by a new stochastic parametrisation of
gravity waves produced by convection which is documented in Lott and Guez (2013). This is another difference to the original
LMDZ5A model configuration described in Hourdin et al. (2013) which did not include this parametrisation. The combination
of the extended vertical resolution in the lower stratosphere and the gravity wave parametrisation generates a QBO in the model,
as shown in Fig. 1 and documented in Lott and Guez (2013). The amplitude of the QBO around 10 hPa is around 10-15ms~*

and is guite-smaller than observed (20-25 m s~ 1). The easterly phases are also stronger and longer in duration than the westerly



phases, which is realistic. One subtle difference with the QBO shown in Lott and Guez (2013) is that here the connection with
the semi-annual oscillation (SAQO) above is quite pronounced, whereas it was not so evident in Lott and Guez (2013). This
is because the characteristic phase speed we have recently adopted for the convective gravity waves Cpax = 30ms™! (de la
Céamara et al., 2016) is smaller than for the convective gravity waves parameter we used in Lott and Guez (2013). The stronger
connection can be further explained by the fact that more waves travelling through the QBO sector will likely be absorbed by
the critical levels produced by the SAO. Finally, it is worthwhile to recall that our QBO does not extend down to 100 hPa,
in contradiction with observations. In our model, it is probably due to the fact that we underestimate the explicit slow Kelvin
waves that play a crucial role in the lower stratosphere (Giorgetta et al. (2006), for the Kelvin waves in models, see Lott et al.
(2014)).

It is noticeable that the period of our simulated QBO in Fig. 1 shortens and its amplitude increases during the second half of
the simulation, e.g. as the aerosol layer builds up in the lower stratosphere. More precisely, the QBO has a period well above
26 months during the first five years before evolving to an almost purely biennial oscillation by the end of the simulation.
This could be due to the warming of the stratosphere induced by the developing stratospheric aerosol layer (up to 1.5 K in the
tropical lower stratosphere), which would be consistent with the opposite behaviour found when the stratosphere cools, e.g.
in response to an increase in greenhouse gases (for the intensity and period see de la Cdmara et al. (2016), for intensity only,
see the observations in Kawatani and Hamilton (2013)). As our simulation is quite short, this result should be consolidated by
longer runs. It should also be kept in mind that since the QBO in our model is probably oversensitive to changes in greenhouse
gases, it may also be oversensitive to the aerosol content.

Despite these shortcomings, the self-generated QBO is an attractive feature of the LMDZ model to study stratospheric

aerosols and different SAI scenarios. A more realistic simulation of the QBO would require a higher horizontal resolution.
2.1.4 Nudging to meteorological reanalysis

As an option, the LMDZ model can be nudged to a meteorological reanalysis. This is useful to simulate a historical situation
with particular meteorological conditions. Only the horizontal wind components v and v are nudged. Nudging is performed by

adding an additional term to the governing differential equations for v and v which relaxes the wind towards a meteorological

reanalysis:
Ou _ du Ureanalysis — U . 9 _ v Ureanalysis — v @
ot  Otaem T ' ot  OdtcoMm T

where the relaxation time 7 is taken to 30 minutes. Nudging is activated in the model calculations described in Sect. 3.2
using the ERA-Interim reanalysis reprojected onto the LMDZ grid. In this case, the reanalysed QBO prevails over the model

self-generating QBO described in the previous section.



2.2 The sectional stratospheric sulfate aerosol (S3A) model
2.2.1 Prognostic variables

The S3A module in the configuration introduced here represents the stratospheric aerosol size distribution with N = 36 size
bins of sulfate particles with dry radius ranging from 1 nm to 3.3 pm (i.e., 71 = 1nm and rn = 3.3pm for particles at 293 K
consisting of 100 % H2SO,) and particle volume doubling between successive bins (i.e., Ry = Vi11/Vi = ri 11 / rﬁ =2 for
1 < k < Np). The number of size bins N and the corresponding value of Ry represent a compromise between the accuracy
of the scheme, which increases with higher resolution in size, and the computational cost of the model.

It should be noted that the r; are the radius of the “middle” of the size bins. The radii of the lower and upper boundaries of

bin k are
1/3 o
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Other global stratospheric models with sectional aerosol schemes have resolutions ranging from 11 to 45 size bins (Thoma-
son and Peter, 2006). Our model resolution of 36 size bins is therefore in-on the high end of this range. A relatively high
size resolution is required for an accurate modelling of stratospheric aerosols because coagulation, an important process in
the stratosphere, and gravitational sedimentation, the main loss process in the stratosphere, are very strongly dependent on the
aerosol size.

The lower end of our size range (1 nm) was chosen to be close to the size of typical freshly-nucleated particles. We have
tried to limit the number of bins by increasing the minimum aerosol size to 10 nm or more and feeding the nucleation term
directly into this bin. However this resulted in inaccuracies in the size distribution both at small and large aerosol sizes, so this
simplification was eventually not adopted. Large particles have short residence times and therefore very low concentrations in
the stratosphere. As a result they do not contribute much to the aerosol optical depth, hence it is acceptable to set an upper range
to 3.3 um for our modelled size distribution. While 36 size bins correspond to our current configuration, the size range and size
resolution can easily be changed in our model by adjusting the number of size bins (Np), the minimum dry aerosol size (r1),
and the volume ratio between bins (Ry ). All the parametrisations described below then adjust to the new size discretisation.

Aerosol amount in each of the size bins is treated as a separate tracer for atmospheric transport in the unit of particle number

per unit mass of air as required by our mass-flux scheme (Hourdin and Armengaud, 1999).

2.2.2 Semi-prognostic sulfur chemistr

Besides the concentrations of aerosol particles in each bin, the module also represents the sulfate aerosol precursor gases OCS
and SO, as semi-prognostic variables and gaseous HoSOy4 as a fully-prognostic variable. The mass mixing ratios of OCS and
SO, are initialised to climatological values at the beginning of a simulation. They are also prescribed throughout the simulation
to climatological values below 500 hPa, but they evolve freely above that pressure level where they are subject to advection,

convective transport, wet deposition, and chemical transformations. The chemical reactions transforming one species to another



(OCS into SO, and SO, into H2SO4) during one model timestep are parametrised as exponential decay terms with prescribed

chemical lifetimes:

A[SOs] :A]‘jég(éé)) .[0Cs] - {1 ~exp (-ﬁ;ﬁ;)} @
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with [X] being the mixing ratiof};-, A[X] the change in mixing ratioA{;-, M (X) the molecular mass #{X)-and-the
lifetime-x-and Tx the chemical lifetime of species X.

Both the climatological values of OCS and SO and their chemical lifetimes are taken from a latitude-altitude climatology
at monthly resolution from the UPMC/Cambridge global two-dimensional chemistry-aerosol-transport model (Bekki and
Pyle, 1992, 1993). These quantities are shown in Fig. 2. Using prescribed chemical lifetimes means that the OCS and SO,
concentrations do not feed back onto concentrations of oxidants which oxidise these species. This is a limitation of our model,
especially in situation of large OCS or SO, injection rates—, which we discuss further in Sect. 3.3.2. In a future study the
S3A model will be coupled to the REPROBUS (Reactive Processes Ruling the Ozone Budget in the Stratosphere) model for
stratospheric chemistry that is also available in the LMDZ model (Lefevre et al., 1994, 1998).

A schematic of the model species and physical processes is shown in Fig. 3. The following processes are represented: aerosol
nucleation from gaseous HoSOy4, condensation and evaporation of gaseous HoSOy, coagulation and sedimentation of aerosol
particles. Dry and wet deposition of gas-phase species and aerosols in the troposphere are also considered as we are interested

in the tropospheric fate of the stratospheric aerosols.
2.2.3 Nucleation

The formation rate of new particles via binary homogeneous nucleation of sulfuric acid and water vapour is parametrised
as a function of the sulfuric acid gas phase concentration, the relative humidity and the absolute temperature as described
by Vehkamiki et al. (2002). This parametrisation provides the nucleation rate J,,. in unit of particles cm~3 s, the total
number of molecules in each nucleated particle N, and the mole fraction of H,SO, in the new particle x. The equations
are cumbersome and not repeated here, but it should be noted that we rely on the Fortran code provided by Vehkamaiki et al.
(2002).

The parametrisation is not valid any more under conditions where the number of molecules in the critical cluster is below 4
(which occurs mainly at large H,SO4 vapour concentrations). Under such conditions, we take the collision rate of two HoSOy4

molecules as the nucleation rate instead [Hanna Vehkamiki, personal communication], i.e. Nyoy = 2, £ = 1 and
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with M (H2SO,) the molecular mass of sulfuric acid, [HSO4] the concentration of H,SO4 (in molecules cm™3), kg the Boltz-

mann constant, and V (H2SO4) the molecular volume of HoSO4 which is computed using Vehkaméki’s density parametrisation.



In order to sort the new particles into the model size bins in a mass-conserving way, their volume is computed as

poue _ M(HQSO4) Ntot T
new p(HQSO4)

)

with the density of sulfuric acid p(H2SO,) attaken at the reference temperature 293 K. The new particles are distributed among
the size bins using a method inspired by the distribution factor f; ; ;. from Jacobson et al. (1994) described in Sect. 2.2.6 and
Eq. (19). Hereby for each new particle we add f;"¢ - V.2 / V), particles to bin k, with Vi, = % mry and

new
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As a result the actual particle nucleation rate may deviate from Vehkaméki’s parametrised value. For example, if the nucle-
ated particles have only half the volume of a particle in the smallest model size bin, the number of new particles is only half of
the parametrised value, but the H5SO,4 flux from the gas to the particle phase is the same. We favoured conserving sulfur mass
over conserving particle number concentration. This approximation on the exact value of the nucleation rate is not expected
to have a very significant impact on the results because the particle size distribution is mainly determined by coagulation and
condensation eentributes-to-particle-growth(English et al., 2011) . Furthermore this approximation is justified in the light of
the large uncertainties arising from parametrizing nucleation rates using grid-box quantities (temperature, HoO, HoSO,) that

neglect sub-grid scale variations.
2.2.4 Condensation and evaporation of sulfuric acid

The change in size of the sulfate particles through gain from or loss towards the HoSO,4 gas phase is computed based on the
UPMC/Cambridge model parametrisation (Bekki and Pyle, 1992, 1993).
First the saturation vapor pressure of HoSO,4 over a flat surface is calculated from a relationship given by Ayers et al. (1980)

using the values of H,SO,4 chemical potentials in aqueous phase listed in the work of Giauque et al. (1960, Table I):
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with T' the temperature, x4 the chemical potential and R the ideal gas constant. However, as recommended in Hamill et al.
(1982), vapour pressures of HoSO4 from the Ayers et al. (1980) relationship are divided by 0.086 to obtain values close to the
measurements of Gmitro and Vermeulen (1964).

We account for the Kelvin effect, whereby the saturation vapour pressure of HoSOy4 over a curved surface is higher than the
saturation vapour pressure over a flat surface. The saturation vapour pressure over a sulfate aerosol particle in size bin k, with

radius 7y, is:
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with M (H20) the molecular mass of water, o the surface tension of the sulfuric acid solution (which is set to 72 mN m~1, the

value for water at 20° C) and p,, the density of the sulfate particles. The corresponding HoSO4 number density at saturation is

then

psat,k
H,SO, 52tk — TH2804 11
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Then the flux of HoSO,4 between the particle and the gas phase, Ji(H2SO,), in molecules particle ™! s—*

individually for every size bin k following Seinfeld-and-Pandis(2006,p-542-547)-Seinfeld and Pandis (2006, p. 542-547

1—|—Knk
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is computed

Jik(HaSOy) = WT%@(HQSOOQ- ([HQSO4] _ [HQSO4]Sat’k) )
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with the molecular accommodation coefficient o = 0.1, (H2SO,) the thermal velocity of a HoSO4 molecule and Kng, = A /7y,

the Knudsen number, where we use the parametrisation from Pruppacher-and Klett(2010;p-41+7H-Pruppacher and Klett (2010, p. 417) for

the mean free path of air

(P (L
e (3) ()

with A\g = 6.6 - 10~8 m for air at standard conditions py = 1013.25hPa and T = 293.15K.

Evaporation from a particle over one time step is limited to its actual HoSO,4 content and condensation is limited by the
available HoSO,4 vapour. How this is dealt with is further described in Sect. 2.2.5.

Condensation (evaporation) has an impact on the particle size distribution, shifting particles to larger (smaller) size. To
account for this, we first compute the new particle volume after adding the flux Jj (H2SO4) over the timestep At:

(14)

k,new

N (H2S04)
where Nj(H2SO,) is the number of sulfuric acid molecules in a particle for bin k. Knowing this new volume of a particle
coming from bin £ and experiencing condensation or evaporation, the distribution among all the size bins (index /) can then be

computed analogously to Eq. (8) and (19) using a factor:
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2.2.5 Competition between nucleation and condensation

As both processes, nucleation and condensation, consume HSOy4 vapour while having very different effects on the particle

size distribution, the competition between the two processes has to be handled carefully in a numerical model. Furthermore
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this has to be done at an affordable numerical cost as we aim to perform long global simulations. We address this in the
S3A module using an adaptive sub-timestepping. After computing the HoSO,4 fluxes due to nucleation and condensation in
kg HoSO4 s~! from the initial H5SO4 mixing ratio, a sub-timestep, At1, is computed such that the sum of both the nucleation
and condensation fluxes consumes no more than 25% of the available ambient H,SO4 vapour:

[H2S04]0

Aty =min ( 0.25-
! ( Jnuc + Jcond

) Atphys) ( 16)

where Atppys is the main timestep (30 minutes in our case), and [H2S0y4] is the H,SO4 mixing ratio at the beginning of the
timestep. Hence, neither one of the two processes can use up all the sulfuric acid at the expense of the other process. This
sub-timestepping procedure is repeated up to 4 times with a sub-timestep equal to

i—1

, Atphygs — Y At (17)

Jj=1

[H2SO4]0

Aticjcg =min | 0.25 - ———
fisd i Jnuc + Jcond

where Jn,. and Jeonq are updated at each timestep according to the updated value of [HoSO4]. The fourth and final sub-

timestep is chosen so that the sum of all sub-timesteps is equal to one timestep of the model atmospheric physics Atphys.

) phys J ’ phys J
Jnuc + Jcond j=1 j=1

Aty = max |min | 0.25-

This joint treatment of nucleation and condensation is imperfect but it has the advantage of being much more computa-
tionally efficient than usual solutions consisting of taking very short timesteps and much simpler than a simultaneous solving
of nucleation and coagulation. The number of sub-timesteps could be increased for increased numerical accuracy, however a
number of 4 sub-timesteps was considered to be sufficient. It should be noted that the processes of nucleation and condensation,

as well as their competition, are only activated in the stratosphere.
2.2.6 Coagulation

The growing of sulfate particles through coagulation is represented through the semi-implicit, volume-conserving numerical
scheme described in Jacobson et al. (1994). It is unconditionally stable even for timesteps of the order of hours. We restricted the
coagulation kernel only to its main component, i.e. Brownian motion. Secondary components of coagulation due to convection,
gravitation, turbulence or inter-particle van der Waals forces are neglected, which may partly explain the underestimation of
particle size in Sect. 3. Sensitivity studies performed by English et al. (2013) and Sekiya et al. (2016) simulating the 1991
eruption of Mount Pinatubo found that including inter-particle van der Waals forces increased the peak effective radius by

10 % and decreased stratospheric AOD and burden by 10 %.

why-itisnegleeted-hereGiven that there are only few measurements on the van der Waals coagulation term, and the mixed
results obtained in our model (see Sect. 3.3.1), we do not include this process in our default model, but offer it as an option in

the code of the model (using the enhancement factors from Eq. (29) and (30) in Chan and Mozurkewich (2001) ). Coagulation

is only activated in the stratosphere.
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For convenience, we repeat here the equations from Jacobson et al. (1994). New particles resulting from the coagulation
of particles from size bins 7 and j have a combined particle volume V; ; = V; + V;. They are distributed among the size bins

according to the following definition of the distribution factor f; ; x:

<Vk+1—‘/a> Vi for Vi < Vi < Vigr s k< Np

Visr =V /) Vi
_ <V . )
fi7j,k; _ 1 fz,],kfl for Vi1 < V;J <Vii; k>1 19)
1 forV; ; > Vi k= Np
0 otherwise

As discussed previously, the same distribution factor is applied for the other physical processes affecting particle size (i.e.,
nucleation, and the net effect from condensation and evaporation). To our knowledge, this is an original feature of our model.
It should be noted that we have favoured conservation of aerosol mass (and volume) over conservation of aerosol number in all
these processes.

The semi-implicit approach gives the following equation for the concentration of particles in bin k after coagulation over a

timestep At:

ko k=1
Vi C,(:) +At Y <Z fijkBij ViCi(tH) Cj(vt)>
i=1

j=1

Vot = (20)

Np
1+ At (1 fujn) By CL
j:l

with C’,(Ct) the particle concentration in bin k at timestep ¢, C' ,(:H) the particle concentration in bin k at timestep ¢+ 1, and 3; ;

the coagulation kernel. For purely Brownian coagulation, the kernel has the form

ﬁg _ 47T(?"i+7’j)(Di+Dj) (21)
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with the particle diffusion coefficient

kT —0.87
D=2 {lJrKni <1.249+O.42~exp( ))} (22)
6mrin Kn;
where 7 is the dynamic viscosity of air, the thermal velocity of a particle in bin ¢ with mass m;
8kpT
Tpyi = | — (23)
T™my;

the mean distance from the eenter—centre of a sphere reached by particles leaving the surface of the sphere and traveling

travelling a distance of the particle mean free path A ;
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and the particle mean free path

8D,

T Up,i
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)

(25)
2.2.7 Aerosol chemical composition and density

The weight fraction of HoSOy in the aerosol as a function of temperature and H5O partial pressure is computed following the

approach described in Steele and Hamill (1981) assuming-and also used in Tabazadeh et al. (1997) . In this approach, the water

content of the aerosol particles is assumed to be in equilibrium with the surrounding ambient water vapour. The composition
is assumed to be constant over the whole particle size range.
The aerosol particle density as a function of temperature and HySO,4 weight fraction wi,s0, (in %) can then be computed

from the rough approximation

0.02
Pp= (A : wfbsm + B - wH,50, + C) . (1 ~ 30 (T - 293)> (26)

with the constants A = 7.8681252-107%, B =8.2185978-103, C' = 0.97968381, and T in K.
2.2.8 Sedimentation

Particles in the stratosphere sediment due to gravity with a velocity depending on their size and density and ambient pressure.

The Stokes sedimentation velocity (with Cunningham correction) of a particle in size bin k£ is given by:

2872 (py, — Pair —1.1
Used b = g”c(;f;’pa) {1 +Kny, (1.257+o.4 -exp ( Kn- )ﬂ Q7

with the gravity g, the particle density p, and the air density paj;.

The sedimentation process is computed with a semi-implicit scheme as described in Tompkins (2005). The concentration
of particles in a bin k (omitted here for clarity) in the model layer j (with 7 numbered from the top of the atmosphere to the
surface) after sedimentation at timestep ¢ + 1 is given by:

(t) (t+1) Pj—1Y5-1
CJ + Cj—l ° % Atphys

Az
Cj(_t+1) _ PjBzj (28)

PjYj
1 At
+ p; AZ]‘ phys

with v; the sedimentation velocity, p; the air density and Az; the thickness of layer j. The scheme is solved downwards, it is
very stable and a timestep Atpnys of 30 minutes is appropriate for our model vertical resolution. Unlike the aerosol processes
described above, it is active not only above but also below the tropopause. It is applied to all bins of the aerosol size distribution
but only has a noticeable impact on larger particle bins.

Once the particles cross the tropopause they are rapidly removed from the troposphere through wet and dry deposition.
Parametrisations of dry and wet scavenging are those of the LMDZ model and are not described here as they have minimal
impact on the aerosol stratospheric aerosol layer. They are nevertheless important to model the tropospheric fate and impact at

the surface of aerosols or aerosol precursors injected in the stratosphere.
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2.3 Aerosol optical properties

Averaged optical properties of the particles (extinction cross section ¢; in m? per particle in bin 4, asymmetry parameter g; and
single scattering albedo w;) are computed for each of the 6 SW and 16 LW spectral bands of the radiative transfer scheme using
refractive index data from Hummel et al. (1988). We use our own Mie routine derived from Wiscombe (1979) and widely tested
by the authors. In the SW, we account for variations of the incoming solar radiation within each band by computing aerosol
optical properties at a higher spectral resolution (24 spectral bands) and weighting the properties with a typical solar spectrum.
In the LW, we account for variations in the refractive index of the aerosols within each band by computing aerosol optical
properties at a higher spectral resolution and weighting the properties with a black body emission spectrum using a typical
stratospheric temperature of 220 K. To avoid Mie resonance peaks in the aerosol optical properties, we subdivide each aerosol

size bin into 10 intervals which are logarithmically spaced and assume a uniform distribution within the size bin for computing

average properties. For very small Mie parameters (z < 0.001), which occurs for the smallest particle bins and the longest
wavelengths in the infrared, we extrapolate the Mie properties computed for 2 = 0.001 for numerical stability using known
asymptotic behaviour of the scattering and absorption properties. Aerosol optical properties are computed once for each aerosol

bin assuming a constant sulfuric acid mass mixing ratio of 75% and a temperature of 293 K (conditions for which the refractive
index was measured) and are then integrated over the size distribution at every time step according to the actual local size
distribution. Hence, the optical depth 7y, the single scattering albedo wy, and the asymmetry parameter g, in model layer k& with

particle concentrations C; i, (in particles per m®) and the vertical extent Az, (in m) can be computed as

Np L Vs | Ne
TR = Zdi Ci ik Az, ; Wy = — Zwi 0, Ci k. Az, ; gk = Zgi w;0; Cy ) Az, 29
i—1 T i3 Tk Wk i

Aerosol optical properties are also computed at specific wavelengths (443, 550, 670, 765, 865, 1020 nm and 10 um) for diag-
nostic purpose. It should be noted that in the LW, the RRTM model neglects scattering and only accounts for absorption. Hence
we only feed the model with the LW absorption optical depth at each model layer.

3 Model validation
3.1 Non-volcanic background aerosol

The capability of our model to simulate a reasonable background stratospheric sulfate aerosol is tested by running the model
for a decade with climatological OCS and SO; concentrations and lifetimes as the only eonstraintsboundary conditions. In this
setup the model is not nudged to meteorological reanalysis.

The self-evolving aerosol distribution reaches a steady state or equilibrium (subject to seasonal variations) after about 5
years. In this steady state the global mean stratospheric aerosol optical depth (SAOD) at 550 nm is 0.002, which is in good
agreement with the observed SAOD of 0.002-0.0025 at 525 nm (in the tropics and at mid-latitudes) during the period of very

low stratospheric sulfur loading around the year 2000 (e.g., Vernier et al., 2011). The global stratospheric aerosol burden is
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0.08 Tg S and the mean dry effective radius is 62 nm. The dry effective radius increases to 106 nm if only particles with radius
larger than 50 nm, which make up 84 % of the burden, are taken into account.

Figure 4 shows that the aerosol layer is distributed over the whole globe, but is thicker and lower in altitude at high latitudes
than in the tropics. The SAOD is highest at the summer pole. Unfortunately, there are too few observations and datasets
(with a clear delineation of the tropopause) to validate or invalidate the latitudinal and seasonal distribution generated by our
stratospheric aerosol model.

The comparison of the modelled particle size distribution at different latitudes shows that there are almost as many small
particles at the Equator as at mid- and high-latitudes, but considerably less in the optically relevant size range. The aerosol
layer is zonally quite homogeneous with deviations from the zonal mean value within +15 % for optical depth and 25 % for
effective radius around 30° N/S and within £5 % at low and high latitudes.

In Fig.5 we compare the modelled size of the background aerosol to observations in May 2000, a period of very low
stratospheric sulfate aerosol burden. While the modelled concentrations of particles with radius » > 0.01 pm and » > 0.15um in
the lower stratosphere (below 19 km) match the observations quite well, the deviation increases with altitude. The concentration
of larger particles with radius r > 0.5um is underestimated everywhere by the model by roughly one order of magnitude. This
may be due to the fact that the observations are from a period still slightly influenced by precedent eruptions, i.e. not from pure
background conditions. But the model is also missing secondary sources of stratospheric aerosol (e.g., meteoritic dust), which
might be relevant in such a background case.

Figure 6 shows the modelled stratospheric sulfur budget under background conditions in steady state (11*" year). Interest-
ingly, the major part of the stratospheric SOy comes from the troposphere and only a minor part from the conversion of OCS
occurring above the tropopause. This might be partly caused by the relatively long lifetime of OCS (here 8 years on average).
The SO, is converted to HoSO,4 with a lifetime of 36 days, while sulfuric acid has a lifetime of 44 days with respect to con-
version into particles (considering both nucleation and condensation). The relatively short aerosol lifetime of 233 days can be
explained by the fact that most of the aerosol is only slightly above the tropopause and at high latitudes, where it can enter the

troposphere more easily and gets removed quickly via wet and dry deposition.
3.2 Mount Pinatubo eruption 1991

The eruption of Mount Pinatubo (Philippines) in June 1991 was the largest of the 20" century. Observations of the volcanic
aerosols in the following months and years offer a unique opportunity to evaluate the performance of stratospheric aerosol
models such as LMDZ-S3A under conditions of relatively high stratospheric sulfate loading.

In order to get a realistic spatial distribution of the aerosols in the simulation, horizontal winds are nudged to ECMWF
ERA-interim reanalysis fields and sea surface temperatures (SST) are prescribed to their historical values. The simulation is
initialised in January 1991 from the end of the 10 year spin up simulation (see Sect. 3.1). On June 15 1991, 7 Tg S in the form
of SO, are injected into the grid cell including Mount Pinatubo at 15° N and 120° E over a period of 24 hours and vertically
distributed as a Gaussian profile centred at 17 km altitude with a standard deviation of 1 km. This initial height was adjusted

as a free parameter after comparing the resulting aerosol distribution of simulations with emission at 16, 17 and 18 km to
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observations (see Fig. 7). This injection height may seem quite low compared to other simulations of the eruption, but it should
be recalled that our model takes into account the interaction of aerosols with the radiation. The evolving aerosol has a net
heating effect on the surrounding air through absorption of solar and terrestrial radiation (only partly compensated by emission
of terrestrial radiation), which (together with the ascending branch of the Brewer-Dobson circulation) causes a significant uplift

of the volcanic aerosol plume to more than 25 km altitude three months after the eruption. This radiatively driven uplift was

already described by Aquila et al. (2012) , who also found the best agreement between the simulated and the observed sulfate
cloud if the SO, is injected at an altitude of 16 to 18 km,

The resulting spatial distribution of the aerosol extinction coefficient is compared to satellite and ground-based observations
that are compiled in the CMIP6 aerosol data set [Luo Beiping, personal communication] in Fig. 7. The simulation with emission
of SO5 at 17 km was selected as the best fit, because the height of the maximum extinction coefficient at 1020 nm in September
and December 1991 is closest to the CMIP6 data. In contrast, emission at 16 km results in faster meridional transport in the
lower stratosphere and therefore a too fast decrease in aerosol extinction after the eruption, while emission at 18 km produces
an aerosol layer considerably higher in altitude than observed.

The modelled evolution of the SAOD at 550 nm is also compared to a climatology from Sato (2012) and to SAOD simulated
with the WACCM model by Mills et al. (2016) in Fig. 8. The global mean SAOD increases a little faster in LMDZ-S3A than
in the Sato climatology, but just as fast as in WACCM. LMDZ-S3A slightly underestimates the maximum value of 0.15 from
the Sato climatology and decreases at approximately the same rate of 7-8 % per month, while the decrease in WACCM, which
includes several minor volcanic eruptions after Pinatubo, is slower. All three latitudinal distributions of the zonal mean SAOD
are overall in good agreement, but with an earlier decrease in the tropics in LMDZ-S3A and with a stronger asymmetry towards
the northern hemisphere in the WACCM simulation.

Figure 9 shows that the 7 Tg S emitted as SO5 during the eruption are quickly converted into particles. The aerosol burden
reaches its maximum 4 months after the eruption and then decreases slowly until it reaches a background value again after 4
to 5 years. The H,SO,4 burden increases slower than the aerosol, probably because it requires more time to transport the sulfur
to the higher stratosphere. This is the only region where a larger reservoir of sulfuric acid vapour can remain because particles
tend to evaporate at the local temperature and pressure.

Particle size is compared to the continuous optical particle counter (OPC) measurements by Deshler et al. (2003) at 41° N in
Fig. 10 and Fig. 11. The modelled stratospheric effective particle radius in the grid cell containing Laramie, Wyoming (41° N,
105° W) is a bit lower than measured by the OPC, but mostly within the given uncertainty of the measurement, if one takes
into account particles of all sizes. However the sensitivity of the OPC to small particles with a radius below 0.15 um (the
smallest size class measured directly by the OPC) is not very well known. If only particles with a dry radius above 0.15 um
are considered and the smaller ones are completely ignored in the model, the effective radius is mostly overestimated by the
model. But as the OPC’s sensitivity to the small particles can be assumed to lie in between these two extreme cases (all or
nothing), the agreement between modelled and observed particle size may be judged as good.

In Fig. 11 the modelled and the observed particle size distributions 5, 11 and 17 months after the eruption are compared. The

model tends to overestimate particle concentrations of all size bins in the higher stratosphere, but reproduces the observations of
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7> 0.01um and r > 0.15um particles fairly well at lower levels. The concentration of r > 0.5 um particles is underestimated

at the height of highest concentrations (17-21 km).

We also compare simulated and observed lower stratospheric (LS) temperature anomalies following the Pinatubo eruption,
although this is far from being straightforward. A few studies report LS temperature changes following Mt. Pinatubo’s eruption
as measured from satellite with a microwave sounding unit (MSU) instrument (Randel et al., 1995; Zhang et al., 2013) . As it
relies on microwave, MSU has the advantage of not being influenced by the presence of aerosols, but it has the disadvantage
of having a relatively broad weighting function on the vertical that encompasses both the upper troposphere (UT) and a large
fraction of the stratosphere. Because stratospheric temperatures in climate models are generally biased one way or the other,
it is not meaningful to compare absolute values of temperature. Rather we should compare temperature anomalies with and
without the Pinatubo aerosols. There is a methodological issue here however. In the case of observations, one can only compare
years 1991/1992 against a climatology from previous or following years. We could do the same in the model but lack a long
enough simulation, so we compare two simulations with and without the Pinatubo aerosols and infer the temperature anomaly.

due to the aerosols.

Despite the intrinsic limitations of such a comparison, we compare here the model temperature anomaly (with and without
Pinatubo aerosols) in nudged mode with the observed temperature anomaly (relative to baseline years) in Fig. 12. This is not
equivalent because the stratospheric heating may have changed (and probably has changed) the stratospheric circulation, and
therefore the temperature anomalies, which is not the case in the model. Zhang et al. (2013) report a peak warming of about
2K after Pinatubo in the global mean for MSU channel 4 that encompasses both the upper troposphere and lower stratosphere.
This is a bit more warming than shown in an earlier study by Randel etal. (1995) . CMIP5 models show up to 3 K anomaly
(see Fig. 2 in Zhang et al. (2013) ). The temperature anomaly in the LMDZ-S3A simulation, convoluted with the MSU channel
4 weight function to make things comparable, is larger with a peak warming of 4.0K, which may indicate an overestimated
radiative heating in the model. One reason for the discrepancy in peak warming is likely due to the fact that O is prescribed
in the model to a constant climatology whereas, in the real world, Oy has decreased by up to 15% after the Pinatubo eruption
(according to Randel et al. (1995) ). Since a large fraction of the SW_ heating rate induced by aerosols is actually related to
an increase in gaseous absorption due to an increase in photon path upon aerosol scattering, the observed decrease in O3 is
expected to lead to a decrease in shortwave heating rates. We would need to couple an interactive O3 scheme to our model
to test this hypothesis. Finally it is also worth mentioning that the simulated temperature anomaly spreads from the tropics to
the high latitudes within about a month (at least in nudged mode), that is more rapidly than the sulfate aerosol itself and the
corresponding AOD in the visible spectral range. This behaviour is caused by a relatively strong diffusion of the temperature
field in the model ~which is required to stabilize the model dynamics— while the acrosol is transported through a less diffusive
numerical scheme. The negative trend in the observed LS temperature anomaly in the years after the eruption is probably due
to increasing concentrations of well-mixed greenhouse gases (GHG). The model does not show this behaviour because GHG
concentrations do not vary in this experiment.
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3.3 Sensitivity studies under Pinatubo conditions
3.3.1 Sensitivity to van der Waals coagulation enhancement factor

In LMDZ-S3A we have only considered Brownian coagulation (Jacobson et al,, 1994) . Other terms for coagulation include
those due to van der Waals forces, sedimentation and turbulence. Among these additional terms, only that due to van der Waals
forces has been considered by some authors (English et al., 2013; Sekiya et al., 2016) . Both studies rely on the calculations
of Chan and Mozurkewich (2001) , who measured coagulation for sulphuric acid particles of identical size end inferred an
enhancement factor over Brownian coagulation for the limit cases of the diffusion (continuum) regime (£(0)) and the kinetic
(free molecular) regime (E(c0)). These enhancement factors are not directly usable in our model because stratospheric
conditions encompass both the continuum and the free molecular cases and the equations in Jacobson et al. (1994) cover the
general case. But in order to determine the impact of neglecting van der Waals forces, we applied the parametrizations of
the enhancement factor of Chan and Mozurkewich (2001) to the coagulation kernels of Jacobson et al. (1994) and performed
two additional simulations of the Pinatubo eruption: a first one with coagulation enhanced uniformly by the factor £(0) and
a second one with coagulation enhanced uniformly by the factor F/(oc) (which is generally larger than F(0)). The actual
enhancement factor for stratospheric conditions can be expected to lie in between these two cases.

As in previous studies, the van der Waals coagulation term improves the comparison to observation for particle number
concentration (not shown) and particle average size (shown in Fig. 13), but it makes it a little worse for AOD as shown in
Fig. 14, with the global-mean stratospheric AOD peaking too low (and too early) compared to the Sato climatology. Given that
there are only few measurements on the van der Waals coagulation term, and the mixed results obtained in our model, we do
not include this process in our default model, but offer it as an option in the code of the model.

3.3.2 Sensitivity to the SO, chemical lifetime

A limitation of our model when simulating very laree SO, injections might be the assumption of a constant SO5 chemical

lifetime (and hence a constant OH mixing ratio). Bekki (1995) showed that a constant SO9 lifetime is not justified for an

eruption as large as that of the Tambora. In order to test the sensitivity of our results to the assumed global SO, removal rate,
we performed another Pinatubo simulation with SO, lifetimes increased by a factor 2 on the day of the eruption and decreasing.
linearly to normal values within one month. It appears unlikely that the OH effect impacted the global SO, lifetime beyond
this factor 2, notably when compared with observational studies of the volcanic SO, decay. Analyses of SO observations after
the eruption give a global SO, lifetime ranging from 23 to 35 days (Bluth et al., 1992; Read et al., 1993) . We find that the
increase in assumed SO, lifetime delays and increases slightly the peak of the global-mean AOD (shown in Fig. 15). However
overall the sensitivity to the SO, lifetime appears to be small. Therefore we conclude that using a prescribed chemical lifetime
is probably not a major limitation of our model except for very large SO injection rates, although it is desirable of course to
improve the model in that respect in future studies.
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4 Conclusions

In this article we have presented a newly developed sectional stratospheric sulfate aerosol (S3A) model as part of the LMDZ
atmospheric general circulation model. A strength of our model is that it can readily be coupled to other components of the
of the IPSL climate (and Earth system) model to perform climate studies. The S3A model includes a representation of sulfate
particles with dry radii between 1 nm and 3.3 um in currently 36 size bins, as well as the precursor gases OCS, SO, and
H>S0O,. The aerosol-relevant physical processes of nucleation, condensation, evaporation, coagulation and sedimentation are
represented together with interactive aerosol optical properties and radiative transfer in 6 solar and 16 terrestrial spectral bands.
The tropospheric fate of stratospheric sulfate aerosols is also simulated.

The comparison of model output and available observations for low and high sulfur loadings shows that LMDZ-S3A is an
appropriate tool for studying stratospheric sulfate aerosols with a focus on the evolution of particle size distribution and the
resulting radiative effects. Therefore it can be used for simulations of volcanic eruptions like that of Mount Pinatubo in 1991,
or even larger ones like Tambora in 1815, for which studies with appropriate aerosol-climate models linking sulfur emission
and climate impact derived from proxies are needed. It can also be used for simulations of deliberate stratospheric aerosol
injections in order to study the efficacy and side effects of this proposed geoengineering technique.

Our model strength lies in the representation of aerosol microphysics with robust numerical schemes-—It, but the model also
has a few limitations. In particular it is simplified in terms of stratospheric chemistry and this will be the subject of future
work as S3A can be coupled to the REPROBUS model which is also part of the IPSL Earth system model. Interactive ozone is
also expected to help the model simulate a smaller heating rate and temperature anomaly in the presence of volcanic aerosols.
Further developments will also include a more comprehensive treatment of the coagulation kernel and the possible interaction
interactions with other aerosol types (organics and meteoritic dust) in the stratosphere.

Finally it has to be stated that it has been a non-trivial task to gather observations of stratospheric aerosols for model evalua-
tion. A fully validated, gridded stratospheric aerosol climatology in an easily usable format (like netCDF) with information on
how gap filling is performed would tremendously facilitate the evaluation of model results. The stratospheric aerosol dataset
produced for CMIP6 [Luo Beiping, personal communication] is a significant step in the right direction. Knowledge of (aver-
age) tropopause height would be particularly useful, so that vertically integrated quantities like AOD can be compared between
model and observations and potential biases coming from differences in tropopause height can be detected. A more systematic
reporting of observational uncertainties from both in situ and satellite data would be welcomed. This request extends to the
provision of error covariances between measured quantities as these are needed to compute the error budget of combinations

of observed quantities (as it is the case for the aerosol effective radius).

5 Code availability

The code of S3A can be downloaded along with the LMDZ model from http://Imdz.lmd.jussieu.fr. S3A code is mostly con-

tained within a separate directory StratAer of the model physics and is activated at compilation with a CPP key. A model
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configuration LMDZORSTRATAER_v6 containing the S3A module is also available within the modipsl/libIGCM model en-
vironment of the IPSL Earth System Model http://forge.ipsl.jussieu.fr/igcmg_doc.

Author contributions. C. Kleinschmitt developed most of the new parts of the model, performed the simulations, visualised and analysed the
data, and wrote most of the article. O. Boucher had the original idea of the new model, assisted extensively in the development, evaluation and
analysis, and contributed to many parts of the written article. S. Bekki contributed the basis of the model code for condensation, evaporation,
and aerosol composition, and wrote parts of the sections on these processes and on the history of aerosol modelling. F. Lott developed and
tuned the model’s interactive QBO and wrote the section on this. U. Platt contributed to the discussions leading to and accompanying the

model development.

Competing interests. The authors declare that they have no conflict of interest.

Acknowledgements. This article is a contribution to the DFG-funded priority program SPP 1689. We thank Luo Beiping for providing a
compilation of stratospheric aerosol observation data and Josefine Ghattas for preparing the LMDZORSTRATAER_v6 configuration. The
authors acknowledge computing time from the TGCC under the GENCI projects 2014012201, t2015012201 and t2016012201. The authors
would like to thank two anonymous reviewers for their constructive comments and the Editor, Graham Mann, for his eomments-on-editorial

review of the first submitted version of this manuscript which has led to significant improvements to the introduction section.

20


http://forge.ipsl.jussieu.fr/igcmg_doc

References

Aquila, V., Oman, L. D., Stolarski, R. S., Colarco, P. R., and Newman, P. A.: Dispersion of the volcanic sulfate cloud from a Mount
Pinatubo-like eruption, Journal of Geophysical Research: Atmospheres, 117, doi:10.1029/2011JD016968, 2012.

Ayers, G. P, Gillett, R. W., and Gras, J. L.: On the vapor pressure of sulfuric acid, Geophysical Research Letters, 7, 433436,
doi:10.1029/GL007i006p00433, 1980.

Bekki, S.: Oxidation of volcanic SO2: A sink for stratospheric OH and H2O, Geophysical Research Letters, 22, 913-916,
doi:10.1029/95GL00534, 1995.

Bekki, S. and Pyle, J. A.: Two-dimensional assessment of the impact of aircraft sulphur emissions on the stratospheric sulphate aerosol layer,
Journal of Geophysical Research: Atmospheres, 97, 1583915 847, doi:10.1029/92JD00770, 1992.

Bekki, S. and Pyle, J. A.: Potential impact of combined NOx and SOx emissions from future high speed civil transport aircraft on stratospheric
aerosols and ozone, Geophysical Research Letters, 20, 723-726, doi:10.1029/93GL00853, 1993.

Bluth, G. J. S., Doiron, S. D., Schnetzler, C. C., Krueger, A. J., and Walter, L. S.: Global tracking of the SO2 clouds from the June, 1991
Mount Pinatubo eruptions, Geophysical Research Letters, 19, 151-154, doi:10.1029/91GL02792, 1992.

Budyko, M. L.: Climatic Changes, American Geophysical Union, doi:10.1002/9781118665251.ch7, 1977.

Chan, T. W. and Mozurkewich, M.: Measurement of the coagulation rate constant for sulfuric acid particles as a function of particle size
using tandem differential mobility analysis, Journal of Aerosol Science, 32, 321 — 339, doi:10.1016/S0021-8502(00)00081-1, 2001.

Crutzen, P. J.: Albedo Enhancement by Stratospheric Sulfur Injections: A Contribution to Resolve a Policy Dilemma?, Climatic Change, 77,
211, doi:10.1007/s10584-006-9101-y, 2006.

de la Camara, A., Lott, F., and Abalos, M.: Climatology of the middle atmosphere in LMDz: Impact of source-related parameterizations of
gravity wave drag, Journal of Advances in Modeling Earth Systems, doi:10.1002/2016MS000753, 2016.

Deshler, T.: A review of global stratospheric aerosol: Measurements, importance, life cycle, and local stratospheric aerosol, Atmospheric
Research, 90, 223 — 232, doi:10.1016/j.atmosres.2008.03.016, 2008.

Deshler, T., Hervig, M. E., Hofmann, D. J., Rosen, J. M., and Liley, J. B.: Thirty years of in situ stratospheric aerosol size distribution
measurements from Laramie, Wyoming (41°N), using balloon-borne instruments, Journal of Geophysical Research: Atmospheres, 108,
doi:10.1029/2002JD002514, 2003.

Dhomse, S. S., Emmerson, K. M., Mann, G. W., Bellouin, N., Carslaw, K. S., Chipperfield, M. P., Hommel, R., Abraham, N. L., Telford, P.,
Braesicke, P., Dalvi, M., Johnson, C. E., O’Connor, F., Morgenstern, O., Pyle, J. A., Deshler, T., Zawodny, J. M., and Thomason, L. W.:
Aerosol microphysics simulations of the Mt. Pinatubo eruption with the UM-UKCA composition-climate model, Atmospheric Chemistry
and Physics, 14, 11221-11 246, doi:10.5194/acp-14-11221-2014, 2014.

Dufresne, J.-L., Foujols, M.-A., Denvil, S., Caubel, A., Marti, O., Aumont, O., Balkanski, Y., Bekki, S., Bellenger, H., Benshila, R., Bony,
S., Bopp, L., Braconnot, P., Brockmann, P., Cadule, P., Cheruy, F., Codron, F., Cozic, A., Cugnet, D., de Noblet, N., Duvel, J.-P,, Ethé, C.,
Fairhead, L., Fichefet, T., Flavoni, S., Friedlingstein, P., Grandpeix, J.-Y., Guez, L., Guilyardi, E., Hauglustaine, D., Hourdin, F., Idelkadi,
A., Ghattas, J., Joussaume, S., Kageyama, M., Krinner, G., Labetoulle, S., Lahellec, A., Lefebvre, M.-P., Lefevre, F., Levy, C., Li, Z. X.,
Lloyd, J., Lott, F., Madec, G., Mancip, M., Marchand, M., Masson, S., Meurdesoif, Y., Mignot, J., Musat, 1., Parouty, S., Polcher, J., Rio,
C., Schulz, M., Swingedouw, D., Szopa, S., Talandier, C., Terray, P., Viovy, N., and Vuichard, N.: Climate change projections using the
IPSL-CMS5 Earth System Model: from CMIP3 to CMIP5, Climate Dynamics, 40, 2123-2165, doi:10.1007/s00382-012-1636-1, 2013.

21


http://dx.doi.org/10.1029/2011JD016968
http://dx.doi.org/10.1029/GL007i006p00433
http://dx.doi.org/10.1029/95GL00534
http://dx.doi.org/10.1029/92JD00770
http://dx.doi.org/10.1029/93GL00853
http://dx.doi.org/10.1029/91GL02792
http://dx.doi.org/10.1002/9781118665251.ch7
http://dx.doi.org/10.1016/S0021-8502(00)00081-1
http://dx.doi.org/10.1007/s10584-006-9101-y
http://dx.doi.org/10.1002/2016MS000753
http://dx.doi.org/10.1016/j.atmosres.2008.03.016
http://dx.doi.org/10.1029/2002JD002514
http://dx.doi.org/10.5194/acp-14-11221-2014
http://dx.doi.org/10.1007/s00382-012-1636-1

Dutton, E. G. and Christy, J. R.: Solar radiative forcing at selected locations and evidence for global lower tropospheric cooling following
the eruptions of El Chichén and Pinatubo, Geophysical Research Letters, 19, 2313-2316, doi:10.1029/92GL02495, 1992.

English, J. M., Toon, O. B., Mills, M. J., and Yu, E.: Microphysical simulations of new particle formation in the upper troposphere and lower
stratosphere, Atmospheric Chemistry and Physics, 11, 9303-9322, doi:10.5194/acp-11-9303-2011, 2011.

English, J. M., Toon, O. B., and Mills, M. J.: Microphysical simulations of large volcanic eruptions: Pinatubo and Toba, Journal of Geophys-
ical Research: Atmospheres, 118, 1880-1895, doi:10.1002/jgrd.50196, 2013.

Escribano, J., Boucher, O., Chevallier, F., and Huneeus, N.: Subregional inversion of North African dust sources, Journal of Geophysical
Research: Atmospheres, 121, 8549-8566, doi:10.1002/2016JD025020, 2016JD025020, 2016.

Eyring, V., Bony, S., Meehl, G. A., Senior, C. A., Stevens, B., Stouffer, R. J., and Taylor, K. E.: Overview of the Coupled Model Intercompar-
ison Project Phase 6 (CMIP6) experimental design and organization, Geoscientific Model Development, 9, 1937-1958, doi:10.5194/gmd-
9-1937-2016, 2016.

Flato, G., Marotzke, J., Abiodun, B., Braconnot, P., Chou, S. C., Collins, W. J., Cox, P., Driouech, F., Emori, S., Eyring, V., et al.: Evaluation of
Climate Models. In: Climate Change 2013: The Physical Science Basis. Contribution of Working Group I to the Fifth Assessment Report
of the Intergovernmental Panel on Climate Change, Climate Change 2013, 5, 741-866, http://www.climatechange2013.org/images/report/
WGI1ARS_Chapter09_FINAL.pdf, 2013.

Fouquart, Y. and Bonnel, B.: Computations of solar heating of the earth’s atmosphere- A new parameterization, Beitraege zur Physik der
Atmosphaere, 53, 35-62, 1980.

Garcia, R. R., Marsh, D. R., Kinnison, D. E., Boville, B. A., and Sassi, F.: Simulation of secular trends in the middle atmosphere, 1950-2003,
Journal of Geophysical Research: Atmospheres, 112, doi:10.1029/2006JD007485, d09301, 2007.

Giauque, W., Hornung, E., Kunzler, J., and Rubin, T.: The thermodynamic properties of aqueous sulfuric acid solutions and hydrates from
15 to 300 K., Journal of the American Chemical Society, 82, 62-70, doi:10.1021/ja01486a014, 1960.

Giorgetta, M. A., Manzini, E., Roeckner, E., Esch, M., and Bengtsson, L.: Climatology and Forcing of the Quasi-Biennial Oscillation in the
MAECHAMS5 Model, Journal of Climate, 19, 3882-3901, doi:10.1175/JCLI3830.1, 2006.

Gmitro, J. I. and Vermeulen, T.: Vapor-liquid equilibria for aqueous sulfuric acid, AIChE Journal, 10, 740-746, doi:10.1002/aic.690100531,
1964.

Hamill, P., Turco, R., Kiang, C., Toon, O., and Whitten, R.: An analysis of various nucleation mechanisms for sulfate particles in the
stratosphere, Journal of Aerosol Science, 13, 561 — 585, doi:10.1016/0021-8502(82)90021-0, 1982.

Haywood, J. M., Jones, A., Clarisse, L., Bourassa, A., Barnes, J., Telford, P., Bellouin, N., Boucher, O., Agnew, P., Clerbaux, C., Coheur,
P, Degenstein, D., and Braesicke, P.: Observations of the eruption of the Sarychev volcano and simulations using the HadGEM?2 climate
model, Journal of Geophysical Research: Atmospheres, 115, doi:10.1029/2010JD014447, d21212, 2010.

Hourdin, F. and Armengaud, A.: The Use of Finite-Volume Methods for Atmospheric Advection of Trace Species. Part I:
Test of Various Formulations in a General Circulation Model, Monthly Weather Review, 127, 822-837, doi:10.1175/1520-
0493(1999)127<0822: TUOFVM>2.0.CO;2, 1999.

Hourdin, F., Musat, 1., Bony, S., Braconnot, P., Codron, F., Dufresne, J.-L., Fairhead, L., Filiberti, M.-A., Friedlingstein, P., Grandpeix, J.-Y.,
Krinner, G., LeVan, P, Li, Z.-X., and Lott, F.: The LMDZ4 general circulation model: climate performance and sensitivity to parametrized

physics with emphasis on tropical convection, Climate Dynamics, 27, 787-813, doi:10.1007/s00382-006-0158-0, 2006.

22


http://dx.doi.org/10.1029/92GL02495
http://dx.doi.org/10.5194/acp-11-9303-2011
http://dx.doi.org/10.1002/jgrd.50196
http://dx.doi.org/10.1002/2016JD025020
http://dx.doi.org/10.5194/gmd-9-1937-2016
http://dx.doi.org/10.5194/gmd-9-1937-2016
http://www.climatechange2013.org/images/report/WG1AR5_Chapter09_FINAL.pdf
http://www.climatechange2013.org/images/report/WG1AR5_Chapter09_FINAL.pdf
http://dx.doi.org/10.1029/2006JD007485
http://dx.doi.org/10.1021/ja01486a014
http://dx.doi.org/10.1175/JCLI3830.1
http://dx.doi.org/10.1002/aic.690100531
http://dx.doi.org/10.1016/0021-8502(82)90021-0
http://dx.doi.org/10.1029/2010JD014447
http://dx.doi.org/10.1175/1520-0493(1999)127%3C0822:TUOFVM%3E2.0.CO;2
http://dx.doi.org/10.1175/1520-0493(1999)127%3C0822:TUOFVM%3E2.0.CO;2
http://dx.doi.org/10.1007/s00382-006-0158-0

Hourdin, F., Foujols, M.-A., Codron, F., Guemas, V., Dufresne, J.-L., Bony, S., Denvil, S., Guez, L., Lott, F., Ghattas, J., Braconnot, P., Marti,
0., Meurdesoif, Y., and Bopp, L.: Impact of the LMDZ atmospheric grid configuration on the climate and sensitivity of the IPSL-CM5A
coupled model, Climate Dynamics, 40, 2167-2192, doi:10.1007/s00382-012-1411-3, 2013.

Hummel, J. R., Shettle, E. P,, and Longtin, D. R.: A new background stratospheric aerosol model for use in atmospheric radiation
models, Tech. rep., DTIC Document, https://www.researchgate.net/profile/Eric_Shettle/publication/235105132_A_New_Background_
Stratospheric_Aerosol_Model_for_Use_in_Atmospheric_Radiation_Models/links/00b4952618db29470c000000.pdf, 1988.

Irvine, P. J., Kravitz, B., Lawrence, M. G., and Muri, H.: An overview of the Earth system science of solar geoengineering, Wiley Interdisci-
plinary Reviews: Climate Change, 7, 815-833, do0i:10.1002/wcc.423, 2016.

Jacobson, M. Z., Turco, R. P, Jensen, E. J., and Toon, O. B.: Modeling coagulation among particles of different composition and size,
Atmospheric Environment, 28, 1327 — 1338, doi:10.1016/1352-2310(94)90280-1, 1994.

Kawatani, Y. and Hamilton, K.: Weakened stratospheric quasibiennial oscillation driven by increased tropical mean upwelling, Nature, 497,
478-481, doi:10.1038/nature12140, letter, 2013.

Kokkola, H., Hommel, R., Kazil, J., Niemeier, U., Partanen, A.-I., Feichter, J., and Timmreck, C.: Aerosol microphysics modules in the
framework of the ECHAMS climate model &ndash; intercomparison under stratospheric conditions, Geoscientific Model Development,
2,97-112, doi:10.5194/gmd-2-97-2009, 2009.

Kovilakam, M. and Deshler, T.: On the accuracy of stratospheric aerosol extinction derived from in situ size distribution measurements and
surface area density derived from remote SAGE II and HALOE extinction measurements, Journal of Geophysical Research: Atmospheres,
120, 8426-8447, doi:10.1002/2015JD023303, 2015JD023303, 2015.

Kremser, S., Thomason, L. W., von Hobe, M., Hermann, M., Deshler, T., Timmreck, C., Toohey, M., Stenke, A., Schwarz, J. P., Weigel, R.,
Fueglistaler, S., Prata, F. J., Vernier, J.-P., Schlager, H., Barnes, J. E., Antufia-Marrero, J.-C., Fairlie, D., Palm, M., Mahieu, E., Notholt,
J., Rex, M., Bingen, C., Vanhellemont, F., Bourassa, A., Plane, J. M. C., Klocke, D., Carn, S. A., Clarisse, L., Trickl, T., Neely, R., James,
A. D., Rieger, L., Wilson, J. C., and Meland, B.: Stratospheric aerosol—Observations, processes, and impact on climate, Reviews of
Geophysics, 54, 278-335, doi:10.1002/2015RG000511, 2015RG000511, 2016.

Krinner, G., Viovy, N., de Noblet-Ducoudré, N., Ogée, J., Polcher, J., Friedlingstein, P., Ciais, P., Sitch, S., and Prentice, I. C.:
A dynamic global vegetation model for studies of the coupled atmosphere-biosphere system, Global Biogeochemical Cycles, 19,
doi:10.1029/2003GB002199, gB1015, 2005.

Lefevre, F., Brasseur, G. P., Folkins, 1., Smith, A. K., and Simon, P.: Chemistry of the 1991-1992 stratospheric winter: Three-dimensional
model simulations, Journal of Geophysical Research: Atmospheres, 99, 8183-8195, doi:10.1029/931D03476, 1994.

Lefevre, F., Figarol, F., Carslaw, K. S., and Peter, T.: The 1997 Arctic Ozone depletion quantified from three-dimensional model simulations,
Geophysical Research Letters, 25, 2425-2428, doi:10.1029/98GL51812, 1998.

Lott, F. and Guez, L.: A stochastic parameterization of the gravity waves due to convection and its impact on the equatorial stratosphere,
Journal of Geophysical Research: Atmospheres, 118, 8897-8909, doi:10.1002/jgrd.50705, 2013.

Lott, F.,, Denvil, S., Butchart, N., Cagnazzo, C., Giorgetta, M. A., Hardiman, S. C., Manzini, E., Krismer, T., Duvel, J.-P., Maury, P., Scinocca,
J. F., Watanabe, S., and Yukimoto, S.: Kelvin and Rossby-gravity wave packets in the lower stratosphere of some high-top CMIP5 models,
Journal of Geophysical Research: Atmospheres, 119, 21562173, doi:10.1002/2013JD020797, 2014.

MacMartin, D. G., Kravitz, B., Long, J. C. S., and Rasch, P. J.: Geoengineering with stratospheric aerosols: What do we not know after a
decade of research?, Earth’s Future, doi:10.1002/2016EF000418, 2016EF000418, 2016.

23


http://dx.doi.org/10.1007/s00382-012-1411-3
https://www.researchgate.net/profile/Eric_Shettle/publication/235105132_A_New_Background_Stratospheric_Aerosol_Model_for_Use_in_Atmospheric_Radiation_Models/links/00b4952618db29470c000000.pdf
https://www.researchgate.net/profile/Eric_Shettle/publication/235105132_A_New_Background_Stratospheric_Aerosol_Model_for_Use_in_Atmospheric_Radiation_Models/links/00b4952618db29470c000000.pdf
http://dx.doi.org/10.1002/wcc.423
http://dx.doi.org/10.1016/1352-2310(94)90280-1
http://dx.doi.org/10.1038/nature12140
http://dx.doi.org/10.5194/gmd-2-97-2009
http://dx.doi.org/10.1002/2015JD023303
http://dx.doi.org/10.1002/2015RG000511
http://dx.doi.org/10.1029/2003GB002199
http://dx.doi.org/10.1029/93JD03476
http://dx.doi.org/10.1029/98GL51812
http://dx.doi.org/10.1002/jgrd.50705
http://dx.doi.org/10.1002/2013JD020797
http://dx.doi.org/10.1002/2016EF000418

Madec, G.: NEMO ocean engine. Technical note, IPSL, http://www.nemo-ocean.eu/content/download/11245/56055/file/NEMO_book_v3_
2.pdf, 2008.

Mann, G. W., Carslaw, K. S., Spracklen, D. V., Ridley, D. A., Manktelow, P. T., Chipperfield, M. P., Pickering, S. J., and Johnson, C. E.:
Description and evaluation of GLOMAP-mode: a modal global aerosol microphysics model for the UKCA composition-climate model,
Geoscientific Model Development, 3, 519-551, doi:10.5194/gmd-3-519-2010, 2010.

Mills, M. J., Toon, O. B., and Solomon, S.: A 2D microphysical model of the polar stratospheric CN layer, Geophysical Research Letters,
26, 1133-1136, doi:10.1029/1999GL900187, 1999.

Mills, M. J., Schmidt, A., Easter, R., Solomon, S., Kinnison, D. E., Ghan, S. J., Neely, R. R., Marsh, D. R., Conley, A., Bardeen, C. G., and
Gettelman, A.: Global volcanic aerosol properties derived from emissions, 1990-2014, using CESM1(WACCM), Journal of Geophysical
Research: Atmospheres, 121, 2332-2348, doi:10.1002/2015JD024290, 2015JD024290, 2016.

Mlawer, E. J., Taubman, S. J., Brown, P. D., lacono, M. J., and Clough, S. A.: Radiative transfer for inhomogeneous atmospheres:
RRTM, a validated correlated-k model for the longwave, Journal of Geophysical Research: Atmospheres, 102, 16663-16 682,
doi:10.1029/97JD00237, 1997.

Oman, L., Robock, A., Stenchikov, G. L., Thordarson, T., Koch, D., Shindell, D. T., and Gao, C.: Modeling the distribution of the vol-
canic aerosol cloud from the 1783-1784 Laki eruption, Journal of Geophysical Research: Atmospheres, 111, doi:10.1029/2005JD006899,
d12209, 2006.

Pinto, J. P., Turco, R. P., and Toon, O. B.: Self-limiting physical and chemical effects in volcanic eruption clouds, Journal of Geophysical
Research: Atmospheres, 94, 11 165-11 174, doi:10.1029/JD094iD08p11165, 1989.

Pitari, G., Mancini, E., Rizi, V., and Shindell, D. T.: Impact of Future Climate and Emission Changes on Stratospheric Aerosols and Ozone,
Journal of the Atmospheric Sciences, 59, 414-440, doi:10.1175/1520-0469(2002)059<0414:I0FCAE>2.0.C0O;2, 2002.

Pruppacher, H. R. and Klett, J. D.: Microphysics of Clouds and Precipitation, Springer Science & Business Media, doi:10.1007/978-0-306-
48100-0, 2010.

Randel, W. J., Wu, E, Russell, J. M., Waters, J. W., and Froidevaux, L.: Ozone and temperature changes in the stratosphere following the
eruption of Mount Pinatubo, Journal of Geophysical Research: Atmospheres, 100, 16 753-16 764, doi:10.1029/95JD01001, 1995.

Read, W. G., Froidevaux, L., and Waters, J. W.: Microwave limb sounder measurement of stratospheric SO2 from the Mt. Pinatubo Volcano,
Geophysical Research Letters, 20, 1299-1302, doi:10.1029/93GL00831, 1993.

Reichler, T., Dameris, M., and Sausen, R.: Determining the tropopause height from gridded data, Geophysical Research Letters, 30,
doi:10.1029/2003GL018240, 2042, 2003.

Ridley, D. A., Solomon, S., Barnes, J. E., Burlakov, V. D., Deshler, T., Dolgii, S. I., Herber, A. B., Nagai, T., Neely, R. R., Nevzorov, A. V.,
Ritter, C., Sakai, T., Santer, B. D., Sato, M., Schmidt, A., Uchino, O., and Vernier, J. P.: Total volcanic stratospheric aerosol optical depths
and implications for global climate change, Geophysical Research Letters, 41, 7763-7769, doi:10.1002/2014GL061541, 2014GL061541,
2014.

Sato, M.: Forcings in GISS Climate Model: Stratospheric Aerosol Optical Thickness, http://data.giss.nasa.gov/modelforce/strataer/, 2012.

Seinfeld, J. H. and Pandis, S. N.: Atmospheric chemistry and physics: from air pollution to climate change, John Wiley & Sons, 2006.

Sekiya, T., Sudo, K., and Nagai, T.: Evolution of stratospheric sulfate aerosol from the 1991 Pinatubo eruption: Roles of aerosol microphysical

processes, Journal of Geophysical Research: Atmospheres, doi:10.1002/2015JD024313, 2015JD024313, 2016.

24


http://www.nemo-ocean.eu/content/download/11245/56055/file/NEMO_book_v3_2.pdf
http://www.nemo-ocean.eu/content/download/11245/56055/file/NEMO_book_v3_2.pdf
http://dx.doi.org/10.5194/gmd-3-519-2010
http://dx.doi.org/10.1029/1999GL900187
http://dx.doi.org/10.1002/2015JD024290
http://dx.doi.org/10.1029/97JD00237
http://dx.doi.org/10.1029/2005JD006899
http://dx.doi.org/10.1029/JD094iD08p11165
http://dx.doi.org/10.1175/1520-0469(2002)059%3C0414:IOFCAE%3E2.0.CO;2
http://dx.doi.org/10.1007/978-0-306-48100-0
http://dx.doi.org/10.1007/978-0-306-48100-0
http://dx.doi.org/10.1029/95JD01001
http://dx.doi.org/10.1029/93GL00831
http://dx.doi.org/10.1029/2003GL018240
http://dx.doi.org/10.1002/2014GL061541
http://data.giss.nasa.gov/modelforce/strataer/
http://dx.doi.org/10.1002/2015JD024313

Sheng, J.-X., Weisenstein, D. K., Luo, B.-P., Rozanov, E., Stenke, A., Anet, J., Bingemer, H., and Peter, T.: Global atmospheric sulfur budget
under volcanically quiescent conditions: Aerosol-chemistry-climate model predictions and validation, Journal of Geophysical Research:
Atmospheres, 120, 256-276, doi:10.1002/2014JD021985, 2014JD021985, 2015.

Spencer, R. W. and Christy, J. R.: Precision Lower Stratospheric Temperature Monitoring with the MSU: Technique, Validation, and Results
1979-1991, Journal of Climate, 6, 1194-1204, doi:10.1175/1520-0442(1993)006<1194:PLSTMW>2.0.CO;2, 1993.

Steele, H. M. and Hamill, P.: Effects of temperature and humidity on the growth and optical properties of sulphuric acid—water droplets in
the stratosphere, Journal of Aerosol Science, 12, 517 — 528, doi:10.1016/0021-8502(81)90054-9, 1981.

Stier, P., Feichter, J., Kinne, S., Kloster, S., Vignati, E., Wilson, J., Ganzeveld, L., Tegen, 1., Werner, M., Balkanski, Y., Schulz, M., Boucher,
O., Minikin, A., and Petzold, A.: The aerosol-climate model ECHAMS-HAM, Atmospheric Chemistry and Physics, 5, 1125-1156,
doi:10.5194/acp-5-1125-2005, 2005.

Tabazadeh, A., Toon, O. B., Clegg, S. L., and Hamill, P.: A new parameterization of H2SO4/H20 aerosol composition: Atmospheric impli-
cations, Geophysical Research Letters, 24, 1931-1934, doi:10.1029/97GL01879, 1997.

Thomason, L. and Peter, T.: SPARC Assessment of Stratospheric Aerosol Properties (ASAP), Tech. rep., SPARC, http://www.sparc-climate.
org/publications/sparc-reports/, 2006.

Timmreck, C.: Three-dimensional simulation of stratospheric background aerosol: First results of a multiannual general circulation model
simulation, Journal of Geophysical Research: Atmospheres, 106, 28 313-28 332, doi:10.1029/2001JD000765, 2001.

Tompkins, A. M.: A revised cloud scheme to reduce the sensitivity to vertical resolution, ECMWF Research Department Memorandum,
2005.

Toon, O. B., Turco, R. P., Westphal, D., Malone, R., and Liu, M.: A Multidimensional Model for Aerosols: Description of Computational
Analogs, Journal of the Atmospheric Sciences, 45, 2123-2144, doi:10.1175/1520-0469(1988)045<2123: AMMFAD>2.0.CO;2, 1988.
Turco, R. P., Hamill, P,, Toon, O. B., Whitten, R. C., and Kiang, C. S.: A One-Dimensional Model Describing Aerosol Formation and
Evolution in the Stratosphere: I. Physical Processes and Mathematical Analogs, Journal of the Atmospheric Sciences, 36, 699-717,

doi:10.1175/1520-0469(1979)036<0699: AODMDA>2.0.CO;2, 1979.

Vehkamiki, H., Kulmala, M., Napari, I., Lehtinen, K. E. J., Timmreck, C., Noppel, M., and Laaksonen, A.: An improved parameterization for
sulfuric acid—water nucleation rates for tropospheric and stratospheric conditions, Journal of Geophysical Research: Atmospheres, 107,
AAC 3-1-AAC 3-10, doi:10.1029/2002JD002184, 4622, 2002.

Vernier, J.-P., Thomason, L. W., Pommereau, J.-P., Bourassa, A., Pelon, J., Garnier, A., Hauchecorne, A., Blanot, L., Trepte, C., Degenstein,
D., and Vargas, F.: Major influence of tropical volcanic eruptions on the stratospheric aerosol layer during the last decade, Geophysical
Research Letters, 38, doi:10.1029/2011GL047563, 112807, 2011.

Vignati, E., Wilson, J., and Stier, P.: M7: An efficient size-resolved aerosol microphysics module for large-scale aerosol transport models,
Journal of Geophysical Research: Atmospheres, 109, doi:10.1029/2003JD004485, d22202, 2004.

Weisenstein, D. K., Penner, J. E., Herzog, M., and Liu, X.: Global 2-D intercomparison of sectional and modal aerosol modules, Atmospheric
Chemistry and Physics, 7, 2339-2355, doi:10.5194/acp-7-2339-2007, 2007.

Wiscombe, W. J.: Mie scattering calculations: advances in technique and fast, vector-speed computer codes, Atmospheric Analysis and
Prediction Division, National Center for Atmospheric Research, http://opensky.ucar.edu/islandora/object/technotes%3A232/datastream/
PDF/download/citation.pdf, 1979.

Zhang, X., Zheng, X., Yang, C., and Luo, S.: A new weighting function for estimating microwave sounding unit channel 4 temperature trends

simulated by CMIP5 climate models, Advances in Atmospheric Sciences, 30, 779-789, doi:10.1007/s00376-013-2152-x, 2013.

25


http://dx.doi.org/10.1002/2014JD021985
http://dx.doi.org/10.1175/1520-0442(1993)006%3C1194:PLSTMW%3E2.0.CO;2
http://dx.doi.org/10.1016/0021-8502(81)90054-9
http://dx.doi.org/10.5194/acp-5-1125-2005
http://dx.doi.org/10.1029/97GL01879
http://www.sparc-climate.org/publications/sparc-reports/
http://www.sparc-climate.org/publications/sparc-reports/
http://dx.doi.org/10.1029/2001JD000765
http://dx.doi.org/10.1175/1520-0469(1988)045%3C2123:AMMFAD%3E2.0.CO;2
http://dx.doi.org/10.1175/1520-0469(1979)036%3C0699:AODMDA%3E2.0.CO;2
http://dx.doi.org/10.1029/2002JD002184
http://dx.doi.org/10.1029/2011GL047563
http://dx.doi.org/10.1029/2003JD004485
http://dx.doi.org/10.5194/acp-7-2339-2007
http://opensky.ucar.edu/islandora/object/technotes%3A232/datastream/PDF/download/citation.pdf
http://opensky.ucar.edu/islandora/object/technotes%3A232/datastream/PDF/download/citation.pdf
http://dx.doi.org/10.1007/s00376-013-2152-x

26



- 80 ool

: il Q‘ H '|':
Al \‘Hl \\ \‘\\ \t\\ I',l'\.:z f

= — 20 - -
g 10
= Lo L0 4 -
a €
% 30 10
o
L1 5 i L
=30
o | E-40 -20. -
-50
- - —60 — —
-70
50 +—r—r————F—T—"——"— 80 -30. T B ——
1980 1985 1990 1995 1980 1985 1990 1995
Zonal wind (m/s) Zonal wind at 25 hPa (m/s)

Figure 1. Left panel: Altitude-time profile of the zonal wind (in m s ™), averaged between 10° S and 10° N, from a simulation with evolving
background aerosol. The vertical axis shows the logarithm of the pressure in Pa. Right panel: Zonal wind at 25 hPa, averaged between 10° S
and 10° N.
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Figure 2. Climatological volume mixing ratios (upper half, in pptv) and lifetimes (lower half, in years or days) of OCS and SO» produced
by the UPMC/Cambridge model and used as initial and boundary conditions for the LMDZ-S3A model. The left column shows the zonal
and annual mean latitude-height distribution, while the right column shows an annual cycle of the zonal mean value at 20 km altitude.
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Figure 3. Schematic representation of the sulfur species and the processes affecting them that are represented in the LMDZ-S3A model.
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are from the 10'" year of the simulation with no volcanic input in the stratosphere and are assumed to represent a steady state.
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Figure 5. Vertical profile of the cumulative aerosol number concentration (cm™2) for three channels (r > 0.01 um in light blue, 7 > 0.15um
in orange, and r > 0.5um in dark blue) at Laramie, Wyoming (41°N, 105° W) in the style of Sekiya et al. (2016) . Solid lines show the

modelled monthly mean, while the crosses indicate the range of daily mean concentrations within that month. Optical particle counter (OPC)
measurements from Deshler et al. (2003) are shown as symbols connected by dashed lines.
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Figure 6. Modelled annual mean stratospheric burden (in TgS) and fluxes (in TgSyr~!) of the represented sulfur species. The values
are given for steady state background conditions without any stratospheric volcanic emissions. Advection can take the species out of the
stratosphere into the troposphere, where they can be removed by wet and dry deposition.
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Figure 8. Evolution of the zonal mean stratospheric aerosol optical depth (SAOD) at 550 nm modelled with LMDZ-S3A (upper left panel)
compared to the climatology from Sato (2012) (upper right panel) and to SAOD simulated with WACCM by Mills et al. (2016) (lower left
panel), as well as the global mean SAOD (lower right panel). Note that unlike our simulation, WACCM includes small volcanic eruptions
that occurred after that of Mount Pinatubo.
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Figure 9. Evolution of the modelled stratospheric sulfur burden and its distribution among the different species for the period from January
1991 to December 1996, including the Pinatubo eruption (but no other eruptions).

43



44



Effective radius averaged for
14-30 km altitude at Laramie

0.8 ; , : : :
: !| == LMDZ-S3A
07T LMDZ-S3A 1

: 1 =" (only rgmy > 0.15um)
06| :
|T T obs. (Deshler)

e
o

e
w

Effective radius (um)
o o
[\) =~

©
—

1991 1992 1993 1994 1995 1996 1997
year

Figure 10. Stratospheric effective particle radius at Laramie, Wyoming (41° N, 105° W) as simulated by the LMDZ-S3A model and observed
with optical particle counters (Deshler et al., 2003) . Error bars of the measurements were determined from the 40 % uncertainty in aerosol
surface area A and volume V' assuming a correlation coefficient of 0.5 between A at different altitudes, V' at different altitude and A and V'

at the same altitude.
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Figure 11. Vertical profile of the cumulative aerosol number concentration (cm~?) for three channels ( > 0.01 um in light blue, > 0.15um
in orange, and r > 0.5um in dark blue) in November 1991, May 1992 and November 1992 at Laramie, Wyoming (41° N, 105° W) in the
style of Sekiya et al. (2016) . Solid lines show the modelled monthly mean, while the crosses indicate the range of daily mean concentrations
within that month. Optical particle counter (OPC) measurements from Deshler et al. (2003) are shown as symbols.
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Figure 12. Global mean MSU channel 4 (upper tropospheric and lower stratospheric) temperature anomaly. The modelled anomaly due
to the Pinatubo sulfate aerosol is computed as the difference between simulations with and without volcanic aerosol, while the observed

anomaly reported by the UAH (Spencer and Christy, 1993) is with respect to the 1981-2010 base period.
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Figure 13. Stratospheric effective particle radius at Laramie, Wyoming (41° N, 105° W) as simulated by the LMDZ-S3A model and observed
with optical particle counters (Deshler et al., 2003) . The light blue (resp. orange) line shows the model result for coagulation enhanced b
the continuum regime van der Waals enhancement factor £/(0) (resp. the kinetic regime enhancement factor £(co)).
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Figure 14. Evolution of the global mean stratospheric aerosol optical depth (SAOD) at 550 nm modelled with LMDZ-S3A compared to the
climatology from Sato (2012) and to SAOD simulated with WACCM by Mills et al. (2016) . The dashed (resp. dotted) line shows the model

result for coagulation enhanced by the continuum regime van der Waals enhancement factor £/(0) (resp. the kinetic regime enhancement

factor E(0)).
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0.18 Global mean strat. AOD at 550 nm
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Figure 15. Same as Fig. 14, but here the dashed line shows the model result for an SO lifetime doubled on the day of the eruption, decreasin,
linearly to climatological values within one month.
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