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�5



�6

Motivation: Why are there Discrepancies?



�7

Motivation: Why are there Discrepancies?



�8

Motivation: Why are there Discrepancies?



Overview of Stratospheric Aerosols
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Problems with Stratospheric AOD Forcing
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What are the best constraints for volcanic aerosol forcing?
How can we make a better forcing file?



A New Dataset for CCMI for 1960-2013
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For more details see: Arfeuille, F., and B.-P. Luo (2013), Uncertainties in modeling 
the stratospheric warming following Mt. Pinatubo eruption,ACP
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A New Dataset for CCMI: Strat. AOD
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Fixes Overshoot of Large Volcanoes
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A New Dataset for CCMI: SAD
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• SAD�in�broad�agreement�with�newest�SAD�estimates�(Thomason�et�al.,�2008).�
• During�volcanic�periods,�SAGE_4l�SAD�tends�to�be�smaller�than�OPC�measurements.�

Courtesy of Arfeuille, F., and B.-P. Luo (2013, CCMI Meeting)



•New mass, radius and SAD inputs based on CCMI reanalysis !
• Improved optical lookup tables for CAMRT and RRTMG!
•Coherent treatment of input for radiation and chemistry parameterizations!
•Test Setup:!
•Focus on Pinatubo (June, 1991)!
•Ensemble of 5 each for the !
Old, New,  and Background 

Implementation in CESM(All Flavors)
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Mt. Pinatubo, June 12, 1991, USGS



Year

La
tit

ud
e

CAM4: New Volcanoes − Background,  AERODV

 

 

1990 1991 1992 1993 1994 1995 1996 1997 1998

−80

−60

−40

−20

0

20

40

60

80

0

0.05

0.1

0.15

0.2

0.25

AOD

Changes in Stratospheric AOD
�18

Year

La
tit

ud
e

CAM4: Old Volcanoes − Background,  AERODV

 

 

1990 1991 1992 1993 1994 1995 1996 1997 1998

−80

−60

−40

−20

0

20

40

60

80

0

0.05

0.1

0.15

0.2

0.25

AOD

New/CCMI Old/CCSM4 



Changes in MLO Stratospheric AOD
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Implementation in CESM(All Flavors)
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Upper Atmosphere Warming
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Changes in Stratospheric Heating
�22

New/CCMI Old/CCSM4 

Year

Pr
es

su
re

 (m
b)

CAM4: Old Volcanoes − Background,  Tropical T

 

 

1990 1991 1992 1993 1994 1995 1996 1997 1998

101

102

103

−10

−5

0

5

10

K



Conclusion
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A New Parameterization of Stratospheric Aerosol 
has been implemented in CESM

Tested in WACCM, CAM4,  
CAM5, CCMI and CCSM4

Method has also been applied to 
creations of Paleo and GeoMIP scenarios



Next Steps…What about Prior 1960?
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What about Prognostics Stratospheric Aerosols?
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Questions?



The Role of Moderate Volcanoes and the ‘Hiatus’ 

Adapted from Solomon et al. (2011), The Persistently Variable “Background” Stratospheric Aerosol Layer and Global Climate Change, Science.
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Adapted from Solomon et al. (2011), The Persistently Variable “Background” Stratospheric Aerosol Layer and Global Climate Change, Science.

ilar future changes in the optical depth of strato-
spheric aerosol could affect global climate change.
The tropical and global satellite data together
with the suite of different Mauna Loa observa-
tions suggest a decrease in global radiative forc-
ing (Fig. 3) over the past decade. The model has
been extensively compared to other Earth sys-
tem models of intermediate complexity as well
as to Atmosphere-Ocean General Circulation
Models [AOGCMs, see (28)]. The transient
climate response (TCR) of the model employed
here is slightly less than the mean of models
assessed by the Intergovernmental Panel on
Climate Change (2); the “very likely” range of
TCR across climate models suggests that the
absolute effects of the stratospheric aerosol
changes on climate considered below could be
greater by about 80% or smaller by about 40%.
However, the relative climate change impact of
stratospheric aerosols over a decade as compared
to other forcings, such as that of CO2, is not
affected by the model TCR. Although it is sim-
plified compared to AOGCMs, the Bern model
can be used to examine very small forced global
temperature changes that could be difficult to
quantify in AOGCMs against the computed noise
of internal variability.

A radiative forcing time series of well-mixed
greenhouse gases and tropospheric aerosols (25)
was used to provide a baseline model scenario
against which test cases, including different strato-
spheric aerosol radiative forcing changes for the
past and future, were compared. Figure 4 shows
that the observed increase in stratospheric
aerosol since the late 1990s caused a global
cooling of about –0.07°C as compared with a
case in which near-zero radiative forcing is
assumed after year 2000, as in the forcing data
sets often used in global climate models. Figure
4 shows that stratospheric aerosol changes have
caused recent warming rates to be slower than
they otherwise would have been. Although sub-
ject to much more instrumental uncertainty, Fig.
4 also suggests that the underlying increase in
the background aerosols from the very low val-
ues indicated by observations around 1960 to
the higher levels observed around 2000 prob-
ably reduced the global warming that would
otherwise have occurred between 1960 and 2000
by about –0.05°C. Such changes in integrated
radiative forcing also affect calculated thermal
sea-level rise rates (29). For the decade from
2000 to 2010, the observed stratospheric aerosol
radiative forcing from satellites yields about 10%

less sea-level rise from thermal expansion than
obtained when a background near zero is as-
sumed as in (26), about 0.16 cm versus 0.186
cm; the data presented in Fig. 3 provide a basis
for further study of these effects since 1960. In
summary, although the values of radiative forc-
ing due to the changing stratospheric aerosol
amounts are small as compared to, for example,
colossal eruptions or tropospheric pollution aero-
sol, they nevertheless can provide a significant
contribution to the forcing changes that drive
climate changes, particularly on decadal scales.

Future changes in stratospheric aerosols are
unknown because the frequency and intensity of
minor volcanic eruptions may be greater or less
than in the past decade (Fig. 1), and future trends
in anthropogenic SO2 emissions as well as their
ability to contribute to the stratospheric aerosol
layer remain uncertain. Figure 4 shows several
test cases probing a range of plausible changes
that could occur in the coming decade to 2020.
The figure demonstrates that climate model sce-
narios that neglect the changes in background
stratospheric aerosols relative to the year 2000
should be expected to continue to overestimate
radiative forcing changes and the related global
warming in the coming decade if the stratospher-
ic aerosol burden were to remain constant at cur-
rent values or continue to increase. On the other
hand, if stratospheric aerosols were to decay
back to their 1960 levels within the next decade,
then the rate of warming would be faster, and
the global average temperature is estimated to be
0.06°C greater by 2020. It should be emphasized
that additional contributions to global climate
variations of the past and future decades such
as from solar variations, natural variability, or
other processes are not ruled out by this study.

With the availability of improved satellite,
lidar, and ground-based data, the past decade
has provided an opportunity to document the im-
portance of changes in background stratospheric
aerosols in the absence of major volcanic erup-
tions. The changes in the stratospheric aerosol
layer have probably affected the observed rates
of decadal warming over the past decade, high-
lighting the importance of the variable strato-
spheric aerosol layer for past and future decadal
climate predictability.
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Fig. 4. Radiative forcing for six stratospheric aerosol forcing scenarios (top, also see Fig. 3) and the
resulting change in global average temperature since preindustrial times as calculated by the Bern
earth system model of intermediate complexity (bottom). Scenarios include: no stratospheric aerosol
forcing (solid blue/green line); only background aerosol forcing with no volcanoes (dash-dotted green
line); stratospheric aerosol forcing from GISS optical depths transitioning to no stratospheric aerosol
forcing after 2000 (black line); forcing from GISS until 1998, then assuming forcing inferred from the
global satellite optical depths (black followed by blue lines); this curve then splits into three future
projections (dashed purple lines) as described for Fig. 3.
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Greenhouse gas forcing increased continuously throughout period. 	


Stratospheric aerosol only slowed increase by ~0.2W/m2



Impacts on global temperature
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ilar future changes in the optical depth of strato-
spheric aerosol could affect global climate change.
The tropical and global satellite data together
with the suite of different Mauna Loa observa-
tions suggest a decrease in global radiative forc-
ing (Fig. 3) over the past decade. The model has
been extensively compared to other Earth sys-
tem models of intermediate complexity as well
as to Atmosphere-Ocean General Circulation
Models [AOGCMs, see (28)]. The transient
climate response (TCR) of the model employed
here is slightly less than the mean of models
assessed by the Intergovernmental Panel on
Climate Change (2); the “very likely” range of
TCR across climate models suggests that the
absolute effects of the stratospheric aerosol
changes on climate considered below could be
greater by about 80% or smaller by about 40%.
However, the relative climate change impact of
stratospheric aerosols over a decade as compared
to other forcings, such as that of CO2, is not
affected by the model TCR. Although it is sim-
plified compared to AOGCMs, the Bern model
can be used to examine very small forced global
temperature changes that could be difficult to
quantify in AOGCMs against the computed noise
of internal variability.

A radiative forcing time series of well-mixed
greenhouse gases and tropospheric aerosols (25)
was used to provide a baseline model scenario
against which test cases, including different strato-
spheric aerosol radiative forcing changes for the
past and future, were compared. Figure 4 shows
that the observed increase in stratospheric
aerosol since the late 1990s caused a global
cooling of about –0.07°C as compared with a
case in which near-zero radiative forcing is
assumed after year 2000, as in the forcing data
sets often used in global climate models. Figure
4 shows that stratospheric aerosol changes have
caused recent warming rates to be slower than
they otherwise would have been. Although sub-
ject to much more instrumental uncertainty, Fig.
4 also suggests that the underlying increase in
the background aerosols from the very low val-
ues indicated by observations around 1960 to
the higher levels observed around 2000 prob-
ably reduced the global warming that would
otherwise have occurred between 1960 and 2000
by about –0.05°C. Such changes in integrated
radiative forcing also affect calculated thermal
sea-level rise rates (29). For the decade from
2000 to 2010, the observed stratospheric aerosol
radiative forcing from satellites yields about 10%

less sea-level rise from thermal expansion than
obtained when a background near zero is as-
sumed as in (26), about 0.16 cm versus 0.186
cm; the data presented in Fig. 3 provide a basis
for further study of these effects since 1960. In
summary, although the values of radiative forc-
ing due to the changing stratospheric aerosol
amounts are small as compared to, for example,
colossal eruptions or tropospheric pollution aero-
sol, they nevertheless can provide a significant
contribution to the forcing changes that drive
climate changes, particularly on decadal scales.

Future changes in stratospheric aerosols are
unknown because the frequency and intensity of
minor volcanic eruptions may be greater or less
than in the past decade (Fig. 1), and future trends
in anthropogenic SO2 emissions as well as their
ability to contribute to the stratospheric aerosol
layer remain uncertain. Figure 4 shows several
test cases probing a range of plausible changes
that could occur in the coming decade to 2020.
The figure demonstrates that climate model sce-
narios that neglect the changes in background
stratospheric aerosols relative to the year 2000
should be expected to continue to overestimate
radiative forcing changes and the related global
warming in the coming decade if the stratospher-
ic aerosol burden were to remain constant at cur-
rent values or continue to increase. On the other
hand, if stratospheric aerosols were to decay
back to their 1960 levels within the next decade,
then the rate of warming would be faster, and
the global average temperature is estimated to be
0.06°C greater by 2020. It should be emphasized
that additional contributions to global climate
variations of the past and future decades such
as from solar variations, natural variability, or
other processes are not ruled out by this study.

With the availability of improved satellite,
lidar, and ground-based data, the past decade
has provided an opportunity to document the im-
portance of changes in background stratospheric
aerosols in the absence of major volcanic erup-
tions. The changes in the stratospheric aerosol
layer have probably affected the observed rates
of decadal warming over the past decade, high-
lighting the importance of the variable strato-
spheric aerosol layer for past and future decadal
climate predictability.
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Fig. 4. Radiative forcing for six stratospheric aerosol forcing scenarios (top, also see Fig. 3) and the
resulting change in global average temperature since preindustrial times as calculated by the Bern
earth system model of intermediate complexity (bottom). Scenarios include: no stratospheric aerosol
forcing (solid blue/green line); only background aerosol forcing with no volcanoes (dash-dotted green
line); stratospheric aerosol forcing from GISS optical depths transitioning to no stratospheric aerosol
forcing after 2000 (black line); forcing from GISS until 1998, then assuming forcing inferred from the
global satellite optical depths (black followed by blue lines); this curve then splits into three future
projections (dashed purple lines) as described for Fig. 3.
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tratosp
heric a

erosol

radiativ
e forcin

g from
satellite

s yields
about 1

0%

less sea-lev
el rise

from therma
l expan

sion than

obtaine
d when

a backgr
ound near zero is as-

sumed
as in (26), a

bout 0
.16 cm versus

0.186

cm; the
data pr

esented
in Fig. 3

provide
a basis

for fur
ther stu

dy of thes
e effec

ts since
1960.

In

summa
ry, alth

ough the val
ues of

radiativ
e forc-

ing due to the changi
ng stratosp

heric aerosol

amoun
ts are s

mall as
compa

red to, for
examp

le,

colossa
l erupti

ons or
troposp

heric p
ollution

aero-

sol, the
y neverth

eless can provide
a signific

ant

contrib
ution to the forcing

change
s that dr

ive

climate
change

s, parti
cularly

on decada
l scales

.

Future
change

s in stratosp
heric aerosol

s are

unknow
n becau

se the f
requen

cy and
intensi

ty of

minor
volcan

ic erup
tions m

ay be grea
ter or l

ess

than in
the pas

t decad
e (Fig.

1), and
future t

rends

in anthrop
ogenic

SO2 em
issions

as well
as thei

r

ability
to contrib

ute to the stratosp
heric aerosol

layer r
emain

uncerta
in. Fig

ure 4 shows
several

test cas
es probing

a range of plau
sible change

s

that co
uld occur i

n the coming
decade

to 2020.

The fig
ure dem

onstrate
s that c

limate
model

sce-

narios
that ne

glect t
he change

s in backgr
ound

stratosp
heric aerosol

s relative
to the year 2

000

should
be expecte

d to continu
e to overest

imate

radiativ
e forcing

change
s and

the related
global

warmin
g in the

coming
decade

if the s
tratosph

er-

ic aero
sol bur

den we
re to re

main c
onstant

at cur-

rent va
lues or

continu
e to increas

e. On the oth
er

hand,
if strat

ospher
ic aeroso

ls were to decay

back to
their 19

60 leve
ls with

in the n
ext dec

ade,

then the rate of war
ming would

be faster,
and

the glo
bal ave

rage te
mperat

ure is e
stimate

d to be

0.06°C
greater

by 202
0. It sh

ould be
empha

sized

that ad
ditiona

l contr
ibution

s to global
climate

variati
ons of

the pas
t and future

decade
s such

as from
solar v

ariatio
ns, nat

ural va
riabilit

y, or

other p
rocesse

s are n
ot rule

d out by
this stu

dy.

With the availab
ility of improv

ed satellite
,

lidar, a
nd ground

-based
data, t

he past d
ecade

has pro
vided a

n oppo
rtunity

to docu
ment th

e im-

portanc
e of chan

ges in
backgr

ound stratosp
heric

aerosol
s in the absenc

e of maj
or volc

anic erup-

tions. T
he cha

nges in
the stra

tosphe
ric aer

osol

layer h
ave pro

bably affecte
d the o

bserve
d rates

of deca
dal wa

rming
over th

e past
decade

, high-

lightin
g the import

ance of the
variabl

e strato-

spheric
aerosol

layer fo
r past a

nd future
decada

l

climate
predict

ability.
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Fig. 4.
Radiativ

e forcin
g for six

stratosp
heric ae

rosol fo
rcing scenario

s (top,
also see Fig

. 3) and
the

resultin
g change

in global
average

tempera
ture since preindu

strial ti
mes as

calculat
ed by the Bern

earth system
model

of inter
mediate

comple
xity (bo

ttom).
Scenari

os inclu
de: no

stratosp
heric ae

rosol

forcing
(solid blue/gre

en line); o
nly bac

kground
aerosol

forcing
with no volcano

es (dash
-dotted

green

line); st
ratosph

eric aer
osol for

cing from GISS optical
depths

transitio
ning to no stratosp

heric a
erosol

forcing
after 20

00 (black l
ine); fo

rcing from GISS un
til 1998

, then assumin
g forcing

inferred
from the

global
satellite

optical
depths

(black followe
d by blue lines); t

his curv
e then splits in

to three future

projecti
ons (da

shed purple
lines) a

s descri
bed for Fig.

3.
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ilar futur
e change

s in the optic
al depth

of strato
-

spheric a
erosol co

uld affec
t global c

limate ch
ange.

The tropical
and global s

atellite data together

with the suite of differ
ent Mauna Loa observa-

tions sug
gest a de

crease in
global ra

diative f
orc-

ing (Fig.
3) over t

he past d
ecade. T

he mode
l has

been extensiv
ely compared to other Ea

rth sys-

tem models
of interm

ediate complex
ity as well

as to Atmosphere
-Ocean

General
Circulat

ion

Models [AOGC
Ms, see (28)]. T

he transien
t

climate r
esponse

(TCR) o
f the mo

del emp
loyed

here is slightly
less than the mean of models

assessed
by the Intergov

ernment
al Panel on

Climate
Change

(2); the
“very likely” range of

TCR across climate models suggests
that the

absolute
effects

of the stratosph
eric aerosol

changes
on climate consider

ed below could be

greater b
y about 80

% or small
er by about 40

%.

Howeve
r, the rel

ative climate
change impact o

f

stratosph
eric aero

sols over
a decade

as comp
ared

to other forcings,
such as that of

CO2, is not

affected
by the model T

CR. Alth
ough it is sim

-

plified compare
d to AOGCM

s, the Bern model

can be used
to examine

very small for
ced global

temperat
ure changes

that cou
ld be difficult

to

quantify
in AOGC

Ms against
the comp

uted nois
e

of intern
al variab

ility.

A radiative
forcing t

ime serie
s of well

-mixed

greenhou
se gases

and troposph
eric aero

sols (25)

was use
d to provide

a baseline
model s

cenario

against w
hich test

cases, in
cluding d

ifferent s
trato-

spheric a
erosol ra

diative f
orcing changes

for the

past and
future, w

ere comp
ared. Fig

ure 4 shows

that the observed
increase

in stratosph
eric

aerosol
since the late 1990s caused

a global

cooling
of about

–0.07°C
as compared with a

case in which near-zer
o radiative

forcing
is

assumed after
year 200

0, as in
the forci

ng data

sets ofte
n used in global cl

imate m
odels. Fi

gure

4 shows th
at stratos

pheric ae
rosol ch

anges ha
ve

caused recent w
arming rates to

be slower t
han

they otherwis
e would

have bee
n. Altho

ugh sub-

ject to much more ins
trumenta

l uncerta
inty, Fig

.

4 also suggests
that the

underlyi
ng increase

in

the back
ground aerosols

from the very
low val-

ues indicated
by observat

ions around
1960 to

the higher l
evels observed

around
2000 prob-

ably reduced
the global warming

that would

otherwis
e have o

ccurred b
etween 1

960 and 2000

by about –
0.05°C.

Such changes
in integrate

d

radiative
forcing

also affect ca
lculated

thermal

sea-level
rise rates (29). Fo

r the decade
from

2000 to
2010, th

e observ
ed strato

spheric a
erosol

radiative
forcing f

rom satellites
yields ab

out 10%

less sea-level
rise from thermal

expansio
n than

obtained
when a backgrou

nd near zero is as-

sumed as in (26), ab
out 0.16

cm versus 0
.186

cm; the
data pre

sented in Fig. 3 provide
a basis

for furth
er study

of these
effects s

ince 1960. In

summary
, althoug

h the valu
es of rad

iative fo
rc-

ing due to the changing
stratosph

eric aerosol

amounts
are smal

l as com
pared to, for ex

ample,

colossal
eruption

s or trop
ospheric

pollution
aero-

sol, they
neverthe

less can provide
a significa

nt

contribu
tion to the forcing

changes
that driv

e

climate
changes,

particula
rly on decadal

scales.

Future changes
in stratosph

eric aerosols
are

unknow
n becaus

e the fre
quency a

nd inten
sity of

minor vo
lcanic er

uptions
may be greate

r or less

than in t
he past d

ecade (F
ig. 1), an

d future
trends

in anthropo
genic SO2 emis

sions as
well as t

heir

ability to contribut
e to the stratosph

eric aerosol

layer rem
ain uncertain

. Figure
4 shows several

test case
s probing

a range of plaus
ible changes

that coul
d occur in

the coming
decade to 2020.

The figure demonst
rates tha

t climate
model sc

e-

narios that neg
lect the

changes
in backgrou

nd

stratosph
eric aerosols

relative
to the year 2000

should be expected
to continue

to overestim
ate

radiative
forcing changes

and the related global

warming
in the comi

ng decade i
f the stra

tospher-

ic aeroso
l burden

were to
remain constant

at cur-

rent valu
es or co

ntinue to
increase.

On the other

hand, if
stratosph

eric aerosols
were to decay

back to t
heir 196

0 levels
within th

e next de
cade,

then the rate of warm
ing would be faster, an

d

the globa
l average

temperat
ure is es

timated t
o be

0.06°C greater b
y 2020.

It should
be emph

asized

that add
itional c

ontribut
ions to

global c
limate

variation
s of the

past and
future d

ecades s
uch

as from
solar va

riations,
natural v

ariability
, or

other pr
ocesses

are not r
uled out by this stud

y.

With the availabil
ity of improve

d satellite,

lidar, an
d ground-b

ased data, the
past dec

ade

has prov
ided an o

pportuni
ty to doc

ument th
e im-

portance
of chang

es in backgrou
nd stratosph

eric

aerosols
in the absence

of major
volcanic

erup-

tions. Th
e chang

es in the strat
ospheric

aerosol

layer ha
ve proba

bly affected
the obse

rved rates

of decad
al warm

ing over the
past dec

ade, high
-

lighting
the importance

of the variable
strato-

spheric a
erosol la

yer for p
ast and future de

cadal

climate
predictab

ility.
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Fig. 4. R
adiative forcing for six st

ratospher
ic aeroso

l forcing
scenarios

(top, also
see Fig. 3) an

d the

resulting
change in global av

erage temperat
ure since preindust

rial times
as calcul

ated by the Bern

earth system model of
intermed

iate complexi
ty (botto

m). Scenar
ios includ

e: no stratosph
eric aero

sol

forcing (solid blue/gree
n line); onl

y backgro
und aerosol f

orcing with no volcanoe
s (dash-d

otted green

line); stra
tospheric

aerosol f
orcing from GISS optical d

epths tra
nsitioning

to no stratosph
eric aero

sol

forcing after 200
0 (black lin

e); forcin
g from GISS unti

l 1998, t
hen assuming

forcing inferred from the

global sa
tellite optical d

epths (bl
ack followed

by blue lines); th
is curve

then splits int
o three future

projection
s (dashed

purple lin
es) as de

scribed for Fig. 3
.
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ilar future changes in the optical depth of strato-
spheric aerosol could affect global climate change.
The tropical and global satellite data together
with the suite of different Mauna Loa observa-
tions suggest a decrease in global radiative forc-
ing (Fig. 3) over the past decade. The model has
been extensively compared to other Earth sys-
tem models of intermediate complexity as well
as to Atmosphere-Ocean General Circulation
Models [AOGCMs, see (28)]. The transient
climate response (TCR) of the model employed
here is slightly less than the mean of models
assessed by the Intergovernmental Panel on
Climate Change (2); the “very likely” range of
TCR across climate models suggests that the
absolute effects of the stratospheric aerosol
changes on climate considered below could be
greater by about 80% or smaller by about 40%.
However, the relative climate change impact of
stratospheric aerosols over a decade as compared
to other forcings, such as that of CO2, is not
affected by the model TCR. Although it is sim-
plified compared to AOGCMs, the Bern model
can be used to examine very small forced global
temperature changes that could be difficult to
quantify in AOGCMs against the computed noise
of internal variability.

A radiative forcing time series of well-mixed
greenhouse gases and tropospheric aerosols (25)
was used to provide a baseline model scenario
against which test cases, including different strato-
spheric aerosol radiative forcing changes for the
past and future, were compared. Figure 4 shows
that the observed increase in stratospheric
aerosol since the late 1990s caused a global
cooling of about –0.07°C as compared with a
case in which near-zero radiative forcing is
assumed after year 2000, as in the forcing data
sets often used in global climate models. Figure
4 shows that stratospheric aerosol changes have
caused recent warming rates to be slower than
they otherwise would have been. Although sub-
ject to much more instrumental uncertainty, Fig.
4 also suggests that the underlying increase in
the background aerosols from the very low val-
ues indicated by observations around 1960 to
the higher levels observed around 2000 prob-
ably reduced the global warming that would
otherwise have occurred between 1960 and 2000
by about –0.05°C. Such changes in integrated
radiative forcing also affect calculated thermal
sea-level rise rates (29). For the decade from
2000 to 2010, the observed stratospheric aerosol
radiative forcing from satellites yields about 10%

less sea-level rise from thermal expansion than
obtained when a background near zero is as-
sumed as in (26), about 0.16 cm versus 0.186
cm; the data presented in Fig. 3 provide a basis
for further study of these effects since 1960. In
summary, although the values of radiative forc-
ing due to the changing stratospheric aerosol
amounts are small as compared to, for example,
colossal eruptions or tropospheric pollution aero-
sol, they nevertheless can provide a significant
contribution to the forcing changes that drive
climate changes, particularly on decadal scales.

Future changes in stratospheric aerosols are
unknown because the frequency and intensity of
minor volcanic eruptions may be greater or less
than in the past decade (Fig. 1), and future trends
in anthropogenic SO2 emissions as well as their
ability to contribute to the stratospheric aerosol
layer remain uncertain. Figure 4 shows several
test cases probing a range of plausible changes
that could occur in the coming decade to 2020.
The figure demonstrates that climate model sce-
narios that neglect the changes in background
stratospheric aerosols relative to the year 2000
should be expected to continue to overestimate
radiative forcing changes and the related global
warming in the coming decade if the stratospher-
ic aerosol burden were to remain constant at cur-
rent values or continue to increase. On the other
hand, if stratospheric aerosols were to decay
back to their 1960 levels within the next decade,
then the rate of warming would be faster, and
the global average temperature is estimated to be
0.06°C greater by 2020. It should be emphasized
that additional contributions to global climate
variations of the past and future decades such
as from solar variations, natural variability, or
other processes are not ruled out by this study.

With the availability of improved satellite,
lidar, and ground-based data, the past decade
has provided an opportunity to document the im-
portance of changes in background stratospheric
aerosols in the absence of major volcanic erup-
tions. The changes in the stratospheric aerosol
layer have probably affected the observed rates
of decadal warming over the past decade, high-
lighting the importance of the variable strato-
spheric aerosol layer for past and future decadal
climate predictability.
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Fig. 4. Radiative forcing for six stratospheric aerosol forcing scenarios (top, also see Fig. 3) and the
resulting change in global average temperature since preindustrial times as calculated by the Bern
earth system model of intermediate complexity (bottom). Scenarios include: no stratospheric aerosol
forcing (solid blue/green line); only background aerosol forcing with no volcanoes (dash-dotted green
line); stratospheric aerosol forcing from GISS optical depths transitioning to no stratospheric aerosol
forcing after 2000 (black line); forcing from GISS until 1998, then assuming forcing inferred from the
global satellite optical depths (black followed by blue lines); this curve then splits into three future
projections (dashed purple lines) as described for Fig. 3.
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tions suggest a decrease in global radiative forc-
ing (Fig. 3) over the past decade. The model has
been extensively compared to other Earth sys-
tem models of intermediate complexity as well
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Models [AOGCMs, see (28)]. The transient
climate response (TCR) of the model employed
here is slightly less than the mean of models
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TCR across climate models suggests that the
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narios that neglect the changes in background
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should be expected to continue to overestimate
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the global average temperature is estimated to be
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has provided an opportunity to document the im-
portance of changes in background stratospheric
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Fig. 4. Radiative forcing for six stratospheric aerosol forcing scenarios (top, also see Fig. 3) and the
resulting change in global average temperature since preindustrial times as calculated by the Bern
earth system model of intermediate complexity (bottom). Scenarios include: no stratospheric aerosol
forcing (solid blue/green line); only background aerosol forcing with no volcanoes (dash-dotted green
line); stratospheric aerosol forcing from GISS optical depths transitioning to no stratospheric aerosol
forcing after 2000 (black line); forcing from GISS until 1998, then assuming forcing inferred from the
global satellite optical depths (black followed by blue lines); this curve then splits into three future
projections (dashed purple lines) as described for Fig. 3.
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Ignoring the moderate volcanoes from 2000 to 2010 may lead to 
an underestimate of global temperature of ~0.1℃ in 2010



Remaining Questions: Why is the Response so Variable?
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Where is the Change in AOD Coming From?
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Volcanic Eruptions from 2000 to 2010
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