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Abstract. In terms of atmospheric impact, the volcanic ing in a significantly better agreement with the post-volcanic
eruption of Mt. Pinatubo (1991) is the best characterizedtemperature record at these altitudes.

large eruption on record. We investigate here the model-
derived stratospheric warming following the Pinatubo erup-
tion as derived from SAGE Il extinction data including re-
centimprovements in the processing algorithm. This methodl Introduction

termed SAGE_#4, makes use of the four wavelengths (385,

452, 525 and 1024 nm) of the SAGE Il data when avail- The most recent large tropical volcanic eruption was that of
able, and uses a data-filling procedure in the opacity-induced/t. Pinatubo in June 1991 in the Philippines {2§. Un-
“gap” regions. Using SAGE_}4 we derived aerosol size dis- like earlier major volcanic eruptions of the 20th century,
tributions that properly reproduce extinction coefficients alsoMt. Pinatubo has been relatively well characterized by ob-
at much longer wavelengths. This provides a good basis foservations. Several satellite, balloon-borne and ground-based
calculating the absorption of terrestrial infrared radiation andMeasurements are available during this perBlith et al,

the resulting stratospheric heating. However, we also showt992 Labitzke and McCormick1992 McCormick 1992

that the use of this data set in a global chemistry—climateStowe et al. 1992 Thomason 1992 Minnis et al, 1993
model (CCM) still leads to stronger aerosol-induced strato-Antufia et al. 2009. However, the peak of the stratospheric
spheric heating than observed, with temperatures partly eveferosol cloud is not well characterized as the observational
higher than the already too high values found by many modetwork was best established in the Northern Hemisphere
els in recent general circulation model (GCM) and CCM in- @nd less dense in the tropics and Southern Hemisphere,
tercomparisons. This suggests that the overestimation of thwhere a large part of the emitted @nd resulting sulfate
stratospheric warming after the Pinatubo eruption may not bé2€rosols was transported. An additional problem was that
ascribed to an insufficient observational database but insteal®’ Some limb-viewing instruments measuring in the short-
to using outdated data sets, to deficiencies in the implemenave, the lower stratosphere became opaque. For instance,
tation of the forcing data, or to radiative or dynamical model during the first year after the Pinatubo eruption, SAGEII
artifacts. Conversely, the SAGEL 4pproach reduces the in- measured only above about 23 km altitude at wavelengths of

frared absorption in the tropical tropopause region, result-1-024 pm and shorter. To cope with the regions of missing
data,SPARC (2006 provides a “gap-filled” data set span-

ning the period 1979-2004 using SAGE data amended by
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11222 F. Arfeuille et al.: Uncertainties in modeling the Mt. Pinatubo eruption

measurements from lidar ground stations. This SAGE Il gap-SO;, injections. A third group derives heating rates consistent
filled data set provides the most complete and accurate (unwith prescribed SAD (surface area density) data (CMAM
certainty around 10 % outside the gap) global optical characand WACCM) or use the GISSSato et al. 1993 data
terization of the eruption, even if the quality of this data set(AMTRAC3, CCSRNIES, MRI, UMETRAC, UMUKCA-
in the most perturbed periods is limited, in particular in the METO). These two methods require assumptions on the size
tropics, with uncertainties on the order of 50 % in the extinc- distribution, notably through a fixed distribution width. Some
tion coefficients in the gap region. models also directly use the precalculated heating rates from
There have been several earlier attempts to create a corstenchikov et al(1998, which are based partly on tt8ato
sistent global stratospheric aerosol data set of the Pinatubet al.(1993 extinction data (E39CA and EMAC). The CCM
eruption (e.g.Sato et al. 1993 Stenchikov et a).1998 for SOCOL, which participated in CCMval-2, was forced by a
climate models. The data set®fenchikov et al(1998 pro- data set based on SAGE Il measurements. All these meth-
vides directly calculated heating rates for modeling studiesods produce large differences in the volcanic aerosol opti-
while theSato et al(1993 “GISS” data set consists of opti- cal properties, making it difficult to compare these models
cal depth data for 0.5 um wavelength and effective radii in 4against each other. Finally, it must also be noted that un-
different altitude ranges and 24 latitude bands derived fromcertainties in observed/modeled tropopause height may lead
SAGE Il data. However, these two data sets use outdated veclimate models to discard part of the heating rates below
sions of the SAGE retrieval algorithm and a very coarse gapthe tropopause, hence not representing fully the stratospheric
filling procedure (via interpolation of extinction coefficients forcing of a given aerosol data set.
down to the tropopause).
Stenchikov et al(1998 used infrared (CLAES-ISAMS)
data to fit the effective radius and width of the distribu-
tion (assuming a lognormal size distribution with width= 2 Methods
1.25). However, as we will show below, no systematic com-
parison with extinction coefficients from HALOE at 3.46 um The most elaborate gap-filled SAGE Il 1.024 um extinc-
and 5.26 um Russell et al. 1993 Hervig et al, 1995 or tion coefficient record is described BPARC(2006 (here-
ISAMS at 12.1 um llambert et al. 1997 was performed to  after called SAGE_ASAP). The gaps in the SAGE Il mea-
verify the applicability for extinction coefficients in the ter- surements, mainly caused by opaqueness directly after the
restrial IR, which is a requirement for climate simulations. Pinatubo eruption, were filled by means of lidar measure-
Extinction coefficients of HALOE at 3.46 um and 5.26 um ments at Mauna Loa in Hawaii; at Camaguey in Cuba; at
are of good quality during the period affected by the PinatuboHampton, Virginia (USA); and with backscatter sonde mea-
eruption Thomason et gl.2012. ISAMS extinction coef-  surements from Lauder, New Zealand. The lidar measure-
ficient uncertainties at 12.1 um for the Equator are on thements have been converted to 1.024 um (SAGE Il wave-
order of 50% at 70hPa and less than 20% at 45hPa antkngth) @ntufia et al. 2003. The main aerosol cloud
above, while for 40N, uncertainties are less than 25 % be- was frequently over Mauna Loa (1954) and Camagiiey
low 45 hPa and close to 50 % at 32 hRarfbert et al.1996. (21.4 N), and these values are taken for the tropical region.
The accuracy of the solar and infrared extinction co- However, due to the fact that the main aerosol cloud was not
efficients in stratospheric aerosol data sets is an imporalways located above the two lidar stations, an erroneous
tant point because large stratospheric volcanic eruptions irseasonality of the aerosol amount might be present in the
the tropics represent major external forcings to the climatecompiled data setSPARG 2006. The differences between
system, and many uncertainties remain in their modelingthe SAGE V6.0 version used I PARC(2006 and earlier
by chemistry—climate model (CCMs) or general circulation versions as used bgtenchikov et al(1998 and Sato et al.
models (GCMs). Simulations exhibit a large range of re- (1993 are described in Sect. 3.
sponses due to model deficiencies and/or uncertainties in To retrieve extinction coefficients (subsequently referred
the volcanic forcing. Many GCMs/CCMs overestimate the to as “extinctions”) in the whole spectral range and subse-
stratospheric warming after volcanic eruptions, and an at-quently model the stratospheric warming response, the parti-
tribution of this artifact remains difficult because of the cle size distribution has to be known. During quiescent times
large range of optical forcings obtained with different ap- the size distribution of stratospheric aerosol is relatively well
proaches and data seSRARC-CCMVa) 201Q Gettelman  captured by a simple unimodal lognormal distributiotugl
et al, 201Q Lanzante and Fre007). et al, 2010. However, after volcanic eruptions a second
As noted byMorgenstern et al(2010, different ap-  (and often third) mode are observed, and consequently a bi-
proaches have been followed among the CCMva&R2XRC-  modal (or trimodal) lognormal distribution fits the data better
CCMVal, 2010 models to represent the volcanic forcing. (Deshler et al.1992. For simplicity and because of patch-
Some models (CAM3.5, GEOSCOM, LMDZrepro, UM- iness of the data, many studies nevertheless use unimodal
SLIMCAT and UMUKCA-UCAM) do not at all model the lognormal distributions (e.gKinnison et al, 1994 Russell
heating by the aerosol, while ULAQ REF-B1 uses directet al, 1996 Stenchikov et a).1998 SPARGC 2006. This
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might be legitimate if one of these modes dominates interms In this approach, the four wavelengths (385, 452, 525,
of surface area density and radiative properties. and 1024 nm) of the SAGE Il data are used when avail-
In this study we compare four methods for retrieval of able. A similar approach to SAGEA4vas used byBingen
spectrally resolved optical properties. The first is a methodet al. (2003. In a first step, the mode radiug,, distribu-
with varying effective radii, distribution widths and number tion width o and the number densityy are left practically
densities (called SAGE Mhereafter) to find the best fit to the unconstrained for each latitude/altitude point in tinse &
four wavelengths of SAGE_ASAP extinction measurements[1.2, 2.6], rm € [0.015pum, 0.5pum], andVg € [0.5cnT 3,
The second method is that Bgenchikov et al(1998, called 1000 cn13]). For each location and time, the best set of pa-
ST98 hereafter (data from G. Stenchikov, personal commurameters is obtained such that the difference to the SAGE Il
nications), using the version of the SAGE |l data set availableextinctions at its four wavelengths is minimized. The extinc-
at the time (from the V5 series, data from G. Stenchikov, per-tion at each SAGE wavelength is weighted by its standard de-
sonal communications, 2008) and assuning: 1.25. The  viation when available from the SAGE_ASAP data set, giv-
third is the approach described I8chraner et al(2008 ing more weight to more precise measurements. As the four
using SAGE_ASAP and deriving the surface area densitiesvavelengths of SAGE do not represent entirely independent
and effective radii based on a principal component analy-pieces of information, multiple solutions are possible for the
sis using four wavelengths of SAGE ITiflomason et al. three parameters. Thus, a second step is needed in order to
19978 and assuming a fixed distribution widtBchraner avoid unphysical abrupt changes in the aerosol radii in space
et al. (2008 prescribed the distribution width as = 1.8 and time. Therefore, the effective raditsg is calculated out
(named SAGE_1.8 below), which is a mean typical value forof the previously fitted,, ando parameters:
the last few decades. However, after volcanic eruptiens,
can differ substantially from this value. In this study we re- jo4 = rmg% Ino )
peated the calculation fer equal to 1.2 (SAGE_1.2), which
is close to the value for the large particle mode after volcanicThe scatterplot ofes as function of the extinction coeffi-
eruptions Deshler et a].2003 and close to the assumption cient at 1.024 um is then computed and the median values
made by ST98. And finally we carried out calculations with of the scatteredegs; are taken for each extinction value (see
a fourth method using an aerosol model (AER-2gisen-  Fig. 1). The calculated median values are then used in the fit-
stein et al.1997), where the aerosol size distributions dependting process, and the and number density are fitted again
directly on microphysical processes and boundary conditiondgo minimize the differences to the SAGE observations. The
such as S@injection mass and location of injection, namely reff instead of the mode radius is used for the correlation to
7 Mt of sulfur injected at 23-25 km altitude in a simulation the extinction at 1.024 um because it includes information
called AER_7 hereatfter. about the distribution widtk . The correlation of the extinc-
The results from SAGE Mand AER_7 are used as input tion at 1.024 pm withrefs is hence more robust as it contains
for the CCM SOCOL V2 §chraner et 812008 to test the  more information about the particle size distributions. The
radiative response to these optical forcings. The four differ-SAD is the principle quantity we are interested in. SAD is
ent methods used to retrieve size distributions are describedot used for the correlation because in the second step the
subsequently. Methods 1-3 assume unimodal lognormal disaumber density and the width are fitted so that the SAGE
tributions, while method 4 uses directly the size distributionsll extinctions are matched. The fitting of the number density
derived by means of a 2-D aerosol model with 40 size bins. ando thus allows for good agreement to be reached with the
extinctions at all SAGE wavelengths. Furthermore, the cal-
2.1 First method: SAGE_4 culated extinctions show good agreement with ISAMS and
) . . HALOE data (extinctions at longer wavelengths; see Sect. 4).
The SAGE_4 method computes single lognormal size dis- ¢ resulting size distribution and SAD are then consistent

tributions, which are described by the total number of parti-| i, ohservations from SAGE to ISAMS wavelengths. This
cles (o), the width of the distribution (standard deviatioh  ,,cedure eliminates the unphysical ambiguities mentioned
and the mode radius):

above.

1 [ 020/ rm) One exception to this second step was made to describe the
dN(r) e_i[ %o } tropical lower stratosphere in the first months after the erup-
_ = O—, (1) . ) . .

ar Nz tion. Indeed in the lower stratosphere the coagulation rate

is low due to a small diffusion coefficient of aerosol parti-
where dV (r) is the number concentration of particles in the cles (high pressure, low temperature). Hence, in the volcanic
interval with radiuse [r, r 4+ dr]. From the size distribution aerosol nucleation plume, the new volcanic aerosols formed
and SO, wt % (calculated using year 1991 annual mean after the eruption do not coagulate quickly and the relation-
ERA-Interim relative humidity), the spectrally resolved op- ship between extinctions and effective radii breaks down. For
tical properties can be calculated by means of Mie theorythat reason, until September 1991 the aerosol radius in the
(Mie, 1908. tropical lower stratosphere can freely adjust so that available
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11224 F. Arfeuille et al.: Uncertainties in modeling the Mt. Pinatubo eruption

higher, and should no longer be used. Conversely, differences
in the aerosols from SAGE V6.0 to V7 (recently published)
are minor. See Sect. 3 below for details.

08—

2.3 Third method: SAGE_1.8 and SAGE_1.2

Based on a principal component analysis using four wave-
lengths of SAGE Il,Thomason et ak1997h found the fol-
lowing relationship between the extinctions at 1.024 um and
the SAD:

06—

reff [ur]

04|~

425 x k068 fork <4x 1073
SAD = 1 1223x k%875 for4x 103 <k <2x 1072, (3)
2000x k for2x 102 <k

02—

ol i e whergk i.s the extinction poefficignt at_1.924 um in krhand
e RN SAD is in p? cm=3. This relationship is based on the as-
sumption that the wavelength dependence of the extinction
Fig. 1. Effective radii (um) derived from the SAGEx4irst step ?s _s;tapl_e for different aerosol extinctions. This assumption
versus extinction coefficients at 1.024 pm from SAGE 1. Black dots IS justified for most cases. For SAD around 0. Piom3
and red dots represent values within and outside one standard devite uncertalnty ranges withi#30%, for SAD greater than
ation, respectively. Blue line represents the median values. 10 pnf cm2 within £15% (Thomason et al19971. How-
ever, after the Mt. Pinatubo eruption this relationship dif-
fers significantly in the tropical lower stratosphere from the
SAGE wavelengths are matched. This leads to smaller (buteal SAD. This deviation is caused by conjunction of small
more numerous) aerosols (see Figs.and4b and descrip- aerosol size and large extinction in the injection region fol-
tion in Sect. 4 below), and hence reduces the aerosol absorpewing the eruption $PARG 2006 Chapter 4, pp. 138ff.).
tion in this region. Unfortunately there are no aerosol size distribution measure-
In the gap-filled region, only the extinction at 1.024 pum is ments in the tropics during that time, for example using the
available and there is not enough information to fit the sizeOPC (optical particle counter), but it is conceivable that due
distribution parameters. Thereforejs fixed to 1.2 (close to  to changes in the size distribution in post-volcanic times, this
the value for the large mode after volcanic eruptions). Therelationship can lead to significant errors.
reff iS then obtained through its correlation with the extinc-  Similarly to the SAD, the effective radiugs can be re-
tion, i.e., the same relationship as in the gap-free regions, anttieved from the extinction at 1.024 pm as follows:
finally the number density is fitted to match the 1.024 um ex-

tinction. 0.0303x [In(k) +11.515 + 0.16
for1x107° <k <3.0x 104
2.2 Second method: ST98 _ ] 0.15x exp(0.04916x [In(k) 4+ 11 513]2) 4
fef =) for 3.0x 104 < k < 1.8x 103 @)
ST98 used effective radii retrieved from CLAES and ISAMS 0.55
extinction measurements proposed@nainger et al(1999 for 1.8 x 1073 < k

and Lambert et al.(1997. In general there is a good cor-

respondence to effective radii retrieved from SAGE Il. They Schraner et al(2008 assumeds = 1.8 (SAGE_1.8),
assumed a fixed distribution widthef= 1.25. In afirst step,  which is a mean value for the last few decades. However,
ST98 calculated the extinction for a number density of oneafter volcanic eruptionsy can differ substantially from this
particle per cm and in a second step scaled the number denvalue. FollowingStenchikov et al(1998, we repeated the
sity to fit the extinction at 1.024 pm with SAGE Il measure- calculation foro = 1.2 (SAGE_1.2). The extinction is very
ments. ST98 uses an old SAGE Il data dRugsell et al.  sensitive tor. For the same aerosol massgifs large, there
1996 with an older satellite retrieval procedure (SAGEV5.9 are fewer but bigger particles. This affects the radiative prop-
or similar) and a very simplified gap-filling approach (the last erties of the aerosol layer: for the same total mass, smaller
measured SAGE Il value in vicinity is taken to fill the gap). particles scatter shortwave radiation more efficiently, but ab-
ST98 used = 1.25 because this distribution width matched sorb longwave radiation almost to the same degree as larger
best with CLAES optical depth at 2.6 um. The optical prop- particles. The number densityy is finally calculated from
erties are then calculated with Mie theory assuminG&, the SAD,o, andref.

solution droplets of 70 %. It should be noted that the retrieval The main difference between the SAGE_1.8, SAGE_1.2,
of SAGE v5.9 is significantly different from SAGE V6.0 and SAGE_4., and ST98 approaches is the estimation of the
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particle size distribution. SAGE_1.8 and SAGE_1.2 follow 3 Differences between pre and post version 6 SAGE Il
the approach of SAD conservation from a principal compo-  aerosol products
nent analysis{Thomason et a1.19973, whereas SAGE_x4
and ST98 derive size distributions such that the extinctionsSSAGE Il began operation in 1984, when aerosol loading was
at the SAGE wavelength(s) match the observations best.  still enhanced above background levels by the 1982 erup-
tion by El Chichén. The aerosol levels were further enhanced
2.4 Fourth method: AER_7, AER_9, and by the eruptions of Nevado del Ruiz in 1985 and Nyamura-
AER_10_ASAP gira in 1986. Despite these enhancements, the total levels
. ) of aerosol opacity along the SAGE Il measurement line-of-
This method uses the aerosol modell AER-_ZMe(senstem sight (LOS) geometry remained well below the level at which
et al, 1997, 200'7). The gerosol size dlst“bUt]OD_S hence' Qe— transmission drops below measurable levels (about an opti-
pend on the microphysical processes ar_1d initial conditiong.y) depth of 7 along the path between the spacecraft and the
of the AER-2D model. The global domain of the AER-2D g, ;5) and extinction profiles were made into the upper tropo-
model extends from the surface to approximately 60 km withgpere throughout this period. After the eruption of Pinatubo
a vertical resolution of approximately 1.2km and horizon- i, 1991 the LOS optical depth was significantly above 7 and
tal resolution of approximately 9.5 degrees of latitude. Theamained so well into 1993, particularly in the tropics. As
year-by-year temperature and transport fields are taken from g1t most profiles were terminated in the lower strato-

Fleming et al.(1999, which were derived from observed gohere even as high as 25 km in the first few months after the
ozone, water vapor, zonal wind, temperature, and planetarg.ntion. Nominally, both the V5 and V6 series of SAGE I
waves and include the QBO as it affected the zonal-mean,,qycts reflect these facts. However, it became apparent to
circulation in the years 1991-1994. A parameterization ofy,e SAGE 11 algorithm team that the version 5 series had se-
convection Dvortsov et al. 1999 is employed in the ro-  yiq 5 geficiencies that required the algorithm developments
posphere. The model includes sulfate precursor gases DMy5; eventually produced V6.0. The most important of the
CS, HzS, OCS, and SO MSA, SO, SG;, and BSOrare  yeficiencies was associated with normalization (producing
product gases. Kinetic and photolytic rates are fi8amnder  ansmission) and altitude registration. SAGE Il observes the
et al. (2000. Sulfate particles are created by homogeneousg, through the limb of the atmosphere, scanning across the
nucleation Kulmala et al. 2000 near the tropopause and gq|ar disk normal to the surface of the Earth using a mirror,
in polar regions and by condensation onto existing parti-gng yses observations made above the atmosphere to con-
cles. The zonal mean temperature is augmented by a tMyet gpservations to transmission and eventually profiles of
perature distribution that accounts for deviations from the, e NQ, water vapor, and aerosol extinction coefficient
monthly zonal mean temperature in the nucleation calculay; ¢ wavelengths. Under most conditions, SAGE Il uses

tion. Aerosol cqmposition i; a function of temperature and ypservations of the upper and lower edges of the Sun to lo-
H20 concentration according fGabazadeh et ak1997). 446 the position of measurements on the Sun and the loca-

Above about 35km, particles evaporate to yielg 9as, o of the tangent point in the atmosphere. The location on
which can photolyze to S£and SQ. Particles are resolved  he gyn js important to converting observations to transmis-
into 40 size sections from 0.4 nm to 3.2 um by volume dou-gjqn while locating events in the atmosphere is crucial for
bling. Coagulation reduces number densities, while sedimenz .. rate altitude registration of the data. The rate of motion
tation reduced the lifetime of larger stratospheric particles. ¢ the scan mirror across the Sun is estimated from the times
Aerosols are removed below the tropopause by washout anf,e eqges of the Sun are observed. In cases where optically
surface deposition. L dense layers are observed, the lower edge of the Sun becomes
The main simulation was performed injecting 7 Mt of ,,,pservable and both the Sun position and the position are
sulfur at $S-14N and 23-25km altitude (simulation jnferred using only the upper edge of the Sun and a prediction
AER_7). However, measurements for the sulfur amountyt ihe rate of motion of the scan mirror. The SAGE Il algo-
injected into the stratosphere are subject to uncertaintieS;ihm team observed that the algorithms used prior to V6.0
Total uncertainty in the amounts range from 7 10 up 10 gig 4 poor job of estimating this scan rate, and as a result
13 Mt of sulfur (ambert et al. 1993 Guo et al. 2004  hq hosition of points in which the lower of edge of the Sun
SPARG 2008; hence a sensitivity run was performed with a5 ghscured had significant errors in both location on the
AER-2D injecting 9 Mt of sulfur (AER_9). The simulation g5 anq in the atmosphere. The effect was generally a smear-
done for the SPARC ASAP report with 10 Mt of sulfur in- o of the thick parts of the profile to higher altitudes (above
jected in a broader altitude range (16-29km), the absencg here it was actually observed) and below the point at which
of tropospheric washout of aerosols above 10km (instead,qfijes should have terminated. This was true for clouds as
of 16km), and climatological wind fields is also shown \ e|| 55 the Pinatubo aerosol layer. Versions 6.0 and later em-
(AER_10_ASAP). ploy a substantially improved single Sun-edge algorithm and
as such exhibit a far superior performance around optically
thick layers. For instance, in V5.93, clouds were frequently
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11226 F. Arfeuille et al.: Uncertainties in modeling the Mt. Pinatubo eruption

observed above the tropopause, but in V6.0 and later, with

the exception of polar stratospheric clouds, cloud frequency 10

above the tropopause is effectively zero. For Pinatubo, the

observed top of the aerosol layer is much sharper and is no

longer smeared over multiple kilometers.

As a result, with the release of V6.0 in 2000, the SAGE

Il algorithm team considered versions prior to V6.0 to be

so deficient that these versions were withdrawn from circu-

lation and they strongly recommended that they no longer

be employed for any application. FiguPedemonstrates the

differences in these profiles showing a comparison of V5.93

and V6.0 zonally averaged aerosol extinction in the tropics

in August 1991. We can see the higher termination of the

SAGE Il V5.93 extinctions compared to V6.0. TRassell

et al. (1996, Sato et al(1993, andStenchikov et al(1998

data sets are built using V5.93 (or similar version) with all

its clear defects. However, the data quality issues are exac-

erbated from this point by the method in which events that O.gz‘ ‘ ‘0.214‘ ‘ ‘O.gs 0.08

terminate above the tropopause (so-called saturated events) Extinction 1/km

are extended to the tropopause. In this data set, the last ob-

servation (which is significantly compromised) is extrapo- Fig. 2. Zonal mean extinction for August 1991 at 1.024 um at the

lated down to the tropopause and not otherwise constraineg@iquator. Horizontal lines in symbols show standard deviations of

by any observation. The ASAP data set is a significant im-SAGE_ASAP measurements.

provement over that available in 1998. Foremost, it is based

on V6.2, a far superior version than anything prior to V6.0,

and it also uses a collection of corroborative data, primar-particles using indices measured byo et al. (1999 and

ily ground- and aircraft-based lidar observations, to fill the Biermann et al(2000 that cover the temperature range from

observations lost to the extreme opacity of the stratospherd85 to 300K and composition range fopr$I0, from 0 to

in 1991 through 19933PARC 2006. While these observa- 80wt %.Luo et al.(1996 report values for refractive index

tions are converted to 1020 nm extinction using an uncertairfor 0.35<A <2 um, whereaBiermann et al(2000 report

extinction-to-backscatter ratio, converting to bulk propertiesvalues for the complex refractive index for 2 pm <20 pm.

(e.g., SAD) is based on statistical relationships inferred from Temperature and ¥$0; weight fractions (calculated

the SAGE Il multichannel data and corroborative data in thebased on year 1991 annual mean ERA-Interim relative hu-

tropics is scarce, and there can be no doubt that this approadhidities) are applied to the retrieved size distributions.

is many times more robust than that used in the earlier data

set. 4.1 Size distributions

The ST98 extinctions are based on similar early versions

of the SAGE data as the 5km resolution optical depths val-Figure3 shows size distributions derived from SAGRE and

ues provided bySato et al. (1993, both having to fill the  from the AER-2D model runs for a 7 Mt eruption (AER_7)

gap between the point of termination at high altitude to-and volcanically quiescent conditions (Background). Fur-

wards the tropopause by some extrapolation, and thus shovthermore, it shows a comparison with OPC measurements

ing large differences compared to the state-of-the-art SAGHrom Laramie, WyomingRosen1964 Deshler et a].1992).

ASAP data (Fig2), which peaks around 22 km. Also, SAGE The AER-derived size distributions at the Equator in Au-

V5.93 data show larger values than ST98 above the termigust 1991 (Fig.3a) show the development of the volcanic

nation altitude, which might be due to differences in altitude mode and a shift of the background mode to larger radii. The

resolution. SAGE_4. background size distribution (taken from January
1991) shows less small aerosols compared to the AER back-
ground simulation. In August 1991 at 64 hPa, the SAGE_4

4 Results approach including the modification in the early volcanic
plume (as discussed in the Sect. 2) shows a wide unimodal

The extinction, single-scattering albedo. and asymmetry facdistribution with a large number of small aerosols, while

tor at wavelengths covering the whole spectral range arehis is not the case for the SAGE\ 4istribution not in-

the key parameters to model the radiative impact of stratocorporating this special modification. The modification al-

spheric aerosols. These quantities are calculated by mearnsws for the SAGE_4 method to capture the high 0.525 pm

of Mie theory Mie, 1908 for spherical dielectric aerosol to 1.024 um extinction ratio below 60 hPa right after the

Extinction 1um (EQ)
L A A B
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pressure in hPa

SAGE 1.02 um ASAP x |

SAGE 1.02 um ASAP gap filled® 15

SAGE 1.02 um Russell96 + |
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GISS data Sate93 A ]
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1000.0¢ ‘ ‘ ‘ 1uny5.26 um(c, d). At the Equator at 40 hPa altitude, c) and
i OPC 27" Jon 92 at 69 hPa altitudéb, d). Asterisks in(a, b) show ratio of SAGE
100.0 4 I 0.525 puny1.024 um SPARG 2006 and asterisks iific, d) show
3 1 ratio of SAGE Il 1.024 pm and HALOE 5.26 um.
2 100F J
z E i )
© ; 4.2 Shortwave extinctions
1.0 E| ..
g ] In the visible wavelengths, the SAGE_4I| approach shows,
i ) 1 by construction, extinction coefficients close to the SAGE
0.1 : Il data (Fig.5). Conversely, the ST98 approach shows ex-
0.001 0.010 0.100 1.000 10.000 . . . .
¢ Tuml tinction values close to observations in the 20-50 hPa pres-

sure region but overestimates extinctions above and below.
The AER simulations show too large values at the Equa-
aerosol radius at 64 hPa f¢a) the Equator (3S-5 N) in Au-  tor (Fig.5a) but AER_7 and even AER_9 are underestimat-
gust 1991, andb) northern midlatitudes (40N) in January 1992.  ing extinction coefficients in the extratropics (Fib). The
SAGE_4. background size distribution is represented by the Jan-SAGE_1.8 and SAGE_1.2 approaches show very similar val-
uary 1991 background conditions. Dashed black linébinshows ~ ues and show generally too high extinctions.
the OPC measurements at Laramie, Wyoming (4)L SAGE_4. shows perfect agreement with SAGE_ASAP at
1.024 um as shown in Figéa and7a at the Equator. This

) ) o o ] ) illustrates the accuracy of SAGEL4n matching the vari-
eruption (Flg.é}l_)). This high ratio is the result of high parfucle ous wavelengths of SAGE_ASAP by adjusting the number
number densities as a consequence of slow coagulation dygsnsity and distribution width of the aerosols. ST98 with re-
to a limited diffusion coefficient of aerosol particles (high rieval based on old datR(ssell et al.1996 is less than
pressure, low temperature). Figub shows a comparison i that of SAGE_ASAP 1.024 um measurements at 40 hPa
with OPC measurements from Laramie {4) at 64 hPafor i, 1991 (Fig.6a). Above 20hPa and below 60hPa at the
January 1992. The SAGEL4pproach covers the two modes Equator, ST98 overestimates SAGE_ASAP data (F&).
of the observed distribution but exhibits fewer aerosols be'Accordineg heating rate calculations in GCMs and CCMs
low 0.35 um. This deficiency does not significantly affect the 3seq on ST98 use a data set that significantly underestimates
later retrievals of longwave extinction and heating rates, beihe extinction at 1.024 um in the tropical stratosphere in the
cause the SAGE_Mresult provides a good approximation go_30hpa range and overestimates it below.
for the large particles and hence for aerosol volume density. The AER simulations significantly overestimate the ex-
The AER_7 simulation captures well the high end of the dis-iction at the Equator when compared to SAGE_ASAP.
tribution but underestimates the radius of the aerosols in thg ,vever. in the extratropics, AER_7 results are genEraIIy in
background mode, possibly due to a too rapid latitudinal dis-y, gooa agreement with the observations (B, b). At
tribution in the 2-D model. o these latitudes, SAGE Adand ST98 show similar values, in

From these size distributions, extinctions are computed foragreement with SAGE ASAP data.

short and long wavelengths and compared to measurements 1o profiles of FigYa_show that SAGE_1.8 and especially

from SAGE Il at 0.525 um and 1.024 um, HALOE at 3.46 UM SAGE 1.2 overestimate the extinctions at 1.024 pm at all al-
and 5.26 um, and ISAMS at 12.1 um. titudes.

Fig. 3. Differential number density &/dlogr as a function of
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4.3 Longwave extinctions year

All the SAGE-derived methods are based on extinctions af '9- 6- Zonal mean 40 hPa extinction from June 1991 to June 1993
o for 1.024 ym(a) and 12.1 pun(b) at 5° S-5 N. Vertical lines show
short Wavelengthsk(f 1'024 um). Th(_a Io_ngwavg radiation in symboli sgaildard devigtrirén)s of SAGE ASAP measurements and
peaks "’Tre mainly respo.nS|bI.e fqr th_e In situ heating. Whethe[he random error estimation + standard deviation for the ISAMS
the retrieved aerosol size distribution can represent the eX;,aasurements.
tinctions at these long wavelengths is a critical question. In
the following section, we compare the calculated results with
satellite measurements at infrared wavelengths. eruption at the Equator and midlatitudes (F. The 30—
The extinctions at 3.46 um, 5.26 um, and 12.1um pro-40° N extinctions at 5.26 pm six months after the eruption
vide information on the aerosol absorption in the terrestrialare also comparable to HALOE observation for SAGE_4
IR that is mostly responsible for the stratospheric warm-despite an overestimation around 40 hPa (Higb). This
ing after an eruption. At 40 hPa (Figb) SAGE_4. is in overestimation at 40hPa is also seen when compared to
good agreement with available measurements at the EQudSAMS measurements (Figc). SAGE_1.2 and especially
tor, while ST98 exhibits too low values and AER_7 overes- SAGE_1.8 show mostly too large extinctions. The ST98 ex-
timates the extinction until spring 1992. However, at mid- tinctions at 5.26 pm show a similar too low altitudinal distri-
latitudes, results from AER_7 at 12.1 um agree better withbution compared to observations as its 12.1 um wavelength
observations, while ST98 underestimates the extinctions atlid. HALOE values are larger than ST98 between 70 hPa and
12.1 um compared to ISAMS observations (F8g, d) de- 40 hPa (twice larger at 60 hPa), and much lower below.
spite showing accurate extinctions at 1.024 um (Bay.b). The measurements at the far-infrared range (HALOE and
This indicates a too high 1.024 um to 12.1 um extinction ra-ISAMS) were not used in the retrieval procedure of the
tio in ST98. In December 1991 at 40 hPa, large extinctionsSAGE_4 size distributions. The good agreement between
are displayed in SAGE_1.8 and SAGE_1.2 that are signif-ISAMS/HALOE and SAGE_4 suggests the following:
icantly larger than the ISAMS values (Figc). Conversely, ) ) o
at 30 hPa, SAGE_1.8, SAGE_1.2, and SAGEsHghtly un- 1. The assumed unl_m_odal Iognormal size dlstrlk_Jut|on_|s
derestimate the extinctions. capable of describing both extinction coefficients in
The SAGE_4 calculation shows a reasonable agreement the short wavelength range but also in the long wave-
with the data, especially in the level of high extinction above length range, as it captures the optically relevant fea-
40 hPa, while ST98 results again are less than half the mea-  tures of the actual size distribution.
surements, approaching the observations only below 70hPa. 5
The low extinctions at 12.1 um from the ST98 arise both from
its use of an outdated version of the SAGE retrieval algorithm
and gap filling and from a too high 1.024 um to IR extinction
ratio compared with observation (see Hg, d).
Compared to HALOE data, SAGEA4also show good The sensitivity simulations performed with the AER model
agreement after the eruption, with differences to the HALOEshow the influence of the injection mass on the extinction
extinctions at 3.46 um mostly below 25 % right after the values. Clearly, the AER_9 and AER_10_ASAP simulations

The derived lognormal size distributions based on data
only at SAGE wavelengths are reasonable and allow
for us to calculate radiative properties also in the far
infrared.
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Simulations with the CCM SOCOL V2Schraner et a|.
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ios. The GCM part of SOCOL is based on ECHAM-4 us-
ing the ECHAM-4 radiation code. For the radiative trans-
fer calculations spectral extinctions, single-scattering albe-
dos, and asymmetry factors (as well as the surface area den-
sities for heterogeneous chemistry calculations) directly de-

rived from the described methods were provided as space-
and time-dependent forcings to SOCOL. SOCOL V2 is a

Fig. 8. Zonal mean extinction from June 1991 to June 1993 for . . . .
1.024 um and 12.1 ym at 30-48. Left column at 40 hPa: right col- spectral model with T30 horizontal truncation and 39 verti-

umn at 69 hPa. Vertical lines in symbols show standard deviationscaI levels. Simulations carried here lnclude a nudging of the
of SAGE ASAP measurements and the random error estimation <2QBO (from ERA-40 data) and prescribed SSTs (Sea Surface

standard deviation for the ISAMS measurements. Temperatures), QBO (Quasi Biennial OscillatioRafner
2003. The model spectral bands consist of two shortwave

and six longwave wavebands.

In Fig. 11, these SOCOL results are compared to the ERA-
yield too high extinctions. The 7 Mt simulation (AER_7) per- 40 reanalysis and to values from different GCMs as shown
forms the best but still overestimates extinctions at the Equain Lanzante and Fre€007 and from CCMs as shown in
tor. Figure7a and c shows that six months after the eruption, Eyring et al.(200§ andSPARC-CCMVal(2010. The strato-
AER simulations generally show too large values for extinc- spheric warming after the eruption is in general overesti-
tions at 1.024 um and 12.6 um at the Equator. Below 70 hPamated. SAGE_# shows a bias between 1K in fall 1991 and
the extinction profiles at 12.6 um of AER_7 and AER_9 are 3K in spring 1992 in the tropics at 50 hPa compared to ERA-
largely consistent with observations, while AER_10_ASAP Interim data (Figlla). Compared to GCM studies using the
shows a significant extinction overestimation at low alti- Sato et al(1993 or Ammann et al(2003 data setsl{an-
tudes due mainly to the absence of washout above 10 kmzante and Fre€007), the SAGE_4 is in the high range of
in this simulation. At midlatitudes, AER_7 and AER_9 val- the tropical warming overestimation, while AER_7 exhibits
ues are close to observations, with AER_10_ASAP still be-even larger values. In the same way, the global average tem-
ing an outlier (Fig.10c). At 5.26 um, the AER simulation perature increase at 50 hPa from the SAGEedperiment is
AER_10_ASAP is again an outlier compared to HALOE too high by 1.5K in spring 1992 (Fid.1b).
data, while AER_9 extinctions are reasonable but showing The temperature overestimation after the Pinatubo erup-
a too broad altitude distribution (Figob). tion using the AER approach has already been pointed
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out by Heckendorn et al(2009 and similar results are portant overestimations of the stratospheric heating, similar
found in our study (e.g., their Fig. 2a is practically identi- to the AER_7 results with even significantly larger values at
cal to our Fig.11a). The AER results are higher than the 50 hPa after mid-1992. Temperatures in SAGE_1.2 are close
SAGE_4 calculations for the end of 1991. The global av- to the SAGE_1.8 results, showing the balance between the
erage temperature increase at 70 hPa shows similar charanear-infrared and infrared influences as the use of a narrower
teristics (Fig.11d). Compared to CCM studies using heating distribution width led to larger extinctions in the near in-
rates fromStenchikov et al(1998 or derived fromSPARC  frared and smaller extinctions at longer wavelengths (Big.
(2006 surface area density data 8ato et al.(1993 ex- Note that while the volcanic influence is dominating the tem-
tinction, SOCOL forced by SAGE Mlies in the high range perature responses in the simulations, other causes not di-
of their estimations at 50hPa and 70hPa. In the tropicalrectly related to heating by volcanic aerosols may explain
tropopause region (100 hPa), SAGE diverges from ERA-  part of the signals as seen in the differences between simu-
Interim anomalies in late 1991 (Fig.c). At 100 hPa, the lations before the eruption. While we show here the influ-
SAGE_4. approach leads to a clear improvement comparedence of the volcanic aerosol forcing used on stratospheric
to the GCM studies, while AER_7 is inside the range of their temperature, the model vertical resolution, QBO representa-
results. The SAGE_1.8 and SAGE_1.2 scenarios lead to imtion, and biases (e.qg., in the representation of climatological
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Tropical T anomaly (50nPa) Global T° anomaly (50nPo) GISS data set (also based on an outdated version of SAGE 1)
' ' ; ° ' ' ' and a fixed distribution width, tend to overestimate the warm-
ing, as do CCMs using heating rates derived frSPARC
(200§ SAD data Morgenstern et al.201Q Lanzante and
Free 2007). The results from these approaches will depend
on the choice of the aerosol distribution width. Using a fixed
width of either 1.8 or 1.2 together witBPARC(2006 SAD
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in our study, whereas the SAGE\. fnethod overcomes this
problem. Therefore, extinctions or heating rates derived from
the Stenchikov et al(1998 or Sato et al.(1993 data sets
should no longer be used in studies covering the SAGE Il
period.

We investigated in this study the influence of the improve-
ment of the general satellite extinction processing algorithm
T T ey and of the gap filling $PARC 2006 on the stratospheric

Yeor eor warming after the Pinatubo eruption. Using the state-of-the-
art SAGE Il retrieval algorithm, we derived aerosol size dis-

Tropical T° anomaly (100hPa) Global T° anomaly (70hPa)

Temperature
N

%

(e)

(d)

Fig. 11.Zonal mean temperature anomalies from SOCOL for trop-, ., . .. . . )
ics (20° S—20' N) at 50 hPa(a) and 100 hP4c) as well as global tributions with different methods to calculate spectrally re

mean anomaly at 50 hRl) and 70 hP4d). Scenarios’ anomalies solved optical propgrties forthe_ Pir_1atubo eruption and tested
(SAGE_4., SAGE_1.8, SAGE_1.2 and AER_7) are computed with the accuracy of the infrared extinctions _compared to HALOE _
respect to a control simulation. Black line represents ERA-Interim@nd ISAMS measurements. The established data set uses a fit
temperature anomalies with respect to 1995-1999. Shadings displd@ the four wavelengths of SAGE Il (SAGEAYand shows
approximate anomaly ranges calculated by GCMs as examined i® good agreement with extinction profiles and evolutions of
Lanzante and Fre@007 for (a, c)and by CCMs as examined in  both SAGE Il visible/near-infrared wavelengths and IR mea-
Eyring et al.(2006 in (b) andSPARC-CCMVal(2010 in (d). surements from HALOE at 3.46 um and 5.26 um and ISAMS
at 12.1 um, while the data set fro8tenchikov et al(1999
displays too low extinctions above 20 km. The usSBARC
stratospheric temperatures) are important factors that shoul?006 SAD data and a fixed distribution width (SAGE_1.8,
be assessed in each model in order to explain the overheatifAGE_1.2) to infer the optical parameters leads to somewhat
after the Pinatubo eruption. too large extinctions in the infrared compared to measure-
ments. Results using the microphysical aerosol model AER
to generate the aerosol size distributions reveal a clear over-
5 Conclusions estimation of the extinctions at the Equator (even though
the AER model was found to be one of the most success-
The volcanic eruption of Mt. Pinatubo in June 1991 is the ful aerosol models iISPARG 2006 but a good agreement in
best documented large eruption on record; however, lack ofhe extratropics.
measurements in the tropics in the first months after the erup- Using the SAGE_A data to simulate the Pinatubo erup-
tion due to optical saturation limits the quality of the data. tion in the CCM SOCOL leads to a significant overestima-
GCMs and CCMs show important variations in lower strato- tion of the tropical stratospheric temperatures, by up to 3K
spheric temperatures following the Pinatubo eruption withat 50 hPa, but a generally good agreement at 100 hPa.
a tendency to overestimate the warmi8PARC-CCMVa) For GCM and CCM simulations using volcanic forcings
201Q Gettelman et al.201Q Lanzante and Free007). with longwave extinctions for the Pinatubo eruption lower
CCMs that implement the aerosol heating using the precalthan found in this study for the aerosol peak around 40—
culated heating rates &tenchikov et al(1998 overestimate 50 hPa, we argue that the stratospheric temperature increase
the stratospheric warming only slightly, but this result should overestimation often present in these models is unlikely
be regarded with caution as the ST98 data set presents tadue to an error in the volcanic aerosol forcing data, and
low IR extinctions compared to measurements. This undereseould even be amplified by using a data set closer to the
timation of the infrared extinctions is due to the use of a ver-SAGE_ASAP, HALOE, and ISAMS observations. Rather,
sion of the SAGE retrieval algorithm and gap filling that was the cause of this problem must be sought in the use of out-
available at that time (1998) but that is now outdated. The IRdated data sets, in how the data are implemented in the mod-
extinctions underestimation in ST98 may be also partly dueels, or in model artifacts (e.g., in the radiative or dynamical
to the method used (e.g., fixed distribution width) as spectrakodes). Conversely, the warming at the tropical tropopause
extinction variations are biased towards too high 1 pum to IRcould be reduced by using the new SAGE_ASAP data
ratio). GCMs that in the past have used 8o et al(1993 and an appropriate size distribution retrieval. The tropical
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tropopause is a critical region as too high heating rates in
this region after the eruption can lead to an overestimation of
the water vapor flux across the tropopaudesfi and Shine

F. Arfeuille et al.: Uncertainties in modeling the Mt. Pinatubo eruption

distribution measurements from Laramie, Wyoming (41 N), us-
ing balloon-borne instruments, J. Geophys. Res., 108, 4167,
doi:10.1029/2002JD002512003.

stratospheric chemistry in general.

Finally, our study shows that the use of the surface area

density and effective radius information from a principal
component analysis (as done $PARG 2009 combined
with a fixed distribution width of either 1.8 or 1.2 leads to
an overestimation of the infrared extinctions and therefore
should also be avoided.

Note added in proof: In the meantime, SAGE V7.0 has ap-
peared; however with respect to aerosol extinctions, there are
only marginal differences compared to V6.2 used in this pa-
per.
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