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Observational evidence for volcanic impact on sea
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It has previously been noted that there are drops in global sea level
(GSL) after some major volcanic eruptions. However, observational
evidence has not been convincing because there is substantial
variability in the global sea level record over periods similar to
those at which we expect volcanoes to have an impact. To quantify
the impact of volcanic eruptions we average monthly GSL data
from 830 tide gauge records around five major volcanic eruptions.
Surprisingly, we find that the initial response to a volcanic eruption
is a significant rise in sea level of 9 = 3 mm in the first year after
the eruption. This rise is followed by a drop of 7 = 3 mm in the
period 2-3 years after the eruption relative to preeruption sea
level. These results are statistically robust and no particular volca-
nic eruption or ocean region dominates the signature we find.
Neither the drop nor especially the rise in GSL can be explained by
models of lower oceanic heat content. We suggest that the mech-
anism is a transient disturbance of the water cycle with a delayed
response of land river runoff relative to ocean evaporation and
global precipitation that affects global sea level. The volcanic
impact on the water cycle and sea levels is comparable in magni-
tude to that of a large El Niflo-La Nifa cycle, amounting to ~5% of
global land precipitation.
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Volcanic eruptions inject scattering aerosol into the stratosphere
and thus impose a significant radiative cooling of the atmo-
sphere (1). In the years after major eruptions it has been reported
that there is a drop in global oceanic heat content (GOHC) (2, 3).
A colder ocean is denser and an associated drop in global mean sea
level of ~5 mm during the 1-4 years after a major eruption has been
modeled (2). However, observational evidence for the impact on
global sea level (GSL) has so far not been convincing (4, 5) because
there is substantial variability in the GSL record over periods
similar to those at which we expect volcanoes to have an impact (6).
Stenchikov et al. (7) found by modeling that large-scale atmospheric
circulation patterns such as the Arctic Oscillation (AO) were
affected by the Pinatubo eruption. We have previously shown a link
between AO and European sea level (6), which is best explained by
a redistribution of water driven by shifts in surface air pressure.
Producing a GSL curve with valid confidence intervals from
the observational database is not a trivial job (see Methods). We
reconstruct GSL over the past 150 years by using all available
time series (830) of monthly mean relative sea level (RSL) from
the Permanent Service for Mean Sea Level (PSMSL) database
(ref. 8 and Fig. 1). Sea level records do not cover the same time
period and there is therefore no common reference level (Fig. 2).
The time-varying geographical distribution of tide gauge records
along the coastline is more convoluted in some regions than
others, which will cause time-varying geographical bias if care is
not taken to avoid this (9). Because there is no common
reference level for the tide gauge data (10), it makes sense to
look at the rate of change in sea level rather than sea level itself.
Our approach for creating a GSL curve is therefore to integrate
the rate of change in GSL (dGSL), which we obtain by making
a geographically weighted average (see Methods) of the sea level
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rates from individual tide gauge stations, using the “virtual
station” method (9). We apply an inverse barometer correction
to the individual RSL records, correct them for postglacial
rebound, and use a statistical scheme to detect and remove data
affected by earthquake-related vertical land movement (see
Methods) before stacking.

Only the largest volcanic eruptions produce a stratospheric
aerosol loading large enough to alter global climate to a degree
we can hope to detect in GSL. There were nine eruptions since
1890 that produced a stratospheric aerosol loading at least
~10% as big as Pinatubo in 1991 (1) [see supporting information
(SI)]. Only eruptions located in the tropics affect both hemi-
spheres, and the five largest eruptions are all tropical, with only
one of the nine located at high latitudes (1). The GSL curve
shows considerable variability over periods comparable to the
time scale at which we expect volcanoes to have an impact, and
any significant change before and after a particular volcanic
eruption could be argued to be caused by natural variability such
as, e.g., El Nifo. We therefore examine the average impact from
the five eruptions with the largest stratospheric aerosol loading
since 1890 (Colima, February 1890; Santa Maria, October 1902;
Agung, March 1963; El Chichdn, April 1982; Pinatubo, June
1991), which have been previously modeled to have an impact on
GSL (2). To isolate the volcanic impact from the long-term
climatic trend we detrend the GSL record by subtracting a
low-pass-filtered version of the series. From the detrended GSL
we calculate the average impact of the eruptions. Because the
interannual variability in GSL is very large compared with
the signals plausibly produced by volcanic eruptions, estimating
the significance in a low signal-to-noise ratio environment is
critical. Hence we develop robust bespoke bootstrap methods for
dependent data (see Methods) for the significance and confi-
dence intervals of the results, and we verify them with less
conservative but more traditional statistical methods.

Results and Discussion

We first present the smoothed GSL curve from our virtual
station sea level reconstruction method in comparison with the
Church and White (5) GSL reconstruction in Fig. 3. The curves
are generated by using two completely different methods; how-
ever, the reconstructions generally agree within confidence
limits, but they diverge before ~1930, where the trend variability
in the Church and White reconstruction is insignificant (5). It is
essentially the low-frequency trend in Fig. 3 that must be
removed to isolate the year-to-year variability needed to show
the volcanic influence on GSL.
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