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CHAPTER IlI

RADIATIVE FORCING

This chapter describes the optical properties of the Pinatubo aerosol and the radiative forcing
by the Pinatubo aerosol from June 1991 through May 1993. The radiative—transfer model (RTM) of
the UIUC 24-layer stratosphere/troposphere general circulation n{8delGCM) is used for the

forcing calculation.

A. Introduction
The estimate of the radiative forcing by matubo volcanic aerosekrves twgurposes.
First, it is for the reconstruction difie radiative forcing of historical volcangruptions (Andronova
et al. 1999). This reconstruction habeenused toinvestigate theclimate sensitivity and the
observed climate changes in the past century (Andronova and Schl@€if@gr Second, it serves
as input for climate models to simulate the climate changes induced by the Pinatubo volcanic aerosol.
Atmospheric general circulation models (AGCM) have besed in a few studies to
understandhe climatic impact of th@inatubo eruption (Hansest al. 1992, 1996; Kirchner and
Graf 1995; Kirchneet al. 1999). Anaccurate description of the optigabperties of thevolcanic
aerosol intime and space isital for the AGCMs tocalculate correctly the radiatifercing and to
simulate the responses of the climate to the forcing. Though the Pinatubo erupti@erse best
observed in history by satellites and ground—based observation stations, the observed database on its
own is still not adequatenough forglobal studies. Toaccurately calculate thaerosoloptical
properties needdetailed measurements of the spatiatl temporalistributions of aerosamnass,
size distribution, chemicalcomposition and/or refractive index followirtge eruption. However,
such adatasetdoes notexist. Ground—based observaticsd aircraft, balloon, andpacecraft
observations were confined to specific locations tamés. Someechnique limitations constrained
the desiredusage ofsatellite observations (Russedit al. 1996). SAGE-II, dimb—occultation
instrument, measurdbe intensity of the direcsolar beambefore and after theolar beam is

attenuated. It measures aerosol extinctioiowt wavelengthg0.38, 0.45, 0.525and 1.02 pm)
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with a finevertical resolution of approximate Bm, and is self—calibrating and highly sensitive to
small opticaldepth. Howeverits temporal and horizontakesolutionsare coarse. Nodatawere
available at the timeand latitude of the greatest optical deptlollowing the eruption
(August—September, 1991; 5°N ~ 20°S) because at waveleriggb um,optical depths largethan
about0.2 becomesaturated. Onhe otherhand, AVHRR has afine horizontal (~1.1 km) and
temporal (about one week) resolution and is able to detect aerosol optical depth up to about 2, above
which aerosols and cloudsnnot be distinguished froeachother. However, it has neertical
resolution. The product is available at only one wavelength (0.5 um). To dptiva depthfrom
the measured radiance requires pre—exid#timgyvledge ofthe size distribution and refractive index
of aerosol particles. Consequently, the optical depth at 0.5 pm derived from AVHRR gzt
from that at0.525 pum observed by SAGE-II the tropics, where dense aerosol clowdssted
(Andronovaet al. 1999).

Due to the lack of &elf-consistent dataset of aerosglical properties forthe Pinatubo
volcanic eruption, Hanseat al. (1992) and Kirchner and Graf (1995) had to use highhplified
datasets created based on the limited measurements of EI Chichdn eruption and certain then—available
information about thd”inatubo eruption to simulatbe potential climatic impact of theinatubo
eruption. In recent years, a few studies have attempted to reconstruct a consistent dataset of aeroso
optical properties for the Pinatubo eruption. For example, Rusall (1996) assembletthe data
on the Pinatubo volcanic aerosol frospace,air and ground measurements and developed a
composite dataset along with estimates of the uncertainties of measurement and testheicles.
Stenchikovet al. (1998) (hereinafter referred to &8T98) developed a time—dependent, zonally
averaged, vertically resolved spectral dataset oPthatubo aerosadptical properties covering the
time from June 1991 through May 1993. Thmeddata derivedrom SAGE-Il, UARS, balloon,
and lidar observations together withMge scattering model and the ECHAMECM. This dataset
has been used to compute the radiative forcing of the Pinatubo eruption by ST98, and to simulate the
climate changes induced by the forcing by running the ECHAM4 GCM (Kiratradr1999).

Collaborating withDr. Stenchikov, weeconstructed a nedataset of thé&inatubo aerosol

optical properties using the techniques of ST98, but based on the radiation spectral bapdsiand
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structure ofthe UIUC 24—-layerST-GCM. Section B describethe reconstruction method and the

reconstructed dataset of aerosol optaperties. Resultare comparedavith satelliteobservations
and ST98'scalculation. Section C preseritge calculated radiativéorcing duringthe two years

following the eruption.

B. Aerosol Optical Properties

To calculate the radiativiorcing by thePinatubo aerosol usinthe RTM of theUIUC
24—layer ST-GCM requires the time and spatially varying broad—band—averaged aerosol extinction,
single—scattering albedo and asymmetry factor. Weahesame approach and model packhge

ST98 used talerive the monthly zonal-mean aerogptical properties. As described in ST98 the

observed SAGE-Il aerosadxtinction for A = 1.02 pum (McCormick et al. 1995) and the

UARS—retrieved effective radius (Lambettal. 1997) comprise the basis for the derivation, and the
Mie theory code of Wiscombe (1980) was useddioulate theaerosol’'sspectral opticaproperties.
For each monthfrom June 1991 througMay 1993, Mie calculations were performetbr 60

selected spectrédands from0.2 um to 145 um fothe 24 verticalayers ofeach of the8312 grid

cells of the ST-GCM’s 4latitude by g—longitude resolution. Therthe calculatederosoloptical

properties were averaged for the 20 broad bantiseofadiation modules of the 24—lay@f—-GCM
(see Appendix A Tables A-1 and A-2) bgingthe Planckiunctions at T = 6000kand T =300K
as weights for the solar and longwayends,respectively. The Mie calculationusedthe refractive
indexfor a 75% solution of sulfuriecid (Palmerand Williams 1975) and aunimodal lognormal
aerosol size distribution. lterative procedures were usddtéomine thdest standard deviation of
the size distribution to get a best fit of the calculated and UARS—retrieved optical déptBGapum.

In short, this calculationdiffers from ST98in: (1) all vertical interpolations were performeslich
that the total optical deptior 1.02 um was conservedind (2) for consistencyhe derivation was
performed forthe spatiagrid and spectrdbands ofthe UIUC 24—layerST-GCM. Both ofthese

differences improve the calculation of the optipabperties of the volcanieerosol. The first

difference is important because it correctly defines the total number of aerosol particles in the column
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in the spectral band where the most representative observational data exist, and theifteeoce
improvesthe verticaland spectral representation of taatubo aerosol cloudThe atmospheric
conditions that are required to derive the aeroptital properties, such abke geopotential heights
of isobaric surfaces, were obtained from the climatology simulated WIth€ 24—layer ST-GCM
(Appendix A).

Because of the differences between the calculations of the aepschl properties
performed here and by ST98, we compare the optical agithlatedfor the two models witheach

other and with observations. Fig. 3.1 presenthke monthly mean zonally averaged

column—integrated aerosol optical depths at0.55 um and = 1.02 um forthe periodJune 1991

— May 1993 calculatedfor the UIUC 24-layer ST-GCM (Figs. 3.1aand 3.1e) and for the

ECHAM4 GCM (ST98) (Figs. 3.1b and 3.1f), and as observed by SAGEXIFaD.525 ym and
A =1.02 um (Figs. 3.1c and 3.1g) and by AVHRR &t 0.55 um (Fig. 3.1d).

The optical depth &t = 0.55 um calculated for the UIUC ST-GCM (Fig. 3.1a) hasralar

latitude—time distribution as the optical depth calculated for the ECHAM4 G&£1@8) (Fig.3.1b),
but is generallyarger, especially in the middle arfuigh latitudes wher®ur optical depth reaches
0.15 to 0.25 while the ST98 is only about 0.1. Also the calculatiorthdédylUC ST-GCMreveal

a secondary optical-depthaximum in thehigh latitudes of botthemispheres, which is absent in

ST98. Calculation of the column—integrated optical depth #010.55 um forthe UIUC ST-GCM

agrees bettewith the AVHRR observation(Fig. 3.1d)thandoesthe optical depth o5T98, even
though both the calculated optical deptine smaller than thebserved by AVHRR. Asentioned
by Long and Stowg1994), AVHRR might have overestimated the optical depth because of a
deficiency of the retrievaalgorithm. The discrepancy between tH®AGE-Il (Fig. 3.1c) and

AVHRR data defines the level of uncertainty in observations.
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(a) UIUC AOD (0.55 micron) (e) UIUC AOD (1.02 micron)
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Fig. 3.1. Zonally averaged column—integrated monthly mean aerosol optical depdhs at

0.55 um andh = 1.02 um for the period June 1991May 1993. (a) and (e): calculated for the

UIUC 24—-layer ST-GCM,; (b) and (f): calculated fitte ECHAM4GCM by ST98; (c) and(Q):
observed by SAGE-IIl dt= 0.525 pm and\ = 1.02 pm; (d): observed bAVHRR atA = 0.50

pm.
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Comparison of Figs. 3.1e—g shows that, aexpected, the calculation of the

column—integrated optical depth Zat= 1.02um for the UIUC ST-GCM agreesexactly with the

SAGE-II observationwhile the ST98's calculation underestimated the optidalpth, especially in

the middle andhigh latitudes of botlhemispheres. Igeneral we explain the larger optickdpths

for both spectral intervalsX = 0.55 pmandA = 1.02 um) obtained heréor the UIUC ST-GCM

than by ST98 for the ECHAM4 GCM as mostly due to camstraint on the calculation here of the

optical depth ak = 1.02um. Overall, the UIUC ST-GCM gives an improved representation of the

optical properties of the Pinatubo aerosol.

We compare further the averagedal opticaldepths ovethe area covered b$AGE-II
(Fig. 3.2a) and over the area coveredMHRR (Fig. 3.2b). The wavelengthsare0.525 um for
SAGE-II, 0.50 pm for AVHRR, and 0.55 pm for bdtle UIUC ST-GCMand ECHAM4GCM.
We also included irFig. 3.2 the opticaldepths at0.55 pmcompiled by Sateet al. (1993) for
historical volcanic eruptions. The maximum total optical depths averaged over the SAGE-II covered
area (75°S ~ 75°N) a@228 forthe UIUC ST-GCM in February992, 0.186 fothe ECHAM4
GCM in December 1991, 0.145 for SAGE-II in February 1992, and 0.150 foeSalo(1993) in
February 1992. In Fig. 3.2b the maximuotal opticaldepthfor AVHRR at0.5 pmoccurred two
to three months earlier and is much larger than that for SAGES153a6 um. The discrepancies in
timing and magnitudevere caused bthe differences in the techniques of measuring ratakval
between SAGE-II and AVHRR (Russelial. 1996). Overallthe calculated total opticalepth for
the UIUC ST-GCM is generally larger than that for the ECHAM4 GCM. This is mostly due to our

constraint on the calculation of the optical deptfA at 1.02 um forthe UIUC ST-GCM. The

calculated total optical depths for both the UIUC ST-GCM and the ECHAM4 GCM are mostly close
to the SAGE-II observation in timing and to the AVHRR observation in magnitude.
We compared the reconstructed total optical depth at 0.55 pum with the obsedv@a5afim
for SAGE-II and 0.50 um foAVHRR in Figs. 3.1and3.2. Are these comparisonslid? Does
total optical depth depend on wavelength? Fig. 3.3 presents the total optical depths calculated for the

UIUC ST-GCM and calculated by ST98 for iB€HAM4 GCM for the wavelengths fron®.2 pm
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Fig. 3.2. Averaged total optical depth (a) over the area coveredSBY:E-II (see Fig.
3.1c) and (b) over the area covered by AVHRR (see Figl) forwavelengths a0.525 yum for

SAGE-II, 0.50 um for AVHRR, and 0.55 pm for both the UIUC ST-GCM and ECHAM4 GCM.
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to 30 um in January 1992 at the equator. For either calculatidotéhepticaldepth at0.50 pm is

very close tothat at0.55 um. This should also b&ue for observations ikeither SAGE-II or
AVHRR had operated at thes&@o wavelengths simultaneously. Therefdilee comparisons in
Figs. 3.1 and 3.2 should lpgalitatively accurate.Fig. 3.3 alsoshowsthat the total optical depth
strongly depends on wavelength. It readiesmaximum in the visibleegion anddrops veryfast
in the near—infrared region. Even though the total optical defttbatpum shown in Figs. 3.1 and
3.2 forthe UIUC ST-GCM islarger than thafor the ECHAM4 GCM, the total opticaldepth at
wavelengths smaller thah5 pm forthe UIUC ST-GCM issmaller than thator the ECHAM4

GCM in Fig. 3.3.
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Fig. 3.3. Total optical depth at the wavelengths from 0.2 um to 30 um in January 1992 at
the equator calculated for th&JIUC 24-layer ST-GCM and calculated by ST98 for the

ECHAM4 GCM.

Fig. 3.4 showdhe time—altitudelistributions of aerosoéxtinction (1/m) at the equator at

A= 0.55 pm calculated for the UIUC ST-GCM and calculated by ST98 f&GheAM4 GCM. It
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can be seen that a part of the Pinatubo aerosol cloud is located above 10 hPa. This higpa#dititude
of the aerosol cloud is better resolved by the UIUC ST-GCM thahebfzCHAM4 GCM since the
ECHAM4 GCM has only one layer between 20 hPa ahé48. This is an advantage tie UIUC

(a) UIUC Extinction at 0.55 micron (1/m) (b) ECHAM4 Extinction at 0.55 micron (1/m)
1 1
2 2
3 3
—~ —~
o £ 5
£ £
N~ N~
4 o
“ “
3 3
[ [23
(4 (23
[ [
i i
a o

Fig. 3.4. Vertical distributions of the specific extinction at 0.55 um at the equator for

the period June 1991 — May 1993 calculated for (a) the UIUC 24—layer ST-GCM and (b) for the

ECHAM4 GCM by ST98.

C. Radiative Forcing

1. Definitions of Radiative Forcing

There are currently a few different definitions of radiative forcingda. Basically radiative
forcing is defined as the change in the net radiative flux at a given level of the atmosphere induced by
an external perturbation to ttemosphere. The level can be thé&op of the atmosphere, the
tropopause, othe earth's surface.The calculation can bperformed without theesponse of the
atmosphere to thperturbation,the so—called instantaneofwcing, or withthe responses of the
whole or part othe atmosphere to thgerturbationthe so—called adjustddrcing. For example,
the Intergovernmental Panel on Climate Change (IPCC) 1994 report (Hoeglatiot995) defined
radiative forcing as the change in the net radidtive at the tropopauseafter thestratosphere has

reached radiativequilibrium, but withoutthe tropospheriaesponses. ST98efined the radiative
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forcing of volcanic aerosol as the change in the net radifitixeat the earth'ssurface and the
change in atmospheric heating rate eithigh or withoutthe response othe whole atmosphere to
the perturbation.

The forcing defined at the tropopause with stratospheric adjustment l3Qe1994report
(Houghtonet al. 1995) treats the responsetbé stratospheric temperature as part of the forcing to
the surface—troposphere system. This is basetherfact that the timscale of the stratospheric
adjustment is &w months,while the surface—atmosphesgstem needs decades to adjust to the
forcing because of the larghermal inertia of thedoceans. It is a usefuaoncept in defining the
climate sensitivity, the ratio of equilibrium surface—air temperature change and the forcing at the
tropopause (Houghtort al. 1990). Climate sensitivity is an important input parameter in
up—welling diffusion—energy balance climate models, which have been widely ysegettd future
climate changes (e.g., Schlesinger and Jiang 1991; Wigley and Raper 1992).

In this chapter, we presetite instantaneous radiative forcing of tRénatubo aerosol
calculated by th&JIUC 24—layer ST-GCM without atmospherigsponses.The adjusted forcing
with the stratospheric temperature adjustment aiso estimated using a 1-D column
radiative—convective model.

2. Instantaneous Radiative Forcing

The forcing calculationsvere performed once péour during acontrol climate simulation
by the 24-layerIST-GCM with prescribectlimatological sea—surface temperature aséa—ice
distributions (Appendix A). Each hour immediately after thecontrol simulation the
radiative—transfer module (RTM) of the GCWas runone moretime with the Pinatubo aerosol
presented. The presence of the aerostiierRTM calculatiordid not influence the contralimate
simulated by the GCM. The calculation covered the time period from June 1991 tMaydi®93.

For each of the 46 latitudes, 24 layers and 20 spdxrals ofthe RTM, monthly mearvalues of
the zonal-mean extinction coefficient, single—scattering albedo and asymmetry ftacttive
Pinatubo volcanic aerosol (Section B) were prescribed@t of the RTM’s 72ongitudes. These
monthly mean optical properties were kept unchanged dtivexgnce—per—hour forcingalculation

within each month. Monthly mean net radiative fluxes were obtained by averagimgutiyemodel
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output for each month. The net radiative flux is defined as N = S — R, whert@eSnist incoming
solar radiation, defined as positieedwnward, and R is the nebutgoing longwave radiation,
defined as positive upward. Then the difference of the net radiative fluxes at each of the 24 layers of
the modelAN = AS —AR, calculated with and without the aerosol, was derived. Here we focus on
the differences at the model top l{Pa), the tropopause anthe earth's surface.The tropopause is
defined as the thirteenth sigma layer (~ 200 hPa) (Appendix A) of the ST-GCM.

Fig. 3.5 presentthe global-mean radiative forcirfigpm June 1991 tdMay 1993 at the
model top, the tropopause atek earth's surface.The calculated maximurforcing occurs in DJF
1991-1992. It imbout—4.9 W/n? at theearth's surface, —4.8 W/nat the modetop, and —5.7

W/m? at the tropopause.
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Fig. 3.5 Global-mearradiative forcing ofthe 1991 Pinatubo eruption at the model top

(1 hPa), the tropopause and the earth's surface calculated byUld€ 24-layer ST-GCM

without atmospheric responses.

We analyzdurther therelative importance of different specttznds tathe calculated total
forcing, the influence of clouds and the latitudinal distributions of the fordiig. 3.6 presents the
latitude—time distributions of zonal-mean radiative forcing at the earth's surface for the solar UV and
visible bandg0.175 pm ~ 0.7 pm)solar near—IR band®.7 um ~ 10 um)all longwavebands,

and the total (solar plus longwave) under clear—sky and cloudy—sky conditions, respeétgsly.
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3.7 and 3.8 are the same as Fig. 3.6 except faathative forcing at théropopause and #te top
of the model (1 hPa).

First, by analyzing the distributions tital radiativeforcing in the thredigures wecan see
that the calculated radiati®rcing by the Pinatubo volcanic aerosol is everywhere negative.
Overall, the radiative forcing was confined within the tropics and subtropics until August 1991 when
therewas a southward expansion ttee southern—hemisphere high latitudes. maximum was
reachednear60°S inJanuary 1992which wasabout a montHater than the occurrence of the
equatorial maximum. Aimilar, butweaker,vernal poleward expansion occurredtiie Northern
Hemisphere in both 1992 and 1993, and again in the Southern Hemisph@@2 iwith associated
autumnal retreats. These waxings and wanindgkeofadiative forcing in thaigh latitudes of both
hemispheres are the result of the merididraalsport of aerosol particles atiege seasonal variation
of solar radiation at a given locatiofzor bothclear—sky and cloudy—sky conditioriee negative
net radiative forcing is the largest at tihepopause anthe smallest at the top of tieodel. Since
clouds scatter solar radiation and absorb longwave radidti®omegative net radiative forcing over
the cloudy sky is smaller than over the clear ske differences are about 4 W/ior the tropical
maximum forcing and 2 to 4 W/for the maximum forcing in high latitudes.

Second, by comparing the forcing distributions in different spectral bands we can see that the
solar forcing is everywheraegative and théongwave forcing is positive. Averaged over all
latitudes,the near—IRbandscontribute aboub0% tothe totalsolar forcing athe top of themodel
and at the tropopause, and about 40% at the surface. The smaller contribtli®medr—IRoands

at the surface occurs because of the absorption of the near—IR radiation by tropospheric water vapor
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a) Clear sky, UV+Visible (0.175~0.7 micron) Cloudy sky, UV+Visible (0.175~0.7 micron)
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Fig. 3.6. Latitude-time distributions ofonal-mean radiativeforcing (W/nf) at the
earth's surface under clear sky (left panels) and cloudy sky (right paredggctively. (a) and

(e): solar UV and visible bands (0.175 pm ~ 0.7 um); (b) and (f): solar near—IR bands (0.7 pum ~
10 um); (c) and (g): all longwave bands; (d) and (h): the total (solar + longwave).



a) Clear sky, UV+Visible (0.175~0.7 micron) e) Cloudy sky, UV+Visible (0.175~0.7 micron)
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Fig. 3.7.
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As in Fig. 3.6, except for the radiative forcing at the tropopause.
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a) Clear sky, UV+Visible (0.175~0.7 micron) e) Cloudy sky, UV+Visible (0.175~0.7 micron)
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Fig. 3.8. Asin Fig. 3.6, except for the radiative forcing at the model top ( 1hPa).
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andclouds. The reductions of radiative forcing due d¢touds for solaradiation in the UV and
visible bands and ithe near—IRbandsare each about 2 to 4 W/rfor the maximum centers at all
threelevels. Overboth clearsky and cloudysky, the longwave forcing at 1 hPa is an order of
magnitude larger than at the surface. This occurs foréasons. Firstthe absorption of upward
longwave radiation byerosols inthe stratosphere significantly reduc#fse outgoing longwave
radiation at the top of the model. Second, the absorption of downward longwave radiation by water
vapor,tracegases and clouds the troposphere reducedbke forcing at thesurface, which would
otherwise be larger as a resulttioé emission of longwave radiation lijie stratospheresolcanic
aerosol.

ST98calculated the radiativercing of thePinatubo eruption usinthe ECHAM4 GCM.
They tested the sensitivity of the forcing to different atmospheric conditions simulated by the
ECHAM4 GCM with climatological and real-time SSTs. They found that the forcing was
insensitive to the atmosphereonditions. The forcing calculated here by th&lUC 24-layer
ST-GCM with fixedclimotological SST agrees withST98'’s instantaneous forcing general in its
latitudinal distribution and time evolution, but differs in magnitudée maximuntforcing over the
tropics is about 3 W/fdarger than ST98's. The reasons for this difference are:

1) As described in Section B, followirtbe procedure o5T98 werecalculated thaerosol
optical properties for the spatial grid and spectral bands of the UIUC 24—layer ST-i@&@éver,
we improved the procedure such that the calculated optical depth atrik. @2exactly the same as
that observed by SAGE-Il. This causes iagrease of the optical depth in the visible region
compared to that calculated B98. Our calculation iloser to the AVHRRobservation in the
visible region.

2) TheUIUC 24—layer ST-GCM extends up tohPa. The ECHAM4 GCMhas a lower
vertical resolution in thestratosphere, with only onayer between 2(hPa and OhPa. When
preparing thedata of the opticagbroperties for our forcingalculation, wefound that thePinatubo
aerosol cloud extended above iPa. Forexample, from August 1991 tdarch 1992the largest

extinction efficiency in the visibl®and (0.4~0.7 um) waslocated at 1thPa, with large values
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extending up to 5 hPa in the tropics. This portion of the aerosol optical depth is not well represented
by the ECHAM4 GCM.

3) TheUIUC ST-GCM has &igher spectral resolution and covers a wider spectral range
for both the solar radiation and longwave radiation th@@sthe ECHAM4GCM. The ECHAM4
GCM has twospectral intervals in thsolar,one in the visiblg0.25 ~ 0.68um) and one in the
near—IR(0.68 ~ 4 um),and 7 basic intervals in thengwave ranging fron3.56 pum to 250 pm.
The UIUC ST-GCM has 11 bands the solar, 8 bands fothe UV and visiblethat rangefrom
0.175 pm to 0.7 pum, 3 bands in the near#tBt rangefrom 0.7 pm to 10 umand 9 bands in the
longwavethat rangefrom 3.33 pm to infinity. This finer spectral resolutiomay have partially
contributed to the larger forcing we obtained.

4) The differences in the simulated geographical distributiortdootd, planetary albedo and
temperature between th€lUC ST-GCM and ECHAM4 GCM may have influenced the
radiative—forcing calculation.Other factors may havealso contributed tdhe differences in the
calculated radiative forcingFor instancethe two models uselifferent timestegor computing the
solar radiation — one hour for the UIUC 24—layer ST-GCM and 2 hours for the ECHAM4 GCM.

3. Changes in Radiative Heating and Cooling Rates

To illustrate the impact oPinatubo volcanic aerosol othe radiative heating of the
atmosphere, we present kig. 3.9 the latitude—heightistributions ofthe changes of monthly
zonal-mean radiative heating rates for the closldy for August 1991 and Januahp92. Heating
rates for the solar UV and visible bands, the solar near—IR bandbeatetrestrialongwave bands
are shown separately. The total heating rates over all the baralsapmesentedFig. 3.10 is the
same as Fig. 3.9, except for August 1992 and April 1983 early—timegooleward expansion and
the later—time decay of the Pinatubo volcanic aerosol in both hemisgharégseen. Overall, the
Pinatubo volcanic aerosol radiatively cooldde troposphere andradiatively warmed the
stratosphere. In January 1992, whbae radiative forcing reached itsaximum, the maximum

cooling was about—0.01 °C/day near thesurface inthe tropics, and themaximumwarming was
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Fig. 3.9. Latitude—height distributions of thehanges ofmonthly mean zonal-mean
radiative heating rates for the cloudy sky for August 1991 (left panelsjamdry 1992 (right
panels). (a) and (e)solar UVand visible bands; (b) and (f)solar near—IR bands{c) and(g):
terrestrial longwave bands; (d) and (h): all bands (solar + longwave).



36

a) Aug 1992 UV+Visible (0.175 ~ 0.7 micron) e) Apr 1993 UV+Visible (0.175 ~ 0.7 micron)

\/\—/‘0.01

ﬁ
@

—~ —~
o o
a a
= <
- — \/\ ~ 0 _———-0 :
o X § D'm’“/\--\’m‘r\. 0 ~d  © X P \\_/\0
- 01 e -
2 » i 3 % >y / ™\
7 @ ] Y
a 100 a 100 oot /
2 bt -0.017 <
a 200 20,01 a 200 -0.01
400 400
600 600
1588;15 605 305 ) 3N N 90N 18wsos 305 ) 3N BON 90N
b) Aug 1992 Near-IR (0.7 ~ 10. micron) f) Apr 1993 Near—IR (0.7 ~ 10. micron)
3 3
o [3) 01
o 1 o 1
= 0.01 = //fﬂ
N’ 01— N
o » C ,,.,,5: o X 0.01
5 ® 5 % 01
2 — 0.0 o _’\\_a
g 100 01 e Tt g 100 - 01
o 13
a 200 T sy o 200
_0.01_ — TN gy S
;gg i :: oo <TG (/-' ~
§
1588"15 401:—-0.01 == Bl 001 1% 19,01— — N Yol
605 305 ) 3N 6N 90N 305 ) 3N 80N 90N
) Apr 1993 Longwave
3 3
o o
o a 1
= <
N N
o 3 o X
— ! -
s % s %0
o 0.05 0] @
o ® . —0.01 o ®
o W o 20
400 .0 400
600 3 600
1588”5 o0l 0.01 0.0 1
605 305 ) 3N 60N 9N 90N
d) Aug 1992 Total h) Apr 1993 Total
3 3
o o
@ 1 o 1
= <
N N’
o » o
5 ® 5 %
o @
o 1w @ 10
a0 o 200
400 - 400
20,01
oo 20010, omgl---—f—'* el
1588;09 608 308 EQ 1BiﬂJos 90N

-0.2 -0.1 -0.05 -0.01 0.01 0.05 0.1 0.2 0.3

Fig. 3.10. Asin Fig. 3.9, except for August 1992 (left panels) and April 1993 (right panels).

about 0.3°C/day near 30 hPa in the tropics. Until August 199bgthieng ratevas still as large as

0.3°C/day near 30Pa inthe tropics, mainly due to theabsorption of longwave radiation by the
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aerosol cloud. For eadpectralband,the contribution to the atmospheric heatdffers. For the
longwave radiationthe absorption of upwarderrestrial radiation by the aerosol clotatliatively
warmed thdower stratosphere but cooléae upper stratosphere abotlee aerosolayer. In the
troposphere the downward longwaveadiation became largdvecause of themission by the
aerosol cloud in the stratosphere. The absorption of the enhanced downward lorgliredion by
clouds, carbon dioxide and water vapor caused muaoming. Forthe UV and visibleradiation,
the back—scattering of the direct incoming solar radiation caasidtive cooling in the atmosphere
belowthe top of the aerosdayer, while the absorption of enhanced up—welling UV and visible
radiation by ozone in the upper stratosphere above the aerosol layer caused minor nadiating.
For the near—IRradiation,the back—scattering of incomirgplar radiationradiatively cooled the
troposphere, most strongly near the surface. But the absorption of neadiaon by the aerosol
cloud significantly radiatively warmed thetratosphere. Thisontributed abouB0% of the total
heating in the middle stratosphere.

ST98 alsocalculated thechanges in radiative heating and cooling rates induced by the
Pinatubo aerosol usinhe ECHAM4GCM. Incomparison withFig. 10 of ST98,the maximum
changes in the UV and visible band d@hd near—infrarethandcalculated here closely matdmose
of ST98 in magnitudeime and location. This indicatebat the calculation o$olar heatingrate
anomalies is robust in spite of the many differences between thestues, such ahe different
vertical resolutions between the UIUC 24-layer ST-GCM and the ECHAM4 GUM. changes in
longwave heating rates calculated here are ab@&t to 0.1 °Gargerfor the maxima thathose of
ST98. The centers olongwave heating anomalies extend up tchP@ inthe tropics inFigs. 3.9
and 3.10, and extend only up to 30 hPa in Fig.10 of ST98. Kineisah (1994) alsccalculated
the changes in heatimgte and cooling rates induced by tRenatubo aerosol foDctober1991.
Nearthe equator the maximumongwave heating anomaly 27 °C/day atabout 25 km and the
maximum total solar heating anomaly is 0°€3day atabout 30km. SinceKinnisonet al. (1994)
used asingle—scattering albedo 6f9 for all solar bands to roughlgccountfor a carbon aerosol
component, their solar heating anomaly is slightly larger than what we have at the eqQatobén

1991 (pictures noshown). The longwave heatingate anomaly calculated biinnison et al.
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(1994) is close to the present study. It should be pointed out that these com@ae spreditatively

because of the differences in aerodata and modelstructures. Howeverthe heatingrate
anomalies from the three studies are rather close to each other.

4. Adjusted Radiative Forcing

Volcanic aerosolsradiatively warmthe stratosphere because tbie absorption of near—IR
radiation and terrestrial longwave radiation the aerosoclouds. Byallowing the stratospheric
temperature t@adjust,but fixing the temperature of theurface—troposphere systethe outgoing
longwave radiation ghe model top and th@ownward longwaveadiation at theropopausewill
increase as a result of the higher emitting temperature stridtesphere.The adjustment continues
until there is no flux divergence of radiation the stratosphere. Consequentlihe vertical
distribution of calculated radiative forcing changes.

Technically it is difficult to estimate thadjusted radiative forcing bysing a GCM. The
GCM has to be run witlixed surface—troposphettemperature but with changing stratospheric
temperature until the stratosphere reaches radiative equilibFfemthe Pinatubo volcani@ruption,
since the aerosol distribution changed monthnignth, suchequilibrium integration must be
performed for each month. We simplify the procedure by running a 1-D radiative—conuemdiie
(RCM), whichresembles the RCM dbchlesingeret al. (1997). This RCM has 24 layers in
o—coordinate, witho values set to be the samethsse ofthe 24—layeiIST-GCM (Appendix A).
The RCM uses the radiation routines of the 24—layer ST-GCM.

The instantaneous net radiative forcing calculated at the tropopause consistshairtivave
forcing, AS, which is almost the same as the shortwave forcitigeatnodel top (compareig. 3.7
with Fig. 3.8), and the longwave forcingAR , which is much smaller at the tropopause than at the

model top. The adjustment of the net radiative forcing occurs only in the longwave, and the value of

the adjustedongwaveradiative forcing at thderopopause,ARTad'J?, lies between the instantaneous
longwave forcings at the model tapR™P, and at the tropopausAR'™R. Accordingly we express
ARaTde as

ARAF =aAR™P +(1-a)AR™R  or  ARMF -AR™R = u(ARtOp —ARTR)
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with the interpolation factoo being in the range of0, 1). This allows us toestimate a by

regression usinghe instantaneous and adjustedgwave forcingcalculated by the 1-D RCM for
different aerosol profiles in the stratosphere under different climatic conditions.

For the 1-DRCM calculation, selected atmospheric vertmalfiles (pressuretemperature,
water vapor, cloud water/ice, cloudiness and ozone) and surface albedo, ground temperature, solar
constant and solaenithangle, werdaken fromthe 15th year ofthe 24—layelST-GCM control
simulation (Appendix A). To cover a wide rangecdbimatic conditions and geographical locations
we chose profiles in January, April, July a@dtoberfor latitudes betweeid4°Sand 74°N with an
8° interval, and longitudes between 0° &&°with a 25° interval. The volcanic aerosol i®cated

between thel1th and 5tho—layers of the modeltmosphere, which correspond to 100 hPa and 5
hPa for a surface pressure of 1000 hPa, with a maximum mass mixing FEtibOoY g(SOZZ)/g at

about 9hPa. This distribution resemblethe Pinatubo volcanic aerosol ithe tropics before
February 1993 (see Fig. 3.4). All together we perforgaculationsfor 349 differentcases. For
all casesjdenticalaerosoloptical properties were@ised. They werecalculatedusing aMie theory
model (AppendixB). The broadband aerosabptical properties are presented in tables in
Appendices A and B.

For each case, we first ran the 1-D RCM to equilibrium witholtanicaerosol. Then we
added volcanic aerosol and ran the model teew equilibrium with the ground and tropospheric

temperaturedixed, and the stratospheric temperatures free to adjust radiatively. The resulting
distribution of ARaTd'J? - AR"RagainstAR™ - ARR and the fit are presented Fig. 3.11. The

distribution is linear as expectedth the fitting coefficienta = 0.39 and correlation coefficient
R=0.95. Wehaverun a fewmoresets ofexperimentaisingthe 1-D RCMwith differentvertical
distributions of aerosol ithe stratosphere and obtained almtdst samea with errors lesghan
10%. Applying the linear empirical function in Fig. 3.11the instantaneousngwave forcings of
the Pinatubo aerosol @l model grids calculated byusingthe 3-D RCM of thdJIUC 24-layer
ST-GCM in SectionC.2, weobtained the geographicdistributions ofthe adjusted longwave

forcing at the tropopause for the Pinatubo eruption.
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Fig. 3.11. Scatter distributions oﬂRTade —- ARRagainst AR - AR™R and the linear fit.

Fig. 3.12 presents tHatitude—timedistributions ofthe zonally averaged adjusted longwave
forcing and the adjusted net forcing over closty. Comparing the adjusted forcing kg. 3.12
to the instantaneous forcing Fg. 3.7, one can se¢hat the maximuniongwave forcing in the
tropics increased by 0.5 to 1.0 W/mith the stratospheric adjustmerithe maximum negative net
forcing in the tropics is =8 W/fafter theadjustment, and —10 Wfnbefore theadjustment. The
global-mean instantaneous and adjusted longwaveetn@diativeforcings atthe tropopause over
cloudy sky are presented iRig. 3.13. Thoughthe percent change ¢dngwave forcing is about
60%, the change inet radiative forcing isessthan 10% because of the relative small contribution
of the instantaneou®ngwave forcing tahe instantaneous né&rcing. The adjustednaximum

global-mean net radiative forcing is —5.3 WimJanuary 1992.
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Fig. 3.12. Adjusted (a) longwave and (b) net radiative forcing at the tropopause over

cloudy sky.
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Fig. 3.13. Instantaneous and adjusted global-mean longwave and net radiative forcings at

the tropopause over cloudy sky.
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D. Summary

In this chapter we compared first the optical properties of the Pinatubo volcanic aerosol from
different sources.The opticalproperties reconstructed fire UIUC ST-GCMsupercede those in
Stenchikovet al. (1998) reconstructed fahe ECHAM4 GCM. The column-integrated optical
depth at0.55 pmreconstructed fothe UIUC ST-GCM lies between th&AGE—-II andAVHRR
satellite observations. The maximum global-mean optical depth 65 pm forthe UIUC
reconstruction is about 0.23 in early 1992.

Then, we calculated the radiative forcing of Bigatubo volcanic aeros@r the two years
following the eruptiorusingthe UIUC 24—-layerST-GCM. Solafforcing is everywherenegative
and thelongwave forcing is positive.Averaged ovemrll latitudes,the near—IRbandscontribute
about 50% to the total solar forcing at the top of the model and abffepause and abod0% at
the surface. The longwave forcing at 1 hPa is an order of magnitude largérathanthesurface.
The calculated maximum global-mean net radidtiveing occurs in DJA991-1992. It isabout
—4.9 W/nt at the surface, —4.8 Wfnat the modetop, and—5.7 Wi/nt at thetropopause.Overall,
the radiative forcing was confined within the tropics and subtropics, with secamdaiya inhigh
latitudes. The forcing over cloudy sky is smaller than that over clearT$ley differences are about
4 Wint for thetropical maximaand 2 to 4 W/rhfor the maxima irhigh latitudes. Our results are
generally larger than those of ST98.

Heating—rate calculationshowed that overall thePinatubo volcanic aerosahdiatively
cooled thetroposphere andadiatively warmed thetratosphere.The calculated maximum cooling
rate is about —0.01°C/day near theface inthe tropics and thenaximumwarming rate is about
0.3°C/day near 30 hPa in the tropics in January 1992. The absorption of wgnnestlial radiation
by the aerosol cloud warmed th®wver stratosphere but cooldlde upper stratosphere above the
aerosol layer. The back-scattering of the direct incomisgjar radiation inthe UV and visible
regions radiatively cooled the atmosphere below the top of the aerosoMaiferthe absorption of
the enhanced up—welling UV and visible radiation by ozone irugper stratosphere above the
aerosol layer caused minavarming. Forthe nearIR, the back—scattering of incomingplar

radiation radiatively cooled theoposphere. Buthe absorption ofthe near—IR radiation by the
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aerosol cloud radiatively warmed teatosphere. Thisontributed abouB0% ofthe total heating
in the middle stratosphere.

Finally, weestimated the forcing witthe stratospheric temperature adjustmesing a 1-D
radiative—convective model. At the tropopause, after adjustmemhakienumlongwave forcing in
the tropics increased .5 to 1.0 W/A The adjusted maximum nfetrcing in the tropics is —8
W/n?. The adjusted global-mean forcing is abbdfo smaller than the instantaneous global-mean
forcing. The adjusted maximum global-mean net radiafioecing is =5.3 W/nf in DJF

1991-1992.



