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Abstract. The chemistry climate model MAECHAM4/
CHEM with interactive and prognostic volcanic aerosol and
ozone was used to study the initial dispersal and radiative
forcing of a possible Northern Hemisphere mid-latitude su-
per eruption. Tropospheric climate anomalies are not analy-
sed since sea surface temperatures are kept fixed. Our ex-
periments show that the global dispersal of a super erup-
tion located at Yellowstone, Wy. is strongly dependent on
the season of the eruption. In Northern Hemisphere summer
the volcanic cloud is transported westward and preferentially
southward, while in Northern Hemisphere winter the cloud
is transported eastward and more northward compared to the
summer case. Aerosol induced heating leads to a more global
spreading with a pronounced cross equatorial transport. For
a summer eruption aerosol is transported much further to the
Southern Hemisphere than for a winter eruption. In con-
trast to Pinatubo case studies, strong cooling tendencies ap-
pear with maximum peak values of less than−1.6 K/day
three months after the eruption in the upper tropical strato-
sphere. This strong cooling effect weakens with decreasing
aerosol density over time and initially prevents the aerosol
laden air from further active rising. All-sky net radiative flux
changes of less than−32 W/m2 at the surface are about a fac-
tor of 6 larger than for the Pinatubo eruption. Large positive
flux anomalies of more than 16 W/m2 are found in the first
months in the tropics and sub tropics. These strong forcings
call for a fully coupled ocean/atmosphere/chemistry model
to study climate sensitivity to such a super-eruption.

Correspondence to:C. Timmreck
(timmreck@dkrz.de)

1 Introduction

While there is an increasing number of publications on the
climate effects of large volcanic eruptions like Mt. Pinatubo
in 1991, there is very little known for the extreme erup-
tions that are rare events in Earth history but have a large
risk potential. Super eruptions are defined to be those erup-
tions yielding in excess of 1015 kg of products (volatile
gases (mainly SO2 and H2O) and ash particles) with a vol-
canic explosivity index (VEI) of 8 or larger (Mason et al.,
2004). A VEI 8 is estimated to release about 1000 Mt SO2
(Rampino, 2002). SO2, which is mainly responsible for the
climatic effects of explosive volcanic eruptions, is transferred
to sulphate aerosol by chemical reactions. Volcanic sulphate
aerosols have a strong influence on the atmospheric system
by changing its chemical composition and by altering its ra-
diation balance. The scattering of incoming solar radiation
back to space (direct effect) leads to cooling at the surface
and counteracts the greenhouse effect. The additional aerosol
loading further increases the temperature in the aerosol con-
taining layers through the absorption of near infrared and
long wave radiation.

Previous work in the field of volcanic radiative forcing cal-
culations mainly addressed tropical volcanoes. Several stud-
ies were published about the radiative effects of the 1991
Pinatubo eruption (e.g.,Kinne et al., 1992; Stenchikov et al.,
1998; Andronova et al., 1999; Ramachandran et al., 2000).
While in most papers the aerosol distribution and radia-
tive properties are derived from observations, Timmreck et
al. (1999a, 1999b) transported the Pinatubo aerosol and cou-
pled it directly with the radiation scheme of the ECHAM
GCM, emphasising the importance of an interactive treat-
ment of the volcanic cloud for the initial transport. Several
model studies are available in the literature concerning the
effects of tropical volcanoes of the size of the Mt. Pinatubo
June 1991 eruption on climate (e.g.,Hansen et al., 1992;
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Graf et al., 1993; Kirchner et al., 1999; Stenchikov et al.,
2002; Yang and Schlesinger, 2002) but only very few for
mid-latitude eruptions of the same size are published (e.g.,
Graf and Timmreck, 2001). In the case of the Laacher See
eruption (10 900 B.C.)Graf and Timmreck(2001) found that
the volcanic aerosol was clearly restricted to the Northern
Hemisphere leading to strong stratospheric cooling due to
intensified long wave emission in the polar night and to an
intensified polar vortex.

Studies of atmospheric effects of super-eruptions (i.e. such
events which are extremely rare and include prehistoric
events like Toba (74 000 years ago,Oppenheimer, 2002)
or the Yellowstone eruptions, the last of which took place
ca. 639 000 years before present (Smith and Siegel(2000);
Lanphere et al.(2002)), were covered only by very few pub-
lications (e.g.Bekki et al., 1996). In general, it is specu-
lated that these eruptions would have lead to massive cool-
ing globally lasting for several years. However, the effects
of volcanic aerosols on climate seem to be highly dependent
upon whether or not they are trapped at high latitudes or are
allowed to spread globally. Thus, it is worthwhile to investi-
gate the initial transport path of the cloud dependent on the
season of the eruption. This could be important at higher lat-
itudes where strong westerly winds exist in winter and weak
easterlies in summer.

In this study we investigate this problem using the chem-
istry climate model MAECHAM4/CHEM with interactive
and prognostic volcanic aerosol and ozone (Timmreck et al.,
2003) to study a possible Northern Hemisphere mid-latitude
super eruption in different times of the year. We will focus on
the initial dispersal and radiative forcing of the volcanic sul-
phate aerosol in the first year after the eruption, but we will
also address dynamical and chemical changes. Tropospheric
climate sensitivity is not studied since sea surface temper-
atures are kept fixed and the simulation period is relatively
short. We choose for our study the geographical location of
the Yellowstone National Park because it seems to be one of
the most likely possible sites for such an event at higher lat-
itudes nowadays. Due to its proximity to the stratospheric
Aleutian high the chance of seasonal dependence on the dis-
persion of the aerosols is greatest.

Important parameters for climate studies (e.g. sulphur
emission, eruption height) of the past super eruptions are
unknown. In the case of our mid-latitude study we choose
therefore parameters which have been observed after the
Pinatubo eruption, the largest eruption of the 20th century.
As erupted material other than SO2 has a much smaller atmo-
spheric life time and a smaller atmospheric radiative effect,
we concentrate on the SO2 emission assuming an initial vol-
canic cloud mass of 1700 Mt SO2, i.e. 100 times the strength
of the Pinatubo eruption. An injected mass of SO2 yields a
sulfuric acid aerosol of 3470 Mt H2SO4/H2O (75%)) which
is in the middle of the estimated range (2300–4700 Mt) for
the Younger Toba Tuff eruption, the largest known Quater-
nary eruption (Oppenheimer, 2002). With our study we want

to add some arguments to the discussion in terms of initial
aerosol radiative forcing, based on a state of the art model.

2 Experiment description

2.1 Model set-up

The chemistry climate model MAECHAM4/CHEM (Steil
et al., 2003; Manzini et al., 2003) extends with 39 lay-
ers from the surface to 0.01 hPa. The prognostic variables
are vorticity, divergence, surface pressure, temperature, wa-
ter vapour, and cloud (liquid and ice) water content. The
MAECHAM4/CHEM is run at T30 resolution. Physical pro-
cesses and nonlinear terms of dynamical fields are calculated
on a Gaussian longitude-latitude grid with a nominal res-
olution of 3.75◦×3.75◦. The chemistry scheme describes
stratospheric O3 and tropospheric background NOx-HOx-
CH4-CO-O3 chemistry. 18 variables are transported, while
family members and radicals are calculated analytically. 110
photochemical reactions and heterogeneous reactions on po-
lar stratospheric clouds and sulfate aerosols are considered.
For the current study, a tropospheric sulphur scheme (Fe-
ichter et al., 1996) is coupled to the MAECHAM4/CHEM.
The sulfur scheme calculates transport, emission, chemistry
and wet and dry deposition of DMS, SO2 and SO2−

4 . It
has been suggested (Pinto et al., 1989; Bekki, 1995) that
for extremely large volcanic eruptions the stratospheric OH
concentration can be significantly reduced by the SO2 ox-
idation and the troposphere can be shielded from the UV
flux. This implies a prolonged SO2 lifetime and therefore
a longer volcanic perturbation. These effects have not been
taken into account in the current study where we concen-
trate on the initial dispersal of the volcanic cloud. In anal-
ogy to Timmreck et al.(2003) the H2O/H2SO4 aerosol is
considered by a bulk approach and a simple parametrisa-
tion for the aerosol size distribution. To keep track of the
time evolution of the aerosol size distribution, we calculate
the aerosol mode radiusrm from the effective radiusre and
the standard deviation of the size distributionσ . σ=1.86 is
kept constant in time and space because the aerosol radia-
tive properties are only weakly dependent onσ (Stenchikov
et al., 1998). The effective radius is derived from the on-
line calculated aerosol volume according to an empirical for-
mula, which has been derived from aerosol size distribu-
tion measurements made at Laramie, Wy. after Pinatubo
(Grainger et al., 1995). While this might not lead to op-
timal results under the condition of massive SO2 injection
into the stratosphere, it may serve as a first order approx-
imation. A more sophisticated treatment needs a coupled
chemistry-microphysics approach (Timmreck, 2001) that is
currently prepared. The sulphate aerosol is coupled with the
radiation and the chemistry scheme. The MAECHAM4 ra-
diation scheme is based on a two–stream method with two
spectral intervals in the solar and near infrared (0.25–4µm)
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(Morcrette, 1991) and six in the terrestrial part (4–250µm)
of the spectrum (Fouquart and Bonnel, 1980). It considers
the absorption of greenhouse gases as well as scattering and
absorption by clouds and aerosols (Roeckner et al., 1996).
For the radiation calculations the volcanic aerosol optical pa-
rameters are derived from the time dependent aerosol mass
mixing ratio and size and weight percentage dependent nor-
malised extinction and absorption coefficients, and asymme-
try factors. In the chemistry scheme the volcanic aerosol is
considered in the calculation of heterogeneous reactions on
the surface of the aerosol particles and in the calculation of
the actinic flux. For a detailed model description seeTimm-
reck et al.(2003).

2.2 Initialization of the super eruption

We assumed an initial volcanic SO2 emission of
1700 Mt. Ash is not considered in the model although
it may change the initial heating and transport. The vol-
canic cloud is implemented at the geographical location of
Yellowstone National Park. In the horizontal the SO2 cloud
is initialised over 2 grid boxes between 40.82◦ N–48.24◦ N
and 112.5◦ W–108.5◦ W. In the vertical, the initial SO2 mass
is distributed over four model layers between 47—15 hPa
(21.5–29 km) with two thirds of the mass between 23–27 km.
This corresponds to satellite observations after the Pinatubo
eruption, which have shown that the volcanic plume reached
up to a height of 35–40 km, with the bulk of the aerosol
centred around 25 km and ranging between 20 km and 29 km
(Sparks et al., 1997). It is worth to note that a super eruption
may inject SO2 considerably higher. The injection height
will depend on the ash/gas mass flux, which, if exceeding
a critical threshold, will lead to a collapse of the Plinian
plume, to pyroclastic flows and secondary eruption plumes.
However, there is not enough information at this time to
consistently change these initial conditions and thus we
propose a generic super eruption.

To study the seasonally dependent transport we have car-
ried out two experiments for typical months of Northern
Hemisphere summer and winter circulation. In the first one
the volcanic cloud is released in mid June (YESTJUN), in the
second one the volcanic cloud is released in mid December
(YESTDEC). The experiments are performed under present
day conditions with chemical emissions from 1990 (Steil et
al., 2003). The sea surface temperature (SST) is prescribed
by monthly mean data using the AMIP dataset (Gates et al.,
1999). In the following we will consider only the first 12
months after the eruption, when the impact on slower com-
ponents of the climate system (ocean and biosphere) is small.
For a longer simulation period it is expected that the the feed-
back on the OH concentration and various climate feedbacks
(response of the ocean and biosphere) will become more and
more important. Such simulation is planned for the near fu-
ture and requires dynamic coupling of ocean and vegetation.

3 Results

3.1 Global dispersal of the volcanic cloud

The global spreading of the aerosol cloud is an essential el-
ement of a fully interactive super volcano simulation. In
Fig. 1, the spatio-temporal development of the simulated
aerosol column burden is shown for both experiments for
the first two weeks after the eruption. The initial dispersal
of the volcanic cloud is completely different between both
experiments. In the summer case, YESTJUN, the volcanic
cloud moves west and preferentially southward. In the win-
ter case, YESTDEC, the simulated volcanic cloud rapidly
moves east- and more northward compared to YESTJUN.
Similar as was observed for the Pinatubo eruption, the vol-
canic cloud has encircled the earth after two weeks in both
experiments. However, the aerosol cloud in YESTDEC re-
mains in the Northern Hemisphere while in YESTJUN a sig-
nificant portion of the aerosol has crossed the equator.

While the initial dispersal of the volcanic cloud in YEST-
DEC is similar to what one would anticipate from other
Northern Hemisphere volcanic simulations (Graf and Timm-
reck, 2001), the transport characteristic of the volcanic cloud
in YESTJUN is different. Reason for this significant differ-
ence is the Aleutian high, which in the summer months drives
the volcanic cloud towards the equator. In winter strong
westerly winds are predominant which transport air east and
polewards. The different transport characteristics of the vol-
canic cloud in both experiments is also mirrored in the at-
tached movies where the global dispersal of the aerosol mix-
ing ratio at 24 km is shown for the first year after the eruption
(Movie 1 and 2 (see supplement: http://www.atmos-chem-
phys.org/acp/6/35/acp-6-35-sp.zip) and in the zonal mean
optical depthτ0.5 (Fig.2). Optical depths exceedingτ0.5=5 at
λ=0.5µm are found in YESTJUN during the first 6 months
after the eruption predominantly between 5◦ S–50◦ N. Fur-
ther poleward transport is reduced in the Northern Hemi-
sphere winter stratosphere by the developing polar vortex,
which represents an efficient boundary for trace species. In
the winter scenario the volcanic aerosol is more confined to
the Northern Hemisphere. Maximum optical depth exceed-
ing τ0.5=5 is found between 20◦ N–60◦ N. In the Southern
Hemisphere the optical depth is much less increased than
in YESTJUN. Optical depths ofτ0.5>2.5 are not reached in
YESTDEC south of 5◦ S while in YESTJUN this value is
reached, in the first half year after the eruption, even in the
Southern Hemisphere mid-latitudes. One year after the erup-
tion the optical depth is still aboveτ0.5=0.5 over large areas
in both experiments which corresponds to the maximum op-
tical depth after the Pinatubo eruption. One has to keep in
mind that the life time of the volcanic aerosol will probably
be prolonged due to reduced SO2 oxidation as discussed for
the Toba eruption byBekki et al. (1996). This could also
modify the timing and the amount of the aerosol maximum.

www.atmos-chem-phys.org/acp/6/35/ Atmos. Chem. Phys., 6, 35–49, 2006
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Fig. 1. Geographical distribution of aerosol column burden in both experiments for the first month after the eruption. The location of the
Yellowstone National park is indicated by a cross.
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YESTJUN-NI YESTDEC-NI

Fig. 2. Optical depth at 0.5 ��� for the four experiments. The top panels show the experiments where the aerosol is treated interactivly the
lower panels the corresponding non-interactive experiments. Numbers at the abscissae indicate month and year after the eruption.
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Fig. 2. Optical depth at 0.5µm for the four experiments. The top panels show the experiments where the aerosol is treated interactivly the
lower panels the corresponding non-interactive experiments. Numbers at the abscissae indicate month and year after the eruption.

The optical depth pattern looks completely different from
the one which was found for the much weaker Northern
Hemisphere mid-latitude volcano Laacher See eruption (Graf
and Timmreck, 2001), where the aerosol was confined in
Northern Hemisphere mid and high latitudes and did not
reach the Southern Hemisphere. One reason for these dif-
ferences is the geographical location of both volcanoes. The
Laacher See is situated at Western Germany, while our
theoretical super volcano is located at Yellowstone on the
North American continent. The latter is, as discussed above,
strongly influenced by the Aleutian high, which drives the
volcanic cloud towards the equator in the summer months.
Another aspect is the amount of SO2 released: 1700 Mt for
“Yellowstone” compared to 15 Mt for Laacher See. This
leads to a stronger radiative forcing in the super volcano case
which will discussed below.

3.2 Influence of radiative heating on the initial transport

Previous model studies for the Mt. Pinatubo aerosol (Young
et al., 1994; Fairlie, 1995; Timmreck et al., 1999b) stressed
the importance of the locally induced aerosol heating for the
equatorial displacement of the volcanic cloud. We there-
fore set up two experiments (YESTJUN-NI – analogous
to YESTJUN and YESTDEC-NI analogous to YESTDEC),
where the volcanic aerosol is not treated interactively, but
is only passively transported. Similar to YESTJUN and
YESTDEC the initial volcanic cloud is transported west-
ward in YESTJUN-NI and eastward in YESTDEC-NI. How-
ever the optical depth shows large differences between non-
interactive and interactive simulations (Fig.2). In the
non-interactive cases the bulk of the volcanic cloud is re-
stricted between 30◦ N–90◦ N, while in the interactive cases
the maximum of the cloud is found between the equator

www.atmos-chem-phys.org/acp/6/35/ Atmos. Chem. Phys., 6, 35–49, 2006



40 C. Timmreck and H.-F. Graf: Radiative forcing of a super eruption

and 60◦ N. Significantly less volcanic aerosol is transported
across the equator in YESTJUN-NI and YESTDEC-NI. The
optical depth does not exceed valuesτ0.5>1. south of 30◦ S.
The largest deviations occur for the summer case (between
YESTJUN and YESTJUN-NI), where the maximum opti-
cal depth is shifted northwards by about 30◦ in the North-
ern Hemisphere. In the Southern Hemisphereτ0.5 peak opti-
cal depth in the first four months after the eruption is about
5 times lower in the non interactive case than in the inter-
active one. As the volcanic cloud is much less dispersed
in YESTJUN-NI and YESTDEC-NI than in YESTJUN and
YESTDEC, the maximum optical depth with valuesτ0.5>10
is more than twice as large than in the interactive cases. Simi-
lar to the Pinatubo case, the aerosol induced heating leads to a
more global spreading and to a pronounced southward trans-
port. It is therefore important for all volcanic tracer studies
to treat the aerosol interactively. In the following sections we
will investigate the radiative forcing in more detail.

3.3 Radiative heating

The calculation of radiative forcing is sensitive to its defi-
nition (Stenchikov et al., 1998). Here, we consider the in-
stantaneous radiative forcing by calling the radiation code
twice in the model. Radiative heating and net radiative fluxes
are estimated at every time step from the difference between
the radiation calculations with and without volcanic aerosol.
The instantaneous aerosol radiative forcing (vertical struc-
ture of the aerosol net heating rates) is insensitive to cli-
mate variations except in the regions with changed dense
clouds (Stenchikov et al., 1998). Figure3 shows the simu-
lated zonal mean vertical cross sections of the total aerosol
radiative heating and the aerosol mass mixing ratio in both
experiments for one, three, six, nine and twelve months af-
ter the eruption. In general, both experiments show a similar
anomaly pattern, slightly modified by the latitudinal shift of
the volcanic aerosol and the different annual cycle. In the first
six months after the eruption, aerosol induced positive heat-
ing rate anomalies of more than 0.8 K/day are found in the
tropical region with maximum values of more than 1.6 K/day
three months after the eruption. Above 25 hPa in the trop-
ics, and above 100 hPa in mid-latitudes and Northern Hemi-
sphere high latitudes, strong negative heating rate anomalies
are depicted in the first half year after the eruption. Max-
imum negative heating anomalies are found three months
after the eruption with values of more than−1.6 K/day in
YESTJUN and−0.8 K/day in YESTDEC. The strong cool-
ing tendencies at higher altitudes in the stratosphere result
from the heating anomalies in the long wave radiation. This
becomes clear by analyzing the heating rate anomalies in the
solar (0.25–4µm) and the terrestrial (4–250µm) bands of
the ECHAM radiation scheme separately. In Fig.4 this is
shown for YESTJUN. A similar picture is found for YEST-
DEC (not shown). In the solar part of the spectrum, which in-
cludes both the visible (0.25–0.68µm) and the near infrared

(0.68–4µm), positive heating anomalies due to the absorp-
tion of near infrared are found where the bulk of the aerosol
cloud is located. In the first half year after the eruption max-
imum values above 0.8 K/day are found. A slight cooling
due to less absorption by water vapor can be depicted in the
troposphere. For the long-wave radiation the zonal mean
structure in the troposphere and lowermost stratosphere is
determined by a net gain of energy and positive heating rate
anomalies owing to enhanced absorption of longwave radi-
ation. They are in the order of up to 1.6 K/d three months
after the eruption in the aerosol containing layers and below
the aerosol cloud. Above this region, a net loss of energy and
reduced heating is calculated by the model because less ter-
restrial radiation reaches this altitude and the aerosol irradi-
ates more into space. Thus, strong cooling tendencies appear
with maximum values of−3.2 K/day three months after the
eruption. This strong cooling effect weakens with decreasing
aerosol density over time and it’s position is shifted from the
middle of the aerosol layer to the top of the volcanic cloud.
The cooling also prevents the aerosol laden air from further
rising. While the maximum of the volcanic cloud is located
around 20 hPa one month after the eruption, it is found be-
tween 100 and 30 hPa half a year later due to gravitational
settling of the aerosol.

The strong negative anomalies are in contrast to ear-
lier Pinatubo simulations with much less dense aerosol
(Stenchikov et al., 1998; Timmreck et al., 1999a; Ramachan-
dran et al., 2000), where the total radiative heating anomalies
are dominated by the solar effect. The maximum total net
heating anomalies simulated for our model study are only
about three to four times higher than for the Pinatubo case
(with values from 0.3–0.4 K/day in the first months after the
eruption) although the initial SO2 mass is about a factor of
100 higher. Hence, the radiative forcing is coupled to aerosol
density in a non-linear (damped) way.

3.4 Flux anomalies

In our simulation we determine the forcing by radiation cal-
culations with and without volcanic aerosol. Thus, we ne-
glect any stratospheric temperature perturbation in our ra-
diative calculation which may modify the forcing. Figure5
shows for both experiments changes of the zonal mean net
radiative flux at the top of the atmosphere and at the surface.
In the case of YESTJUN we find at the surface in the first half
year a net radiative cooling of less than−16 W/m2 between
60◦ S and 60◦ N and less than−32 W/m2 in the subtropics.
In YESTDEC, minimum values less than−32 W/m2 are not
as frequent as in YESTJUN, but values less than−16 W/m2

are found up to 90◦ N in Northern Hemisphere summer. At
polar latitudes the forcing is positive in winter. Then the ab-
sorption of terrestrial radiation during the polar night leads
to a gain of radiative energy, while at lower latitudes the loss
due to backscattering of shortwave radiation is dominant.

Atmos. Chem. Phys., 6, 35–49, 2006 www.atmos-chem-phys.org/acp/6/35/
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Fig. 3. Anomalies of the monthly mean zonally averaged total heating rates (K/d) caused by a theoretical super eruption in both experiments
for different months after the eruption. The contour lines indicate the aerosol mass mixing ratio (ppm S).
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Fig. 3. Anomalies of the monthly mean zonally averaged total heating rates (K/d) caused by a theoretical super eruption in both experiments
for different months after the eruption. The contour lines indicate the aerosol mass mixing ratio (ppm S).
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Fig. 4. Anomalies of the monthly mean zonally averaged solar (left panel) and terrestrial (right panel) heating rates (K/d) caused by a
theoretical super eruption in YESTJUN for different months after the eruption. The contour lines indicate the aerosol mass mixing ratio
(ppm S).Atmos. Chem. Phys., 0000, 0001–16, 2005 www.atmos-chem-phys.org/0000/0001/

Fig. 4. Anomalies of the monthly mean zonally averaged solar (left panel) and terrestrial (right panel) heating rates (K/d) caused by a
theoretical super eruption in YESTJUN for different months after the eruption. The contour lines indicate the aerosol mass mixing ratio
(ppm S).
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Top of the atmosphere Top of the atmosphere

Surface Surface

Fig. 5. Zonally and monthly averaged all–sky net radiative flux anomalies (W/m
�

) between YESTJUN and a control run(left panel) and
YESTDEC and a control run (right panel) at the top of the atmosphere and at the surface. Numbers at the abscissae indicate month after the
eruption.
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Fig. 5. Zonally and monthly averaged all–sky net radiative flux anomalies (W/m2) between YESTJUN and a control run (left panel) and
YESTDEC and a control run (right panel) at the top of the atmosphere and at the surface. Numbers at the abscissae indicate month after the
eruption.

A comparison of the net radiative fluxes for the generic
mid-latitude super eruption with the one calculated for the
Pinatubo eruption shows that the structure of all-sky net ra-
diative fluxes at the surface is similar, but about a factor of
6 larger. In contrast, the flux anomaly pattern at the top of
the atmosphere is completely different in our study than for
Pinatubo (Stenchikov et al., 1998) and Laacher See (Graf and
Timmreck, 2001) eruptions. In addition to the positive flux
anomalies in high latitudes during polar night, large posi-
tive flux anomalies of more than 16 W/m2 are found in the
first months after the eruption between 30◦ S and 30◦ N in
YESTJUN and 10◦ S and 10◦ N in YESTDEC. The net gain
of energy results from the strong positive flux anomalies in

the long wave range due to the reduction of the outgoing long
wave flux. This was also evident in the heating rates (Figs.3,
4). Figure6 shows for YESTJUN meridional cross sections
of the net flux anomalies three and twelve months after the
eruption for the total, the solar and the terrestrial part. The
total net flux anomalies are dominated in the troposphere by
changes in solar net flux, and in the tropical and subtropical
stratosphere by changes in the long wave flux. The net flux
anomaly in the solar spectrum is almost the same at all levels
since the visible radiation is only scattered and not absorbed.
Only in the region of high water vapor, clouds and volcanic
aerosols modify the net flux as the near infrared radiation is
absorbed by them. The net flux anomalies in the terrestrial
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Fig. 6. Altitude-height cross section of monthly and zonally averaged radiative flux anomalies (W/m
�

) between YESTJUN and a control run
three and twelve months after the eruption.
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Fig. 6. Altitude-height cross section of monthly and zonally averaged radiative flux anomalies (W/m2) between YESTJUN and a control run
three and twelve months after the eruption.
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Fig. 7. Altitude-height cross section of monthly and zonally averaged temperature differences between YESTJUN and the control run.

Fig. 8. Geopotential height anomalies [gpm] at 50 hPa between YESTJUN and the control run for the first winter after the eruption.
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Fig. 7. Altitude-height cross section of monthly and zonally av-
eraged temperature differences between YESTJUN and the control
run.

spectrum are steadily increasing with height. This is caused
by the reduction of the outgoing thermal flux due to aerosol
absorption.

3.5 Dynamical response

Our results are based on only one pair (disturbed and undis-
turbed) of numerical experiments. Hence, we concentrate on
instantaneous radiative forcing rather than on climate sensi-
tivity. Furthermore we have prescribed the SST. The runs are
therefore not suitable to discuss possible climate effects of
a Northern Hemisphere mid-latitude super eruption. How-
ever, a first comparison between the disturbed and the undis-
turbed model simulations revealed that very strong positive
temperature anomalies of more than 30 K could be expected
in the tropical lower stratosphere in the first months after the
eruption. Negative temperature anomalies of several Kelvin
due to the emission of longwave radiation were found above
them. Figure7 shows for YESTJUN the zonal averaged

Fig. 8. Geopotential height anomalies [gpm] at 50 hPa between
YESTJUN and the control run for the first winter after the eruption.

temperature anomalies three and twelve months after the
eruption. Similar patterns can be seen for YESTDEC (not
shown) but with slightly smaller negative and positve tem-
perature anomalies due to less aerosol radiative heating (see
also Fig.3). Three months after the eruption maximum pos-
itive temperature anomalies of up to 35 K are found between
30◦ S and 30◦ N and between 75 hPa and 100 hPa. After one
year the temperature anomaly in that region is still more than
10 K. Negative temperature anomalies are detected above
20 hPa with maximum values of more than−5 K around
10 hPa after three months. In the first year after the erup-
tion the maximum height of the tropical cooling is slightly
descending with time to 30 hPa and the spread of the nega-
tive temperature differences is also drastically reduced due to
the vanishing longwave effect.

Stratospheric geopotential height and wind anomalies be-
tween the perturbed and the unperturbed run are similar to
what one knows from large tropical eruptions e.g. Pinatubo
(Graf et al., 1993; Timmreck et al., 1999b; Stenchikov et al.,
2002, 2004). We see for YESTJUN that the strong pole-to-
equator temperature gradient (Fig.7) led to an enhanced po-
lar vortex in the stratosphere (Fig.8) in the first winter af-
ter the eruption (similar results we obtain for YESTDEC).
This enhanced polar vortex strength will have effects on tro-
pospheric climate via modulation of planetary wave propa-
gation. However, in our simulations in the troposphere the
temperature effect is only small and rapidly decreasing due
to the prescribed SST.

To study tropospheric climate sensitivity a multi mem-
ber ensemble run of a coupled ocean/atmosphere/chemistry
model is necessary, which we are planning for the near fu-
ture.
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Fig. 9. Altitude-height cross section of the tropical averaged (30 � S-30 � N) trace gas concentrations in the control run and the simulated
changes between the disturbed (YESTJUN)and the control run.
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Fig. 9. Altitude-height cross section of the tropical averaged (30◦S-30◦N) trace gas concentrations in the control run and the simulated
changes between the disturbed (YESTJUN) and the control run.
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3.6 Chemical changes

Large Volcanic eruptions alter the chemical composition of
the atmosphere significantly. It is therefore interesting to
look at changes in the chemical concentration after such an
eruption Our results are however limited because in the first
months after the eruption, the high SO2 concentration has a
significant impact on stratospheric OH and O3 (Bekki, 1995).
This effect is not taken into account in the present simulation
as well as the additional impact of volcanic released water
vapor and halgon species are neglected. Figure9 shows an
altitude-height cross section of the average simulated tropical
(30◦ S–30◦ N) changes in volume mixing ratio between the
disturbed and the undisturbed run for YESTJUN. Analogous
results are found for YESTDEC (not shown). The results in
general look similar to what is known for trace gas changes
after the Pinatubo eruption (Al-Saadi et al., 2001; Rozanov
et al., 2002; Timmreck et al., 2003) but the deviations are
much stronger. Aerosol induced heating leads to an uplift of
the trace gases, which can clearly be seen in the upper strato-
spheric increase in CH4 concentration of up to 75% and in
the increase in NOx above 40 km, The strong loss of more
than 50% in the lower stratosphere in NOx is mainly a result
of heterogeneous chemistry. Heterogeneous reactions on the
surface of the aerosol particles lead to a conversion of NOx
to HNO3 and to chlorine activation (increase of ClOx). The
concentration of ClOx increases by more than 250% in the
aerosol containing layers and below, The tropical averaged
O3 mixing ratio decreases in our simulation between 20 km–
30 km due to heterogeneous chemistry and upward transport
(up to−20%), and increases above 30 km (up to 10%) due
to a decrease in NOx. This agrees qualitatively with other
model studies (e.g.Rozanov et al.(2002)) and with measure-
ments of tropical ozone profiles after Pinatubo (e.g.Grant
et al. (2001)). While for the Pinatubo simulation we found
only slight increases in the simulated O3 mixing ratio below
20 km, the increase in O3 is over 60% in our super volcano
simulation in the first months after the eruption. This is prob-
ably due to changes in the photolysis rates. It should be em-
phazised that in the first months after the eruption, the high
SO2 loading has a significant impact on stratospheric OH and
O3 (Bekki, 1995). This effect is not taken into account in the
present simulation and could modify the results in particular
the O3 concentration. Nevertheless the simulated changes are
so strong that they should not be altered significantly when
the resuced SO2 loading is considered.

4 Conclusions

Simulating a Northern Hemisphere mid-latitude super erup-
tion we forced a middle atmosphere chemistry climate model
with an initial SO2 cloud of 1700 Mt in the lower strato-
spheric mid-latitudes. Our experiments show that the dis-
persal of the volcanic cloud of a mid-latitude super eruption

located at Yellowstone National Park is strongly dependent
on the season of the eruption. The aerosol cloud of a summer
eruption is transported west and more southward, while the
cloud of a winter eruption is transported east and more north-
ward. In the case of a summer eruption much more strato-
spheric aerosol is transported to the Southern Hemisphere.
The reason for the seasonal dependent transport pattern is
the stratospheric Aleutian high, which in the Northern Hemi-
sphere summer months drives the volcanic cloud towards the
equator. In boreal winter strong westerly winds are predom-
inant which transport air east and northwards.

Optical thickness in the visible part of the solar spectrum
reaches values above 10 during the first 6 months from north-
ern tropics to mid-latitudes after the summer eruption, and
in northern mid-latitudes after the winter eruption. If the
aerosol is transported passively, the maximum optical thick-
ness is strongly overestimated due to reduced meridional
(southward) transport. A comparison of the net aerosol heat-
ing rate and flux anomalies for the generic Northern Hemi-
sphere mid-latitude eruption with the one calculated for the
Pinatubo eruption shows that the all-sky net radiative fluxes
at the surface are about 6 times and the heating rate anoma-
lies are about three to four times higher. Note that we used a
100fold initial sulphur injection! In contrast to prior studies
of large volcanic eruptions of e.g. Mt Pinatubo size, our sim-
ulations revealed that the changes in the longwave radiation
are dominant in the first months after the eruption, leading to
strong cooling in the middle stratosphere and to large posi-
tive flux anomalies in the tropics and subtropics at the top of
the atmosphere. At the surface we found large negative flux
anomalies with peak values of less than−32 W/m2. This will
have important consequences for the climate effects, which
will be studied in an upcoming investigation with a fully cou-
pled ocean/atmosphere/chemistry model including dynamic
vegetation. The simulation of a super eruption is however a
quite difficult task due to the various complex interactions
between chemical, microphysical, dynamical and biologi-
cal processes. To understand the various feedback mecha-
nisms it is important to investiagte them step by step. We
suggest to start initially with an Atmosphere GCM study-
ing the radiative and chemical effects of sulphate aerosol
and ash. Furthermore the ash deposition at the surface and
it’s effect on albedo and snow cover will be included. In
a second step the ocean response (SST, circulation changes
due to altered atmospheric dynamics) should be investiged
with a Atmosphere-Ocean GCM. Strong tropospheric cool-
ing is expected in a fully coupled Atmosphere-Ocean GCM
because of the large negative radiative flux anomalies at the
surface. Massive negative temperature anomalies worldwide
over several years would necessarily impact vegetation, es-
pecially tropical rain forests, and have at least a transient
effect on the carbon and other biogeochemical cycles. It is
therefore necessary to continue the work for a longer simula-
tion period including the coupling with a dynamic vegetation
model. Analyzing and understanding the climate effects of a
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super eruption requires the full complexity of an Earth sys-
tem model.
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