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Significant decadal-scale impact of volcanic
eruptions on sea level and ocean heat content
John A. Church1,2, Neil J. White1,2 & Julie M. Arblaster3,4

Ocean thermal expansion contributes significantly to sea-level
variability and rise1. However, observed decadal variability in
ocean heat content2,3 and sea level4 has not been reproduced well
in climate models5. Aerosols injected into the stratosphere during
volcanic eruptions scatter incoming solar radiation, and cause a
rapid cooling of the atmosphere6,7 and a reduction in rainfall6,8,9, as
well as other changes in the climate system7. Here we use
observations of ocean heat content2,3 and a set of climate simu-
lations to show that large volcanic eruptions result in rapid
reductions in ocean heat content and global mean sea level. For
the Mt Pinatubo eruption, we estimate a reduction in ocean heat
content of about 3 3 1022 J and a global sea-level fall of about
5mm. Over the three years following such an eruption, we
estimate a decrease in evaporation of up to 0.1mmd21, compa-
rable to observed changes in mean land precipitation6,8,9. The
recovery of sea level following the Mt Pinatubo eruption in 1991
explains about half of the difference between the long-term rate of
sea-level rise4 of 1.8mmyr21 (for 1950–2000), and the higher rate
estimated for the more recent period where satellite altimeter data
are available (1993–2000)4,10.

Coupled climate models show better agreement with observations
on both annual and decadal timescales when volcanic forcing is
included11–13. Volcanic eruptions also lead to changes in ocean heat
content14,15 but, to date, there has been little focus on their impact on
sea level, other than suggestions that they may be responsible for a
component of observed decadal variability4.

In order to isolate the volcanic signal, we use a subset of the climate
simulations completed with the Parallel Climate Model (PCM16).
The PCM has an atmospheric resolution of about 2.88 by 2.88 with 18
levels in the vertical and an ocean resolution of 2/38 to 1/28 and 32
levels17. We use two three-member ensembles started from different
points in the control run. The first ensemble has time-varying
volcanic, solar, greenhouse gases, tropospheric (non-volcanic) sul-
phates and ozone (‘VSGSuOz’) forcing. The second has ‘SGSuOz’
forcing, with the volcanic component omitted. We also use the
control simulation, in which the forcing is constant. The zonally
averaged volcanic forcing12 (indicated by atmospheric optical depth
in the figures) used here for the period 1890–2000 (that is, starting
after the large Krakatoa eruption of 1883) was derived in a consistent
way based on the total amount of sulphate released and consideration
of the seasonally varying stratospheric transport and decay.

We calculated the change in global mean sea level (GMSL), relative
to the control run, resulting from ocean thermal expansion from
1890 to 2000 from monthly-averaged temperatures and salinities. For
the SGSuOz (VSGSuOz) simulations, there was an increase in GMSL
of about 43 mm (37 mm) over the 110 yr time span (Fig. 1a). There
were two large volcanic eruptions before 1915, then a relatively
quiescent period followed by a sequence of major eruptions starting
in 1963, of which the three largest were Mt Agung (Indonesia, 1963),

El Chichon (Mexico, 1982) and Mt Pinatubo (Philippines, 1991).
Following each eruption there was a fall in GMSL of several milli-
metres and an abrupt cooling of the ocean, typically within a year.

The volcanic GMSL (full ocean depth) and global ocean heat
content (GOHC, upper 300 m only) signal was identified by sub-
tracting results from pairs of simulations with and without volcanic
forcing and forming the ensemble average of these differences
(Fig. 1b, c). There is uncorrelated variability in the individual
ensemble members associated with mismatches in signals from
climate variability such as El Niño/Southern Oscillation (ENSO),
but the volcanic signal is clear. GMSL and GOHC fall by about 5 mm
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Figure 1 | Changes in global mean sea level (GMSL) and global ocean heat
content (GOHC) in the PCM simulations. a, Three pairs of simulations of
full depth GMSL with time-varying volcanic, solar, greenhouse gases,
sulphates and ozone (‘VSGSuOz’) forcing and the corresponding
simulations without the volcanic forcing (‘SGSuOz’) are shown respectively
by the solid and dashed lines. The differences between the pairs for GMSL
(DGMSL; b) and GOHC (upper 300 m only) (DGOHC; c) are the coloured
lines and the ensemble average is the bold black line. The global average
optical depth (stratospheric optical depth at 0.5mm; ref. 12) is also shown
(thin black line at bottom; arbitrary scale).
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and 3 £ 1022 J (the largest response follows the Mt Pinatubo erup-
tion) and then rise over the following decade or more. Smaller
eruptions followed the 1903 Santa Maria and the 1963 Mt Agung
eruptions, and in these cases the recovery to pre-eruption levels took
in excess of 15 yr. For the Mt Pinatubo eruption, the recovery was not
complete at the end of the simulations in 2000. Over 1890 to 2000,
the volcanic forcing leads to a reduction of about 6 mm in GMSL,
most of which occurs from 1960 to 2000. This reduction offsets part
of the acceleration in sea-level rise in the latter part of the twentieth
century in the SGSuOz simulations.

We compare two estimates (Levitus et al.2 and Ishii et al.3, updated
2005) of yearly GOHC and the associated thermal expansion compo-
nent of sea level available after 1955 with the model results. We focus
on the upper 300 m principally because of the better coverage of
ocean data in this depth range, and because full depth and upper
300 m heat content (and sea-level) time series in the model are well
correlated (for example, the correlation is 0.86 for sea level) and the
variability of the pairs of time series are virtually the same magnitude.
Despite this upper ocean focus, the major limitation of these ocean
products is the lack of global coverage18 and reliable error estimates.
The two estimates of observed GOHC and GMSL are well correlated
(both above 0.8) and show a similar decrease following major
volcanic eruptions. For the observations, it is not possible (as it is
in the model simulations) to separate the response to the volcanic
forcing from other external forcing, and the observations contain
contributions from natural climate variability (for example, ENSO
events) that may occur at different times to the model’s internal
variability. Despite the uncertainties in the volcanic forcing and the
incomplete ocean database, the detrended GMSL and GOHC time
series (Fig. 2) are correlated with the detrended model results, 0.59
(0.59) and 0.49 (0.44), respectively for the Levitus2 (Ishii3) data sets.
These post-eruption drops in sea level agree qualitatively with the
observed (tide-gauge based4) GMSL record.

For the Mt Pinatubo eruption, for which there are better obser-
vations of stratospheric aerosols and ocean heat content, the
observed GMSL and GOHC fall by about 5 mm and 3 £ 1022 J,
similar to the model ensemble average. This agreement supports
the validity of the stratospheric aerosol loading for the Mt Pinatubo
eruption12. The slow recovery towards pre-eruption values is slightly
faster in the observations than in the model. The observations are
also clearly affected by the 1997/98 ENSO event.

For the 1963 Mt Agung and the 1982 El Chichon eruptions,
the magnitude of the observed signal is more than twice that of
the model results. For the Mt Agung eruption, the stratospheric
aerosol concentration used here12 is only 20% larger in the (ocean-
dominated) Southern Hemisphere than in the Northern Hemisphere,
whereas other studies suggest that it should be a factor of three to
eight larger12. To test the sensitivity of the PCM results, we use three
additional climate models that use volcanic forcing. These are the
twentieth-century simulations (20C3M) of the NASA Goddard
Institute for Space Studies (GISS-ER) model (nine-member ensem-
ble), and the Centre for Climate System Research, University of
Tokyo, high resolution model (MIROC3.2(hires), one ensemble
member) and medium resolution model19 (MIROC3.2(medres),
three-member ensemble). (Documentation of these models is avail-
able from http://www-pcmdi.llnl.gov.) As there are no comprehen-
sive sets of simulations available to us for these additional models
that allow the specific volcanic response to be isolated, we remove the
long-term sea-level rise by subtracting a quadratic (the approximate
expected response to increasing greenhouse gases) from the full
model depth GMSL time series for all of the models, including the
PCM. The residuals (Fig. 2c) will contain the interannual volcanic
signal as well as other variability. For the PCM model, the residuals
are very similar to the results obtained by differencing the volcanic-
non volcanic simulations. The response of all of the models is very
similar (correlations between 0.7 and 0.9), and the GISS/MIROC
correlations (which both use an update of the Sato et al.20 volcanic

forcing) are above 0.85. The GISS-ER model has the largest response,
particularly for the Mt Agung eruption, but still smaller than
the observed response. The remaining discrepancies between the
observations and the model results may be due to the inadequate
ocean database (particularly large gaps in the Southern Hemisphere
coverage18) used for determining observed GOHC and GMSL, as well
as uncertainties in the volcanic forcing and climate model sensitivity.

To better understand the processes involved, we focus on the Mt
Pinatubo eruption (June 1991) because of its stronger radiative
forcing and the better observations available. The primary driver of
the fall in sea-surface temperature, GMSL and GOHC in the PCM is
the rapid reduction in net solar flux at the ocean surface (Fig. 3a) of
up to 6 Wm22 in late 1991. By early 1994, the net solar flux had
virtually recovered to pre-eruption values, even though the optical
depth from the volcanic aerosols had not yet recovered. The net
shortwave forcing recovers to pre-eruption values faster than the
volcanic optical depth, perhaps as a result of reduced cloud cover, as
found in earlier model studies6. In the global average, the fall in the
model sea surface temperature is about 0.4 8C and almost recovers to
pre-eruption values in 1995, whereas observations21 show a smaller

Figure 2 | Observed and modelled GOHC and GMSL for the period 1960–
2000. The response to volcanic forcing, as indicated by the differences
between the pairs of PCM simulations for GOHC (a) and the GMSL (b) is
shown for the ensemble mean (bold line) and the three ensemble members
(light lines). The observational estimates2,3 of GOHC and GMSL are shown
by the black and blue bold lines. For a and b, all results are for the upper
300 m only and have been detrended over the period 1960–2000. c, The
ensemble mean (full depth) GMSL for the GISS-ER, MIROC3.2(hires),
MIROC3.2(medres) and the PCM models (after subtracting a quadratic) are
shown.
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fall (about 0.3 8C) and a faster recovery. In both observed and
modelled sea surface temperature, the cooling occurs over a band
from about 508 S to 608N, with maximum cooling at mid-latitudes
during the Southern Hemisphere summer of 1991/1992 and the
Northern Hemisphere summer of 1992. The maximum cooling of
both hemispheres in the summer is probably a result of shallow
mixed layers at this time of year, which respond more rapidly to a
given heat flux change. Sea-ice feedbacks6 may also be a factor.

The latent heat flux anomaly (a warming of the ocean of 2 Wm22

peaking in early 1993, Fig. 3a) corresponds to reduced evaporation of
about 0.1 mm d21, agreeing with observed land mean precipitation
reductions following volcanic eruptions8,9. The maximum in the
latent heat flux anomaly occurs at about the same time as
the minimum of sea surface temperature and 12 months after the
maximum reduction in the shortwave flux. There is also a smaller
ocean cooling from the net longwave flux. The ocean cools rapidly as
a result of the reduction in the total heat flux of about 5 Wm22. This
total flux is consistent with the observed reduction in the net forcing
of the climate system between 408N and 408 S (land and ocean)22 of
4.3 Wm22. The cooling peaks in late 1991, returning to almost zero
by mid-1993, then the ocean slowly warms (Fig. 3b). As a result, the

GOHC and GMSL (upper 300 m only; Fig. 3c, d) fall rapidly for 12 to
18 months following the eruption, with a slower recovery, which was
not complete by 2000. The model results for the full ocean depth
suggest that sea level recovers more rapidly than heat content,
perhaps as a result of more rapid ocean turnover times in low
latitudes where the thermal expansion coefficient is larger. In cooler,
high-latitude waters with smaller thermal expansion coefficients, the
heat anomalies may have been advected into the main thermocline
where they would remain for decades, as found in simulations that
include the larger Krakatoa (1883) and Tambora (1815) eruptions
(ref. 23, and J.M. Gregory, J.A. Lowe and S.F.B. Tett, manuscript in
preparation).

Quantifying the impacts of volcanic eruptions is important to
understanding climate and GMSL variability, and there are import-
ant consequences for interpretation of the observational record. The
rate of sea-level rise for the modern satellite altimeter era
(3.2 mm yr21 for 1993–2000)4,10 is significantly larger than the
1950–2000 rate4 of 1.8 mm yr21. The PCM model results indicate
that the rate of sea-level rise calculated for 1993–2000 should be
about 0.5 mm yr21 higher than the average rate of sea-level rise over
the preceding four decades, because of the recovery of sea level from
the effects of the Mt Pinatubo eruption. This recovery, together with
recent increases in glacier and ice sheet contributions24–28 (greater
than 0.5 mm yr21), explains much of the difference between the
1950–2000 and 1993–2000 estimates of sea-level rise.
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