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Mt. Erebus, Sept. 22, 2004
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Mt. Erebus, Oct. 3, 2004

Alan Robock
Department of Environmental Sciences



St t h i  l Less
More Reflected

Solar FluxStratospheric aerosols
(Lifetime ≈ 1-3 years)

IR
Heating

emission

Less
Upward
IR Flux

H2S
SO

→ H2SO4

backscatter
absorption

(near IR)
Solar Heating

Solar Flux

absorption (IR)

Heating

emission

IR Cooling

forward scatter

Heterogeneous → Less
O3 depletion Solar Heating

SO2

CO2

H2O

Ash

Effects
on cirrus
clouds

Enhanced
Diffuse

FluxReduced
Direct

Flux

More
Downward

IR Flux

Flux

Less Total
Solar Flux

Tropospheric aerosols
(Lifetime ≈ 1-3 weeks)

SO2 → H2SO4

Indirect Effects 
on Clouds

Alan Robock
Department of Environmental Sciences



Aerosol properties

We define the dry aerosol effective radius as 0.25 μm compared to 
0.35 μm for our Pinatubo simulations. This creates hydrated 

sulfate aerosols approx 0.30-0.35 μm for our geoengineering runs pp μ g g g
and 0.47-0.52 μm for our Pinatubo simulations. 

It is difficult to say the size at which the aerosols will end up 
h   h l d l h  h  l  b  b   without a microphysical model that has coagulation but by injecting 

daily vs. one eruption per year, coagulation would be reduced since 
concentrations are lower and more globally distributed.  On the 
other hand  particles might grow larger than those typical of a other hand, particles might grow larger than those typical of a 

volcanic eruption if existing particles grow rather than having new 
particles form.

The smaller size aerosols have a slightly longer lifetime so this 
would reduce the rate of injection needed to maintain a specific 

loading.
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A l tiAerosol properties

By using a smaller aerosol size (about 30% less than Pinatubo), 
there is about half the heating of the lower tropical stratosphere g p p
as compared to the equivalent loading using a Pinatubo size aerosol. 

We injected it at about the same altitude as Pinatubo but if the 
lf   l   h   d l  i  i  i  ld sulfate was closer to the tropopause and larger in size it would 

warm the tropopause cold point and let a lot more water vapor into 
the stratosphere, and this could cause additional problems that 

would have to be consideredwould have to be considered.
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Heckendorn et al. (2009) showed particles would grow, requiring much 
larger injections for the same forcing.
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Pierce et al. (GRL, 2010) claim emitting sulfuric acid directly will 
produce larger particles, helping solve the problem of aerosol growth.
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Brewer-Dobson Circulation (Plumb, 2007)( , )

ttropopause
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Show with QuickTime
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Change in downward solar radiation at Earth’s surface

   6 °N l  d   Arctic emission at 68°N 
leaks into the subtropics

Tropical emission spreads to 
cover the planet
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EFFECTS OF LARGE EXPLOSIVE TROPICAL
VOLCANOES ON WEATHER AND CLIMATE

EFFECT/MECHANISM BEGINS DURATION 
1. Enhance or reduce El Niño? 1-2 weeks 1-2 months 
  Tropospheric absorption of shortwave and longwave radiation, dynamics 

2  Reduction of diurnal cycle Immediately 1-4 days 2. Reduction of diurnal cycle Immediately 1-4 days 
  Blockage of shortwave and emission of longwave radiation 

3. Summer cooling of NH tropics, subtropics Immediately 1-2 years 
Blockage of shortwave radiation  Blockage of shortwave radiation

4. Reduced tropical precipitation Immediately ~1 year 
  Blockage of shortwave radiation, reduced evaporation 

5. Reduced Sahel precipitation 1-3 months 1-2 years 
  Blockage of shortwave radiation, reduced land temp., reduced evaporation 
  Weaker African monsoon
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EFFECTS OF LARGE EXPLOSIVE TROPICAL
VOLCANOES ON WEATHER AND CLIMATE

EFFECT/MECHANISM BEGINS DURATION 
6. Ozone depletion, enhanced UV 1 day 1-2 years 
  Dilution, stratospheric heating, heterogeneous chemistry on aerosols  

7  Global cooling Immediately 1-3 years 7. Global cooling Immediately 1-3 years 
  Blockage of shortwave radiation multiple eruptions: 10-100 years 

8. Stratospheric warming Immediately 1-2 years 
St t h i b ti f h t d l di ti  Stratospheric absorption of shortwave and longwave radiation

9. Winter warming of NH continents ½-1½ years 1 or 2 winters 
  Stratospheric absorption of shortwave and longwave radiation, dynamics 
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EFFECTS OF EXPLOSIVE HIGH-LATITUDE 
VOLCANOES ON WEATHER AND CLIMATE

EFFECT/MECHANISM BEGINS DURATION 

High latitude eruptions: 
10. Cooling of continents Immediately 1-2 years 
  Blockage of shortwave radiationg

11. Reduction of Indian summer monsoon ½-1 year 1 or 2 summers 
  Continental cooling, reduction of land-sea temperature contrast 

12  R d ti  f Af i    ½ 1  1  2  12. Reduction of African summer monsoon ½-1 year 1 or 2 summers 
  Continental cooling, reduction of land-sea temperature contrast 

13. Reduction of Nile River flow ½-1 year 1-2 years 
R d d i it ti  Reduced monsoon precipitation
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Major volcanic eruptionsMajor volcanic eruptions
of the past 250 years

Volcano Year VEI d.v.i./Emax IVI2 

Lakagígar [Laki craters], Iceland 1783 4 2300 93.0 
Unknown (El Chichón?) 1809   53.7 ( )
Tambora, Sumbawa, Indonesia 1815 7 3000 109.8 
Cosiguina, Nicaragua 1835 5 4000 40.2 
Askja, Iceland 1875 5 1000 0.0 
Krakatau, Indonesia 1883 6 1000 21.9 
Okataina [Tarawera], North Island, NZ 1886 5 800 1.9 
Santa María, Guatemala 1902 6 600 3.8 
K d h  K h tk  R i  1907 5 500 0 0 Ksudach, Kamchatka, Russia 1907 5 500 0.0 
Novarupta [Katmai], Alaska, US 1912 6 500 11.0 
Agung, Bali, Indonesia 1963 4 800 20.9 
Mt  St  Helens  Washington  US 1980 5 500 0 0 
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Mt. St. Helens, Washington, US 1980 5 500 0.0 
El Chichón, Chiapas, Mexico 1982 5 800 * 
Mt. Pinatubo, Luzon, Philippines 1991 6 1000 30.1 
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Mt. Pinatubo, Luzon, Philippines 1991 6 1000 30.1 
 



Tambora, 1815Santorini, 1628 BC
Et  44 BC

Famous Volcanic 

Tambora, 1815

Lakagígar, 1783
Etna, 44 BC

Famous Volcanic 
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K k t  1883

Toba, 74,000 BP

Krakatau, 1883
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Agung, 1963Pinatubo, 1991 St. Helens, 1980El Chichón, 1982



Santorini, 1628 B.C.

Responsible for the legends of:

Atlantis (Minoans on Crete)( )

Biblical plagues

Parting of the Red Sea
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Parting of the Red Sea



Etna, 44 B.C.

“[in] 43 B.C. we are told [by Appian]
that Cassius requested aid from

“The fullest description of the sun in this period
is that provided by Plutarch (Life of Juliusq

Cleopatra; the queen, however, refused,
claiming that Egypt was in the grip of
famine and pestilence Octavian and

p y (
Caesar 69.3-4), who speaks of the rays of the
sun being veiled, leaving the face of the sun pale
and without radiance and thus furnishing so littlefamine and pestilence....Octavian and

Antony were unable to obtain supplies
from Egypt ‘since that country was

h d b f i ’”

and without radiance and thus furnishing so little
heat that fruits never fully ripened, but
shriveled instead...‘due to the coldness of the

h ’”exhausted by famine.’”atmosphere.’”

Alan Robock
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(Forsyth, 1988)(Forsyth, 1988)
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During several of the summer months of the
year 1783, when the effect of the sun’s rays to
heat the earth in these northern regions should
have been greatest, there existed a constant fog
over all Europe, and great part of North America.
This fog was of a permanent nature; it was dry,
and the rays of the sun seemed to have little
effect towards dissipating it, as they easily do a
moist fog, arising from water. They were indeed
rendered so faint in passing through it, that when
collected in the focus of a burning glass theycollected in the focus of a burning glass, they
would scarce kindle brown paper. Of course, their
summer effect in heating the earth was
exceedingly diminished.

Hence the earth was early frozen,
Hence the first snows remained on it unmelted,H nc th f rst snows r ma n on t unm t ,

and received continual additions.
Hence the air was more chilled, and the winds

more severely cold.
Hence perhaps the winter of 1783-4, was more

severe, than any that had happened for many
years.

The cause of this universal fog is not yet
ascertained. Whether it was adventitious to this
earth, and merely a smoke, proceeding from the
consumption by fire of some of those great
burning balls or globes which we happen to meetburning balls or globes which we happen to meet
within our rapid course round the sun, and which
are sometimes seen to kindle and be destroyed in
passing our atmosphere, and whose smoke might
be attracted and retained by our earth; or
whether it was the vast quantity of smoke, long

Alan Robock
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Franklin (1784)

q y , g
continuing to issue during the summer from Hecla
in Iceland, and that other volcano which arose out
of the sea near that island, which smoke might be
spread by various winds, over the northern part of
the world, is yet uncertain.



1783-84 Laki Eruption in Iceland1783-84 Laki Eruption in Iceland
(8 June 1783 – 7 February 1784)

S d l t fl d l         Second largest flood lava        
eruption in historical time

Iceland’s biggest
natural disaster

Lava = 14.7 km3

Tephra = 0.4 km3

WVZ, EVZ, NVZ are
Western, Eastern and
N th  V l i  Z
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Northern Volcanic Zones

Fig. 1 from Thordarson and Self (2003)



L k    b h h  d h
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Laki eruption was both tropospheric and stratospheric.



The Laki eruption lasted for 8 months, with continuous effusive 
emissions into the troposphere, as well as 10 El Chichón-size 

eruptions to a height of 10-13 km, into the lower stratosphere.
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Fig. 2a from Thordarson and Self (2003)



Sulfur mass released
SO total = 122 Mt 

Other volatiles
H O = 235 Mt

Fig. 2b from 
Thordarson and 
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SO2 total = 122 Mt 
SO2 at vent = 98 Mt
SO2 by lava = 24 Mt

H2O = 235 Mt
CO2 = 349 Mt
HF = 15 Mt, HCl = 7 Mt

Self (2003)



Extent and date of first appearance of Laki haze at surface.
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Laki effect?

Frequency distribution of cold summers, cold winters, and cold years 
in Europe and eastern United States during the period 1768 to 1798

Year 17__
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in Europe and eastern United States during the period 1768 to 1798.



Significant
at 90% level
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Reconstruction from Luterbacher et al. (2004)
Anomalies based on 31 yr mean, 1770-1800 
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Reconstruction from Luterbacher et al. (2004)
Anomalies based on 31 yr mean, 1770-1800 



Significant
at 90% level

Alan Robock
Department of Environmental Sciences

Reconstruction from Luterbacher et al. (2004)
Anomalies based on 31 yr mean, 1770-1800 
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Reconstruction from Luterbacher et al. (2004)
Anomalies based on 31 yr mean, 1770-1800 



Laki GCM Simulations

• NASA Goddard Institute for Space Studies 

Laki GCM Simulations

• NASA Goddard Institute for Space Studies 
(GISS)  ModelE GCM

• 4°x5° horizontal resolution 4 x5 horizontal resolution 
• Stratospheric version with 23 vertical levels

G it   d  sch m• Gravity wave drag scheme
• Fixed climatological SSTs
• Dorothy Koch’s sulfur chemistry model, 

which includes gas-aerosol conversion, 
t t  d l d i h i

Alan Robock
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transport, and cloud microphysics



Wh   th   f 1783  Why was the summer of 1783 so warm
over Europe?

If it was caused by the eruption, there are several 
possibilities:

1.   Circulation anomalies induced by radiative 
forcing from volcanic gases and aerosols.

2.  Somehow radiative anomalies from the sulfate 
aerosols caused warming.

3.  SO2 that had not converted to aerosols acted as a 
greenhouse gas.
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Frequency of southerly weather type in July
for the British Isles.  Data from Kington (1988).
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M. C-F. Volney, Travels through Syria andy, g y
Egypt, in the years 1783, 1784, and 1785, Vol.
I, Dublin, 258 pp. (1788) reports on the famine
in Cairo and the annual flood (inundation) of

“The inundation of 1783 was not sufficient, great part of the lands 
th f  ld t b   f  t f b i  t d  d th  

the Nile River.

therefore could not be sown for want of being watered, and another 
part was in the same predicament for want of seed.  In 1784, the 
Nile again did not rise to the favorable height, and the dearth 
immediately became excessive   Soon after the end of November  immediately became excessive.  Soon after the end of November, 
the famine carried off, at Cairo, nearly as many as the plague; the 
streets, which before were full of beggars, now afforded not a 
single one: all had perished or deserted the city ”single one: all had perished or deserted the city.

By January 1785, 1/6 of the population of Egypt had either died or left the 
country in the previous two years. 

Alan Robock
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FAMINE IN INDIA AND CHINA IN 1783

The Chalisa Famine devastated India as the 
monsoon failed in the summer of 1783.

There was also the Great Tenmei Famine in Japan 
in 1783-1787  which was locally exacerbated by in 1783-1787, which was locally exacerbated by 

the Mount Asama eruption of 1783.
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Katmai village, buried by ash from the June 6, 1912 eruption
Katmai volcano in background covered by cloud
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Simulations showed same reduction in African summer precipitation.



http://www.festivalsegou.org

Niger 
AswanKoulikoro

Malanville

Basin

Nile

Niger http://www.isiimm.agropolis.org
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Tambora in 1815, together with an eruption 
from an unknown volcano in 1809, produced

the “Year Without a Summer” (1816)
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Tambora in 1815, together with an eruption 

Global Surface Temperature Reconstruction

from an unknown volcano in 1809, produced
the “Year Without a Summer” (1816)

Global Surface Temperature Reconstruction
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Mann et al. (2000)
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Tambora, 1815, produced the , , p
“Year Without a Summer” (1816)

George Gordon,
Lord Byron

Percy Bysshe Shelley Mary Shelley
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Tambora, 1815, produced the , , p
“Year Without a Summer” (1816)

“Darkness” I had a dream which was not all a dreamDarkness
by Byron

I had a dream, which was not all a dream.
The bright sun was extinguish'd, and the stars
Did wander darkling in the eternal space,
Rayless, and pathless, and the icy earthy p y
Swung blind and blackening in the moonless air;
Morn came and went—and came, and brought no day,
And men forgot their passions in the dread
Of this their desolation; and all heartsOf this their desolation; and all hearts
Were chill'd into a selfish prayer for light:
And they did live by watchfires—and the thrones,
The palaces of crowned kings—the huts,
The habitations of all things which dwell,
Were burnt for beacons; cities were consumed,
And men were gather'd round their blazing homes
To look once more into each other's face;

Alan Robock
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To look once more into each other s face; . . .



Katmai village, buried by ash from the June 6, 1912 eruption
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Katmai volcano in background covered by cloud



GISS M d lE GCM

• NASA Goddard Institute for Space Studies 

GISS ModelE GCM

• NASA Goddard Institute for Space Studies 
(GISS) ModelE GCM

• 4°x5° horizontal resolution • 4 x5 horizontal resolution 
• Stratospheric version with 23 vertical levels

G i   d  h• Gravity wave drag scheme
• Fixed climatological SSTs
• 40-year control run
• 20 ensemble members for each case

Alan Robock
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Significant cooling over most NH land masses especially Asia
NH Summer Surface Air Temperature Anomalies

Warming over Northern India in 3x Katmai case from reduced monsoon circulation
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3x Katmai produced less cloud cover over the monsoon region and 
increased cloud cover over southern Europe
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Consistent with a reduced Indian monsoon circulation 



High Latitude Volcanic Eruptions with H gh Lat tu  Vo can c Erupt ons w th 
Stratospheric Injection, as Represented by Katmai

• Radiative impact appears to be larger than dynamic 

• High latitude eruptions appear to weaken Indian monsoong p pp

• High latitude eruptions do not cause enhanced negative AO response

• Similar response was seen in first winter following Katmai and second 
i  f ll i  3  K i i  70 b i l d f  winter following 3x Katmai in 70 mb geopotential and surface pressure

• A large number of ensemble simulations are needed

• Future simulations could include a mixed layer ocean to see its impact • Future simulations could include a mixed layer ocean to see its impact 
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Agung  1963Agung, 1963
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Copies of photos from Agung Volcanic Observatory



H  t l  (1978)Hansen et al. (1978)

RCM
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Mt  St  Helens  May 18  1980Mt. St. Helens, May 18, 1980
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Cliff Mass and Alan Robock
in the Mount St  Helens crater  summer 1980
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in the Mount St. Helens crater, summer 1980



Mt  St  Helens  1980Mt. St. Helens, 1980

Yakima
Boise

Spokane Great Falls

Boise
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Robock and Mass (1982)



El Chichón, 1982,
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El Chichón  1982El Chichón, 1982
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(Robock and Matson, 1983)



El Chichón  1982El Chichón, 1982

Sunset

Madison,Madison,
Wisconsin

July, 1982y
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Photograph by Alan Robock



SME
SAGE II, III

OSIRIS
GOMOS
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Robock (1983)



El Chichón  1982El Chichón, 1982

Sunset

Madison,Madison,
Wisconsin

May, 1983y
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Photograph by Alan Robock



Krakatau, 1883
Watercolor by William Ascroft
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Figure from Symons (1888)



“The Scream”

Edvard MunchEdvard Munch

Painted in 1893 
based on Munch’s 

memory of the memory of the 
brilliant sunsets 

following the 
1883 Krakatau 1883 Krakatau 

eruption.
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SME
SAGE II, III

OSIRIS
GOMOS
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Robock (1983)



SAGE IISAGE II

Lidar
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One month of SAGE II coverage

Hampton

Mauna Loa
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SME
SAGE II, III

OSIRIS
GOMOS
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Robock (1983)
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Pinatubo
June 12, 1991

Three days 
before major 
eruption oferuption of

June 15, 1991
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These two photos show the Earth’s 
limb  at sunset before and after the 
Mt  Pinatubo eruption  The first view Mt. Pinatubo eruption. The first view 
(STS41D-32-14) shows a relatively 
clear atmosphere, taken August 30, 
1984. Astronauts were looking at the 

l      profiles of high thunderstorms topping 
out at the tropopause at sunset; 
different atmospheric layers 
absorbed the last rays of light from absorbed the last rays of light from 
the sun as the spacecraft moved 
eastward.

Th   t  f h t h The same type of photograph 
(STS043-22-23) was taken August 8, 
1991, less than two months after the 
Pinatubo eruption. Two dark layers of p y f
aerosols make distinct boundaries in 
the atmosphere. The estimated 
altitude of aerosol layers in this view 
is 20 to 25 km

Alan Robock
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is 20 to 25 km.
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Casadevall et al. (1996)

Bataan
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After Pinatubo  Clark Air Force Base After Pinatubo, Clark Air Force Base 
25 km from volcano
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After Pinatubo  Cubi Point Naval Air After Pinatubo, Cubi Point Naval Air 
Station, 40 km from volcano
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After Pinatubo  Subic Bay Naval Base After Pinatubo, Subic Bay Naval Base 
35 km from volcano
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Photo by Tom Grzelak



Radiative Radiative 
Eff tEffects

Alan Robock
Department of Environmental Sciences



Diffuse Radiation from Diffuse Radiation from 
Pinatubo Makes a White Sky
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Photographs by Alan Robock
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- 175 W m-2- 34 %

+ 140 W m-2
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Robock (2000), Dutton and Bodhaine (2001)



Nevada Solar One
64 MW Solar steam generators 

requiring direct solar

Seville, Spain
Solar Tower

11 MW11 MW

Alan Robock
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http://www.electronichealing.co.uk/articles/solar_power_tower_spain.htm http://judykitsune.wordpress.com/2007/09/12/solar-seville/



- 34 %

Output of solar electric generating systems (SEGS) solar thermal power plants in 
California (9 with a combined capacity of 354 peak MW)   (Murphy  2009  ES&T)
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California (9 with a combined capacity of 354 peak MW).  (Murphy, 2009, ES&T)
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Principal investigator: Thomas Conway, NOAA CMDL

http://www.cmdl.noaa.gov/ccgg



Possible causes of interannual CO2 variations

- Changes in emissions

- Land use changesLand use changes

- Unusual atmospheric temperatures or precipitation 
(e.g., drought)( g g )

- El Niño and La Niña episodes

- Volcanic eruptions through effects on diffuse Volcanic eruptions through effects on diffuse 
radiation 
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Agung

PinatuboEl Chichón
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Mercado et al., Nature, 2009

El Chichón Pinatubo

Additional carbon sequestration after volcanic eruptions because of 
the effects of diffuse radiation, but certainly will impact natural 

and farmed vegetation

El Chichón Pinatubo

and farmed vegetation.
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Summer Coolingg
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Superposed 
epoch Significant epoch 

analysis of 
six largest 

eruptions of 

g
cooling follows 

sun for two years
p

past 120 
years

Robock and 
Mao (1995)
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Year of eruption



El Niño 
Volcano 

La Niña 
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Drawn by Makiko Sato (NASA GISS)
using CRU TS 2.0 data



Trenberth and Dai (2007)

Effects of Mount Pinatubo Effects of Mount Pinatubo 
volcanic eruption on the 
hydrological cycle as an 
analog of geoengineeringanalog of geoengineering

Geophys. Res. Lett.
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Trenberth and Dai 
(2007)(2007)

Effects of Mount 
Pinatubo volcanic 
eruption on the eruption on the 

hydrological cycle as 
an analog of 

geoengineeringgeoengineering

Geophys. Res. Lett.
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Summer monsoon drought index pattern using Summer monsoon drought index pattern using 
tree rings for 750 years

Anchukaitis et al. (2010), Influence of volcanic eruptions on the climate of the Asian 
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( ), p
monsoon region. Geophys. Res. Lett., 37, L22703, doi:10.1029/2010GL044843



NCAR CCSM 2.0.1 simulation 
for past 1000 years 

Peng, Youbing, Caiming Shen, Wei-chyung Wang, and 
Ying Xu, 2010:  Response of summer precipitation 

over Eastern China to large volcanic eruptions.   

for past 1000 years 
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Stratospheric Stratosph r c 
Temperature  Temperature  

ResponseResponse
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NCEP Ob tiNCEP Observations

Stratospheric
temperature

l  t 50 banomaly at 50 mb
with respect to
1985-1990 mean

Hatching shows 
90% significance
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SKYHI simulations

Zonal mean
temperature
anomaly (K)anomaly (K)
at 50 mb

caused by 
aerosols only (A)aerosols only (A)

Hatching shows Hatch ng shows 
90% significance

NCEP observations
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QBO forcingQ O forc ng
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USi - smoothed deseasonalized monthly-mean Singapore zonal wind
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USing smoothed deseasonalized monthly mean Singapore zonal wind
φ - latitude,  p - pressure,  τ(p,φ) - characteristic time

τ(p,φ) > 5 day  for 0.01 hPa  < p < 100  hPay
<U> - zonal mean zonal wind

Uclim - climatological mean of zonal mean zonal wind
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SKYHI simulation
Zonal mean zonal wind 

(m/s) from 11-year QBO (m/s) from 11 year QBO 
control run

Observed zonal mean zonal 
wind (m/s) at Singaporewind (m/s) at Singapore
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SKYHI simulationsSKYH  s mu at ons

Zonal mean
temperaturep
anomaly (K)
at 50 mb
caused by 
QBO lQBO only

(from QBO control 
run)

Hatching shows 
90% significance
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SKYHI simulationsSKYH  s mu at ons

Zonal mean
temperaturep
anomaly (K)
at 50 mb
caused by 
l  d QBO (AQ)aerosols and QBO (AQ)

Hatching shows Hatching shows 
90% significance

NCEP observations
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SKYHI 4-ensemble mean  - 50 mb temperature anomaly

QBO  and 
aerosols

Observations 
aerosols

QBO onlyAerosols only
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Wi  W iWinter Warmingg
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Genin et al  (1995) found Genin et al. (1995) found 
coral death in the Red Sea 
in the winter following the 

Pin t b  pti nPinatubo eruption.

Cooling induced mixing, 
bringing nutrients which bringing nutrients which 
produced an algae bloom, 

which smothered the 
lcoral.

a. Dec. 15, 1994 (normal)

b. April 6, 1992 (after
Pinatubo)
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Tree ring analysis 
shows winter 

warming over most 
of U.S. after large of U.S. after large 

low latitude 
eruptions

Average 
temperature 
anomaly (K)anomaly (K)

Dots are stations 
with 95% w th 95% 

significance
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Lough and Fritts (1987)



Winter Warming for Winter Warming for 
largest eruptions of the 

past 120 years

Observed surface air 
temperature anomalies

Robock and Mao (1992)
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The Arctic 
Oscillation

Th  d Thompson and 
Wallace (1998)

Stronger polar vortex

Wi t  iWinter warming

Positive mode is the 
same as the response 
to volcanic aerosols.
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Aerosol
cloud

TropopauseTropopause
Jet stream axis

Aerosol heating increases Equator-PoleAerosol heating increases Equator-Pole
temperature gradient, increasing height gradient, 
and makes jet stream (polar vortex) stronger.

TropicsNorth Pole

Stronger vortex amplifies
“  ll ” l“Arctic Oscillation” circulation

pattern, producing winter warming.
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SKYHI Experiments

E bl  f 2   ith ifi d li t l i l SST  

SKYHI Experiments

Ensembles of 2-year runs with specified climatological SST: 

• Aerosols with stratospheric and surface forcing (A)
8 ensemble members- 8 ensemble members

• Aerosols with only surface Cooling (no stratospheric heating) (C)
4 ensemble members- 4 ensemble members

• Observed Ozone anomalies only (O)
6 ensemble members- 6 ensemble members

• Aerosols + QBO with stratospheric and surface forcing (AQ)
4 ns mbl  m mb s
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- 4 ensemble members



Volcanic aerosols produce more p
reactive chlorine

ClONOx
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Solomon (1999)



Tropospheric 
chlorine diffuses chlorine diffuses 
to stratosphere. 

Volcanic aerosols 
make chlorine m
available to 

destroy ozone.

Solomon (1999)
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“stratospheric gradient” mechanism

“  f db k” m h i m
“tropospheric gradient” mechanism

Ways Volcanic Eruptions 
Force Positive AO Mode 

i  Wi t

Aerosol heating

“wave feedback” mechanism in Winter
“QBO phase” effect QBO

Aerosol heating
O3

cooling
I d h i ht di t

g

z

Increased height gradient

Stronger
polar vortex

Dynamic
cooling

Weaker temperature gradient

Decreased EP flux

N h P l 60°N 30°N E

p g

Surface warming Surface cooling
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North Pole 60°N 30°N Equator



London Sunset After Krakatau
4:40 p.m., Nov. 26, 1883

Watercolor by William AscroftWatercolor by William Ascroft
Figure from Symons (1888)


