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Abstract : The ocean’s response to the Pinatubo and 1259 volcanic eruptions was investigated using an
ocean general circulation model equipped with an energy balance model. Volcanic eruptions release gases
into the atmosphere which increases the aerosol optical depth and acts to reduce the incoming short-wave
radiation. For example, there was a huge volcanic eruption (Pinatubo) in 1991 which reduced the global
mean radiative forcing by about 3 W m™. Two numerical experiments were simulated. The first exper-
iment features the Pinatubo eruption and the second experiment simulates the much larger volcanic erup-
tion that occurred in 1259 when the radiative forcing was reduced by 7 times compared to the Pinatubo
event. With the reduced radiative forcing due to the Pinatubo eruption at about 3 W m™ and 1259 eruption
at about 21 W m™, the global mean sea surface temperature (SST) decreased to its lowest in the second
year after each event by about 0.4°C and 1.6°C, respectively. Sea surface salinity (SSS) increased sub-
stantially in the northern North Pacific, northern North Atlantic, and the Southern Ocean. The reduced SST
together with SSS increased ocean convection, which yielded an increase in North Atlantic Deep Water,
Antarctic Bottom Water, and North Pacific Intermediate Water production and their outflows. The increase
in overturning circulation eventually increased the pole-ward ocean heat fluxes. In conclusion, huge vol-
canic eruptions perturb the ocean substantially and their hallmarks last for more than a decade, confirming
the importance of volcanic eruptions in illustrating the decadal-climate variability recorded in the paleo-

climate proxy data for the past million years.
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1. Introduction

The surface temperature declined by about 0.2°C over
the past millennium in the northern hemisphere until the
industrial revolution (about year 1850) (Mann et al. 1999,
2009; Crowley and Lowery 2000; Briffa 2000; Mann et
al. 2009), but since then the earth’s surface temperature
has risen rapidly and for the past century and the globally
averaged surface temperature for the earth has increased
by 0.7°C (IPCC 2007). By analyzing the climate data over
the past millennium, it is obvious that recent climate
change far exceeds natural variability.

The long-term surface cooling during the past millennium
prior to industrialization is related to astronomical forcing,
while other centennial and multi-decadal scale variabilities
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are associated with Solar Irradiance variations and volcanic
eruptions. Note that during the pre-industrial period, the
change in atmospheric CO, was negligible and atmosphere-
ocean interaction played a marginal role. Using an energy
balance model, Crowley (2000) concluded that the 41-
64% of pre-anthropogenic low-frequency temperature
variability is accounted for by volcanism and solar variability.
Solar variations involve multi-decadal variability, but their
radiative forcing is about 100 times smaller than those of
volcanic eruptions. Decadal-scale climate variability during
the Little Ice Age (about 1300-1890) is largely illustrated
by pulses of volcanism (Porter 1986; Briffa et al. 1998;
Mann et al. 1998, 2009). However, the illustration of the
decadal climate variability by volcanic eruption is puzzling
because the e-folding time for the reduction of stratospheric
aerosols of volcanic origin is about one year even for a
very large volcanic eruption and the erupted aerosol levels
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return to normal within two years. The ocean might be a
candidate for adjusting the decadal-scale climate variability
because the ocean plays an important role in the global
climate system by distributing and storing heat. To adjust
the heat imbalance between the tropics and the poles,
about 6 PW (1 PW =1 x 10" W) of heat is transferred to
high latitudes by the atmosphere and ocean. About two-
thirds of the total pole ward heat is transported by the
atmosphere and the rest is carried by the ocean (Trenberth
and Caron 2001). In response to a change in external
forcing, thus, it takes much longer time for the ocean to
adjust than the atmosphere due to its much larger heat
capacity.

There have been many studies on the effect of volcanic
eruptions on global climate change (Robock 2000;
Stenchikov et al. 1998, 2002, 2004, 2009; Kirchner et al.
1999; Yang and Schlesinger 2002; Shindell et al. 2004;
Gleckler et al. 2006; Frolicher et al. 2011; Mignot et al.
2011; Ottera et al. 2010; Zanchettin et al. 2012). The
studies showed that large volcanic eruptions emit sulphur
gases into the stratosphere, which become sulphate aerosols.
The aerosols cool the surface by scattering some solar
radiation back to space, whereas they heat the stratosphere
by absorbing both solar and terrestrial radiation. When
there is a volcanic eruption in the tropics, the greater
heating in the stratosphere than in high latitudes leads to
an enhanced equator-to-pole temperature gradient, which
produces a stronger polar vortex. This results in the winter
warming of northern hemisphere continents. From numerous
studies on the effect of volcanic eruptions on global climate
change, the change in surface response is relatively well
known. Several studies have been conducted to examine
the response of the ocean to volcanic eruptions (e.g.,
Jones et al. 2005; Gleckler et al. 2006; Stenchikov et al.
2009; Mignot et al. 2011; Ottera et al. 2010; Zanchettin et
al. 2012). However, the effect of volcanic eruption on the
ocean and its feedback on climate change remains unclear.
Moreover, oceanic thermohaline properties and circulations
have not been thoroughly studied. The objective of this
study was to investigate the response of ocean to the
reduction in radiative forcing due to volcanic eruptions.

2. Numerical Model and Experiments

Numerical model

This study employs an ocean general circulation model
equipped with an energy balance model. The ocean model
is the Hamburg Large Scale Geostrophic (LSG) Ocean
General Circulation model developed at the Max-Planck

Institute (Maier-Reimer et al. 1993). The model version
used in this study is global with an effective horizontal
resolution of 3.5°. It has 22 vertical layers with top layer
thickness of 50 m. The equations are discretized on an
Arakawa E grid (Arakawa and Lamb 1977), i.e., the
model grid consists of two C-grids staggered to one
another. The model includes ‘real” bottom topography and
the free surface is treated prognostically. The model
includes a simple dynamic-thermodynamic sea ice model.
The sea-ice is advected by both ocean currents and winds.
Convective mixing is applied whenever the stratification
becomes unstable.

The atmospheric component is the two dimensional
energy balance model of North et al. (1983). It assumes a
balance between incoming solar radiation with an albedo
as a function of surface temperature, outgoing long wave
radiation proportional to T*, and atmosphere-ocean heat
exchange with a coupling coefficient of 400 W m~ K™ to
give realistically strong damping. Where there is sea ice,
this coupling is reduced. In the case of land temperatures
below freezing, snow cover is assumed. With decreasing
temperatures, the fraction of land covered by snow
increases, and the albedo gradually approaches a value of
0.85. The atmosphere model is integrated for 1 day and
provides heat fluxes to the ocean and then the oceanic
mixed layer is integrated for 1 day. No heat flux correction
is applied. The freshwater flux is applied with values
obtained from spin-up integration. In addition to the
freshwater flux, surface salinity is restored to observed
climatology from Levitus (1982). The ocean is forced by
the seasonal climatological wind stress from the Hellerman
and Rosenstein (1983).

Feedback between atmosphere and ocean models

In the atmospheric component of the model, the energy
and moisture balance is estimated. In the moisture balance,
the amount of precipitation and evaporation is crudely
estimated. Subsequently, the precipitation and evaporation
are used in the estimation of the long wave and latent heat
fluxes, which is a function of evaporation. In the estimation
of the evaporation, oceanic SST is used to calculate the
humidity over the ocean. Thus, ocean surface temperature
change influences the change in atmosphere heat fluxes.
However, note that precipitation is not used in the
calculation of salinity because the precipitation distribution
for the simple moisture balance model is not good at
reproducing surface salinity. Overall, there is energy feedback
between the atmosphere and ocean in this particular
model.
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Experimental design

There have been many volcanic eruptions over the past
millennium. Since industrialization began, the largest volcanic
eruption that had a global influence was the Krakatau
eruption in Indonesia in 1883 and the second largest was
the Pinatubo eruption in Luzon, Philippines in 1991 (Fig.
1). Other eruptions such as the Santa Maria, Guatemala in
1902, the Agung, 1963, Indonesia, and the Elchichon,
Mexico in 1982 were also big, but their impacts were
rather hemispheric. The erupted gases and aerosols emitted
into the stratosphere are measured as optical thickness
(Fig. 1a), which is subsequently converted to radiative
forcing (Fig. 1b). For a globally uniform stratospheric
aerosol layer with an optical depth 1 at 0.55 pm yields a
forcing of 2.1 W m™ according to Sato et al. (1993). The
peak global mean forcing was approximately -3 W m™
after the Pinatubo eruption, about 3.5 W m™ after the
Krakatau eruption, and approximately —2 W m™ after
Agung and El Chichon. There was a much greater degree
of volcanic eruption in 1259 when the radiative forcing
change was about 21 W m™ (Crowley 2000).

In this study, two volcanic eruption events were
implemented in the LSG/EBM model. In the first experiment,
the radiative forcing change due to the Pinatubo eruption
was applied, while in the second experiment the radiative
forcing change for the largest volcanic eruption over the
past millennium that occurred in 1259 was implemented.
The perturbation scenario is presented in Fig. Ic.

3. Results and Discussion

The reference experiment referred to as REF was
integrated for 6000 years with present boundary conditions.
With the radiative forcing conditions mentioned in Fig.
1c, the model was run for 100 years starting from the end
of the control run. As shown later, the atmosphere responds
rather quickly - within several years, but the perturbed
signals in the ocean remain for several years to decades,
which might consequently influence the global climate.
Before we described the response of the ocean to volcanic
eruptions, we investigated the ocean model’s performance
in reproducing the present climate.

Reference experiment

The vertical distribution of Atlantic temperature and
salinity simulated in the REF experiments was compared
with the observations of Levitus and Boyer (1994) and
Levitus et al. (1994) in Fig. 2. The LSG/EBM model
reproduces the vertical temperature distribution to a



308

Kim, S.-J. and Kim, B.-M.

reasonable degree despite the coarse model resolution.  the isotherm is overall too zonal and the surface
Nevertheless, the deep ocean temperature is too warm and ~ temperature is overall slightly warmer. This discrepancy is

Fig. 2.

Fig. 3.
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presumably due to the relatively simple treatment of
atmospheric temperature and heat flux. The reproduction
of the vertical distribution for temperature and salinity is
even more challenging due to the difficulty in representing
the subtle balance of ocean stratification in high latitudes.
The deep ocean is comprised of two distinct water
masses: relatively warm and saline North Atlantic Deep
Water (NADW) and relatively cold and fresh Antarctic
Bottom Water (AABW) (Fig. 2a). Above the deep waters,
relatively fresh Antarctic Intermediate Water (AAIW) and
North Pacific Intermediate Water (NPIW) are present. In
the simulation, the features found in observation are
roughly captured. However, the temperature is warmer,
and salinity is overall fresher, especially in the southern
hemisphere such as the fresh tongues of AAIW and
NPIW (Fig. 2b), but the AAIW tongue is much less
pronounced than in the observation.

Fig. 3 displays the geographic distribution of the annual
mean surface and deep currents at 3000 m, sea surface
height, and vertically integrated barotropic streamfunction
simulated in the REF experiment. In the surface ocean
circulation, a marked feature is the strong equatorial
currents with current speeds larger than 30 m s in the
equatorial Pacific, which is coincident with observations
from drifters (Maximenko et al. 2009). Kuroshio currents
in the North Pacific and the Gulf Stream in the North
Atlantic are visible with stronger currents, but their speed
is underestimated in comparison to observations. The
eastward Antarctic Circumpolar Current (ACC) in the SO
is captured, but its speed is underestimated. In the Atlantic
Ocean, the deep currents flow southward until they reach
Argentina along the western boundary, associated with the
southward propagation of NADW. In the SO, the deep
ocean currents move eastward as a part of the ACC and
northward western boundary currents are obtained in all
ocean sectors associated with the propagation of SO water
masses.

The sea surface height is higher in the western equatorial
Pacific and lower in the eastern Pacific and at higher
latitudes (Fig. 3c¢), as would be expected from the high sea
surface temperature distribution. The sea surface height
represents the geostrophic currents at the ocean surface
parallel to the contours. The narrower the contour intervals
are, the faster the geostrophic currents are. The simulated
sea surface height is overall consistent with the measured
topography using satellite altimeter (Niiler et al. 2003;
Maximenko et al. 2009). The vertically integrated barotropic
streamfunction shows the simulated Gulf Stream and
Kuroshio Current transports of 20 and 30 Sv (10° m’ s™),

respectively. These values are underestimated in comparison
to observations even though observations are highly
uncertain. The Indonesian Throughflow, which is a
significant component in the oceanic meridional heat
transport as part of ‘warm-water route’ (Gordon 1986), is
about 10 Sv in REF. This value is within the uncertainty
range of observational estimates (e.g., 10-20 Sv from
Fieux et al. 1994; Lukas et al. 1996). The simulated
Antarctic Circumpolar Current transport simulated is
about 90 Sv at the Drake Passage, which is too weak
compared to the observed estimates (e.g., 120-140 Sv
from Whitworth and Peterson 1985; Read and Pollard
1993; Macdonald and Wunsch 1996).

Fig. 4 presents the meridional overturning streamfunctions
zonally integrated for the global, Atlantic, Pacific basins
and oceanic merdional heat transport simulated in the
REF experiment. The positive and negative contours
represent clockwise and counterclockwise circulations,
respectively, and the shading represents the magnitude of
the circulation. In the global domain, the meridional
overturning circulation with the large positive cell in the
northern hemisphere is mainly associated with NADW
production and its outflow in the Atlantic Ocean, while
the negative cell in the southern high latitudes represents
the production of AABW (Fig. 4a). The simulated AABW
formation reaching about 3000 m is about 14 Sv, which is
within the uncertainty ranges of observed estimates (~5-
10 Sv from Carmack 1977; ~8 Sv from Orsi et al. 1999).
Another negative cell below 3000 m is associated with the
outflow of water masses from the SO to all ocean basins
as shown in other figures.

The simulated North Atlantic overturning streamfunction
associated with NADW production is about 30 Sv (Fig.
4b), which is substantially larger than observationally-
based estimates (~15 Sv Ganachaud and Wunsch 2000).
The observed NADW outflow tends to decrease slightly
toward the south due to the entrainment of underlying
water mass. For example, at 30°S it is estimated to be
about 17-20 Sv (Rintoul 1991; Zangenberg and Siedler
1998; Ganachaud and Wunsch 2000). Even though the
NADW production is overestimated, its outflow at 30°S is
consistent with the observed value. In the Atlantic basin,
the simulated SO outflow across the equator is about 4 Sv,
which is close to some observational estimates (McCartney
and Curry 1993; Hogg et al. 1999) and is slightly lower
than other observations (Ganachaud and Wunsch 2000).

In the Pacific Ocean, the water mass originating from
the SO fills most of the basin and the SO outflow is about
10 Sv. This value is within the uncertainty ranges of
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and Indian Oceans simulated in the REF experiment. Units are Sv (1 x 10° m® s™) for streamfunction and PW

(1 x 10" watt) for heat fluxes

observations (Ganachaud and Wunsch 2000). In the North
Pacific, the positive cell above 1000 m is associated with
the Pacific Intermediate Water (NPIW) production (Fig.
4c), which is widely distributed at depths of 300-800 m
(Talley 1991, 1993; Shcherbina et al. 2003). The NPIW
production rate is suggested to be about 2 Sv (Macdonald
1998; Talley 2003), which is lower than the simulated
value. In the Indian Ocean, the SO outflow is 12 Sv (not
shown), which is within the uncertainty ranges of
observations (Ganachaud and Wunsch 2000).

NADW, AABW, and NPIW production occurs through
an oceanic convection in small scattered regions in high
latitudes where the ocean water column is marginally
stable and stratified. In the observations, the lower part of
NADW is produced in the Greenland-Norwegian Sea,
while the upper part of NADW is formed in the Labrador
Sea of the northern North Atlantic. A large portion of
AABW is produced in the Weddell and Ross Seas, and

some part is produced off the Adélie Coast (Whitworth et
al. 1998). The locations of water mass production are
reasonably well reproduced in the distribution of simulated
convection (Fig. 14a).

The meridional overturning circulation plays a critical
role in oceanic heat transport, which is a critical component
of the global climate system. Although observationally-
based estimates of heat transport are rather uncertain, the
simulated global zonal-mean meridional heat transport of
REF (Fig. 4d) appears to agree reasonably well with
observed estimates and the general pattern is close to that
inferred from NCEP and ECMWF re-analysis (Garnier et
al. 2000; Trenberth and Caron 2001). In the observed
estimates inferred from NCEP and ECMWF re-analysis,
the maximum northward heat transport is slightly over
1.5PW (PW = 10" W) at around 15°N, which is comprised
of 1 PW from the Atlantic Ocean and 0.5 PW from the
Pacific Ocean (Garnier et al. 2000; Trenberth and Caron
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Fig. 5. Time evolution of the global mean (a) surface air
temperature (SAT), (b) sea surface temperature
(SST), (c) NADW production before and after the
Pinatubo (green) and 1259 (black) volcanic eruptions

2001). These estimates are consistent with the simulated
meridional heat transport. In the SH, the maximum
southward heat transport is about 1.3 PW at about 15°S,
which also agrees reasonably well with observational
estimates. However, the southward heat transport in the
Indian Ocean appears to be overestimated in comparison
to the observations although uncertainties are relatively
high.

Overall, the LSG/EBM model captures features of
contemporary ocean found in observations in a reasonable
manner with such low horizontal and vertical resolutions.
In particular, the northward ocean heat transport, which is
a critical component in global climate, is reproduced well
and gives a reasonable representation of ocean thermo-
haline properties and circulation.

Response to volcanic eruptions

The radiative forcing representing the Pinatubo eruption
and the 1259 volcanic eruptions resulted in marked changes
in ocean properties. Fig. 5 displays the time variation of
surface air temperature (SAT), SST, and NADW
production rate. As would be expected from the reduction
of radiative forcing, the global mean SAT and SST
decreased with time and the largest reduction occurred in
the following year after the eruption. In the second year
after the eruption, SAT decreased by about 0.4°C in the
Pinatubo event and about 1.6°C in the 1259 eruption,
while SST decreased by 0.25°C and 0.8°C, respectively.
NADW production increased by 2.1 Sv in the fourth year
after the 1259 eruption, which is about 7% of the total
production, whereas in the Pinatubo eruption event,
NADW production increased by 0.6 Sv in the seventh
year and the second peak with 0.7 Sv occurred in the 16th
year. Overall, the volcanic eruptions led to marked surface
cooling and increase in NADW production.

Temperature

The evolution of the zonally averaged annual mean
SAT and ocean temperature change in response to the
1259 event from the reference experiment is shown in
Fig. 6. We present the results of the 1259 event only
because the response of the ocean to the Pinatubo eruption
was much less pronounced than that of the 1259 eruption.
In response to the 1259 volcanic eruption, a marked
surface cooling occurred rapidly in high northern latitudes
and less rapidly in southern mid latitudes. The strong
cooling in high northern latitudes was mainly due to the
change in forcing associated with the land mass over
northern Eurasia and North America as shown later. The
SAT reduction diminished rapidly with time and after the
fifth year the SAT returned to normal. The large inter-
hemispheric asymmetry in the SAT response is a prominent
feature of the initial adjustment of the atmosphere to
volcanic eruption.

In response to the 1259 eruption, the surface ocean
temperature decreased with time (Fig. 6b). The biggest
cooling occurred at about 10°N from the second year and
the cold signature persists until the third year. A cooling
signature occurred in the southern low latitude at about
15°S. At 100 m, the biggest ocean temperature reduction
occurred in the third year at about 25° in both hemispheres.
At depths deeper than 200 m, the ocean temperature
reduction was substantially less than the upper layers, but
the cold signature persists at about 50° in both hemispheres.
At surface, the ocean cooling occurred at low latitudes
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Fig. 6. Time evolution of the change in zonal mean (a) surface air temperature (SAT), (b) sea surface temperature
(SST), temperature at (c) 100 m, (d) 200 m, (e) 300 m, and (f) 400 m between the REF and 1259 experiments

associated with the marked surface cooling of land masses
of Asia, America, and Africa, while at deeper layers the
cooling signatures were found at higher latitudes, presumably
associated with the increase of ocean vertical mixing.
Overall, the ocean temperature reduction signature persisted
much longer than SAT and occurred more symmetrically
than that of SAT with slightly greater cooling in the
northern hemisphere than in the southern hemisphere.
Fig. 7 displays the geographic distribution of the annual
mean SAT response to the 1259 volcanic eruption. In
response to the strong volcanic eruption, a marked

reduction in SAT occurred in the second year. The biggest
surface cooling by more than 5°C occurred over Siberia
and the second biggest cooling by more than 3.5°C
occurred over North America. Relative to land areas, the
surface cooling was overall smaller in the ocean, due to a
larger heat capacity. In the third year, the surface cooling
was still substantial over Siberia and high northern
latitudes of land areas. From the fourth year, the surface
temperature recovered although the widespread cooling
signatures were still present.

Fig. 8 shows the geographic distribution of the ocean
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temperature change in the surface, 100 m, 200 m, and 300 m.
In the ocean surface, the biggest temperature reduction
occurred in the northern Indian Ocean and western North
Pacific, associated with the marked surface cooling over
Eurasia. A marked cooling by more than 0.9°C also
occurred where the ocean upwells such as the eastern
Pacific Ocean and Atlantic Ocean in both hemispheres. In
the tropical Pacific and the Southern Ocean, surface ocean
cooling was comparatively smaller than other regions
because the surface cooling was much larger over ocean
regions neighboring land masses in the northern hemisphere
than over the open ocean. In the tropical Pacific, the
relatively lesser degree of cooling was also associated
with the reduction in ocean upwelling as illustrated later.
The little SST change in high latitudes was due to the sea
ice coverage. At 100 m, the temperature reduction was
relatively large in the subtropics in both hemispheres. In
the northern North Atlantic and the SO, on the other hand,
the temperature reduction was quite small. At 200 m, the
biggest ocean temperature reduction occurred in the
northern North Pacific and the second largest reduction

over the northern North Atlantic. In contrast to the
temperature change in the upper layers, at layers deeper
than 200 m, the biggest ocean temperature reduction
occurred in the northern North Pacific. This difference is
to due to the vertical exchange of heat between upper cold
water and lower water masses by enhancement of the
vertical mixing as shown later.

Fig. 9 displays the annual mean distributions of vertical
ocean temperature zonally averaged in the Atlantic and
Pacific Oceans. In the Atlantic and Pacific Oceans, the
ocean cooling was confined to depths less than 200 m in
low-latitudes to mid-latitudes, but in high latitudes the
ocean cooling reached about 1000 m. In the North Atlantic,
the ocean cooling reached even deeper levels and in the
North Pacific the intense cooling occurred at 200-300 m.
Overall, in response to the strong volcanic eruption, the
surface air cooled substantially over lands than in the
ocean, especially in Eurasia and North America. The
marked surface cooling in those areas led to the ocean
cooling to depths of several hundred meters and the cold
anomaly lasted more than a decade.
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Salinity

Fig. 10 displays the zonally averaged annual mean
evolution of salinity change due to the 1259 volcanic
eruption from the reference experiment. In the ocean
surface, the salinity markedly decreased in the high
northern latitudes and this negative salinity signature
persisted for about 10 years. On the other hand, in mid
latitudes in both hemispheres, surface salinity increased
and this persisted for about 10 years. At 100 m, the
salinity increase is found in mid latitudes in both
hemispheres and in high northern latitudes of the Arctic.
In contrast to the increase in salinity at depths shallower
than 100 m, at deeper layers, salinity was slightly reduced
in northern hemisphere mid latitudes and this freshening
persisted for several years. As illustrated below, the
contrasting salinity change between upper and lower
layers in mid latitudes and the Arctic was due to the
change in ocean convection caused by the volcanic eruption.

Fig. 11 shows the geographic distribution of the annual
mean salinity change from the reference case at different
depths. At surface, the salinity markedly increased in the
northern North Pacific by more than 0.3 psu. In the
northern North Atlantic and the SO, surface salinity
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substantially increased as well. In the subtropics and
Arctic, on the other hand, the surface salinity decreased in
response to the volcanic eruption. At 100 m, the change in
salinity was similar to that of surface layer, i.e., the high
salinity in the northern North Pacific and the SO was
retained. However, in the Arctic, salinity substantially
increased at 100 m layer in contrast to that of the surface
layer. At depths deeper than 200m, a substantial
reduction in salinity was found in the northern North
Pacific. The contrasting changes in salinity in upper layers
shallower than 100 m and lower layers deeper than 200m
were also well represented in the vertical distribution of
the change in salinity averaged in the Atlantic and Pacific
(Fig. 9). In the Arctic, the surface became fresher and
subsurface became saltier. On the other hand, in the
northern North Pacific, the surface became substantially
saltier and vice versa in subsurface layers. In the northern
North Atlantic, a similar change in salinity to that of the
North Pacific Ocean occurred, but the degree of change
was much less. In the SO, upper layers tended to be
saltier.

The contrasting changes in salinity in upper layers
shallower than 100 m and lower layers deeper than 200 m

(b) Salinity change at 100 m
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Fig. 10. Time evolution of the zonal mean salinity at (a) surface, (b) 100 m, (d) 200 m, (d) and 300 m between the

REF and 1259 experiments
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(b) Salinity change at 100 m
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Fig. 11. Geographic distribution of the change in salinity at (a) surface, (b) 100 m, (¢) 200 m, and (d) 300 m

are due to the enhanced vertical convection. In the Arctic
and northern North Pacific, surface salinity is substantially
lower than subsurface by about 2-3 psu in the former and
by about 1.5-2 psu in the latter. With the volcanic eruption,
the surface of the Arctic freshened and thus oceanic
convection became inhibited. The less vigorous vertical
mixing then led to an increase in subsurface salinity in the
Arctic. In the northern North Pacific, on the other hand,
convection increased with the volcanic eruption (see Fig.
14b). The increase in vertical ocean mixing through more
vigorous convection moves fresher surface water down
and saltier subsurface water upwards, resulting in the
increase and decrease in salinity in the upper and lower
layers, respectively. Since the salinity contrast between
surface and subsurface layers was much larger in the
Pacific than in the Atlantic, the change in the salinity due
the change in ocean convection was much larger in the
Pacific than the Atlantic.

Overall, in response to the 1259 volcanic eruption,
salinity in upper layers increased at latitudes from 40 to
60° in both hemispheres and decreased in the subtropics at
around 30°, but this feature was reversed in lower layers.

Circulation and heat transport

Fig. 12 shows the geographic distribution of the change
in simulated surface and deep ocean (3000 m) currents,
sea surface height, and the ocean barotropic streamfunction.
Because there was no change in surface wind stress with
the volcanic eruption, the change in horizontal ocean
circulation was purely due to the change in ocean
thermohaline properties. In the change in surface currents,
the most pronounced feature was the marked decrease in
equatorial currents in the Pacific, which is consistent with
the smaller surface cooling shown in Fig. 8a. In the
Atlantic Ocean, on the other hand, the equatorial currents
were enhanced and surface cooling was larger than in the
tropical Pacific (Fig. 8a). The subtropical surface circulation
associated with the Kuroshio Current and the Gulf Stream
increased, whereas in the southern hemisphere it decreased.
The Somali Current in the Arabian Sea, which is north-
eastward oriented during May to September, was enhanced
substantially. In the SO, the surface currents as a part of
the ACC slightly increased, especially in the Pacific and
the Atlantic sectors.

There was overall little change in the deep ocean
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Fig. 12. Geographic distribution of the change in (a) surface currents, (b) currents at 3000 m, (c) sea surface height,

and (d) barotropic streamfunction

currents, except for the Atlantic Ocean and the SO (Fig.
12b). In the North Atlantic, the southward deep western
boundary currents were enhanced and, in the South
Atlantic, the northward deep currents increased. These
were associated with the increase in the production and
outflows of NADW and AABW as shown later. In the
SO, the deep ocean currents composing of the ACC are
enhanced.

In response to the volcanic eruption, the sea surface
height markedly decreased in the North Pacific (Fig. 8c).
A substantial reduction in the surface height also resulted
in the northern North Atlantic. These were the places of
the marked subsurface cooling at depths deeper than 200
m. In the southern South Pacific and southern South
Atlantic, sea surface height increased. These were coincident
with relatively less cooled areas. The decrease in sea
surface height in the northern North Pacific and North
Atlantic relative to low latitudes indicates the weakening
of geostrophic currents in the subtropical region because
the surface winds stress does not change with volcanic
eruption. This was consistent with the increase in the
Kuroshio Current and the Gulf Stream in Fig. 12a. In a
similar way, the increase in surface height in southern mid
latitudes relative to low latitudes weakened subtropical
circulation. The change in the barotropic circulation shows

the slight weakening of the ACC transport by about 3 Sv
(Fig. 12d). In the northern North Atlantic, the subpolar
gyre circulation increased by more than 2 Sv, which is
about a 20% increase, whereas there was a slight
reduction in the Gulf Stream transport.

Fig. 13 shows the change in meridional overturning
streamfunction. The biggest change caused by the volcanic
eruption was NADW production, which increased by
about 10% within 5 years, but its outflow was mostly
limited to the North Atlantic. A reduction of NADW
production cell is shown in the northern North Atlantic,
indicating the southward shift of the production cell. In
the southern high latitudes, the AABW production also
increased by about 10%. In the North Pacific Ocean, a
substantial increase in overturning circulation associated
with the NPIW production is visible. In the deep Pacific
Ocean, the northward SO outflow is slightly enhanced.
There is little change in the meridional overturning
circulation in the Indian Ocean.

The increase in NADW production and its outflow is
consistent with the increase in the ocean convection in the
Norwegian Sea and the Labrador Sea (Fig. 14b). As
shown in Fig. 8 and 11, the volcanic eruption led to a
reduction in surface temperature and increase in surface
salinity in convection regions such as the Norwegian and
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Fig. 13. Vertical distributions of the change in meridional overturning streamfunction (contour) and magnitude
(shade) zonallly integrated over (a) global, (b) Atlantic, (c) Pacific, and (d) Indian Oceans

Labrador Seas and the northern Nor Pacific. Since in the
northern North Pacific salinity is much lower than that in
the northern North Atlantic, the convection was much
stronger in the North Atlantic than in the North Pacific.
This consequently resulted in an increase in NADW
production. A substantial increase in convection also
occurred in the Mediterranean Sea. The ocean convection,
on the other hand, decreased in the Greenland Sea,
consistent with the decrease in the overturning circulation.
In the Weddell Sea, Amery Basin, and the Adélie Coast of
the SO, and in the western Bering Sea of the North
Pacific, the ocean convection increased, inconsistent with
the increase in the AABW and NPIW formation.

The change in ocean circulation and thermal property
yielded a change in ocean meridional heat flux. Fig. 15
displays the change in meridional heat flux zonally
integrated for the global, Atlantic, Pacific, and Indian
Oceans averaged for two periods. After the volcanic
eruption, during the first 5 years, northward heat flux
increased slightly at about 30°N and even a slight

reduction of the heat flux resulted in the low- latitudes and
high-latitudes. The increase and decrease in the northward
heat fluxes were due to the change in the meridional heat
fluxes in the Atlantic and Pacific Ocean. In the southern
hemisphere, the southward heat flux markedly decreased
in low latitudes due to the increase of meridional heat flux
in the Pacific and Indian Ocean, but it increased in high
latitudes associated with the increase in AABW production.
In contrast to the first five years, in the northern hemisphere,
the northward heat flux substantially increased, especially
in the Atlantic Ocean due to the increase in the North
Atlantic Overturning circulation during the second five years.
In the southern hemisphere, the southward heat fluxes
increased in most latitudes, especially in the SO.
Overall, in response to the volcanic eruption, the surface
currents associated with the subtropical gyre circulation
increased in the northern hemisphere, but decreased in the
southern hemisphere, due to the reduction in sea surface
height towards the northern high latitudes and its increase
towards southern high latitudes. Meridional overturning
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Fig. 14. Geographic distribution of the ocean convection
strength simulated in the REF experiment and
(b) convection strength change from the 1259
volcanic experiment. Units are in mWm™

circulation increased in the North Atlantic and the SO due
to the increase in ocean convection. These changes in
ocean circulation yielded an increase in northward and
southward heat fluxes in the northern and southern
hemispheres, respectively.

Comparison to other model results

There have been several studies conducted to examine
the response of the ocean to volcanic eruptions. Previously,
Jones et al. (2005) performed a numerical experiment to
simulate climate response to a volcanic super-eruption
assuming that it was about 100 times larger than the 1991
Pinatubo eruption and they obtained a substantial reduction
in global-mean surface temperature by about 10.7°C about
15 months after the simulated eruption. Since our study
applied a radiative forcing about 7 times the 1991
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Fig. 15. The change in ocean meridional heat fluxes
zonally and vertically integrated over the global,
Atlantic, Pacific, and Indian Oceans averaged
(a) from the first to 5th year and (b) from the
6th to 10th year. Units are in PW

Pinatubo eruption in 1259 experiment, we expected about
a 1.3°C cooling compared with the model of Jones et al.
(2005) and this degree of cooling is comparable with the
response in our model, shown in Fig. 5, where there is an
approximate 1.5°C cooling. In terms of surface cooling
pattern, Jones et al. (2005) obtained the largest cooling
over north-eastern America and European Arctic and
eastern Siberia, whereas in our model the biggest response
appears over central Siberia. This difference seems to be
due to the missing feedback related to atmospheric
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circulation and cloud etc. in our model. They obtained a
substantially increased overturning circulation in the north
Atlantic basin from 15 Sv at present to 40 Sv in the
simulated super volcanic eruption. The increased response
of the Atlantic overturning circulation associated with
NADW production is consistent with what we obtained in
our study, even though quantitatively it is difficult to
compare.

By analysing a series of ocean-atmosphere GCM
experiments recently performed by the climate modelling
community, Gleckler et al. (2006) investigated the effect
of volcanic eruptions on oceanic heat content and
penetration of ocean cooling with time. In response to the
series of volcanic eruptions that occurred before
industrialization, ocean heat content decreased substantially
and the low heat content persisted for a long time as a
result of recurring volcanic eruptions. Church et al. (2005)
investigated the decadal-scale impact of volcanic eruptions
on sea level and ocean heat content using the Parallel
Climate Model (PCM). They found that in response to the
Pinatubo eruption the ocean heat content decreased by
3% 10” J and sea level dropped by 5 mm. The reduction
in ocean heat content and the long-lasting cooling
anomaly obtained in these studies are consistent with the
scenario obtained from model where the cooling signature
in subsurface ocean lasts longer than a decade.

Using the GFDL CM2.1 coupled model, Stenchikov et
al. (2009) obtained volcanic signals in the ocean in
response to the Tambora and Pinatubo eruptions. In the
Tambora and Pinatubo experiments, global-mean surface
temperatures decreased by 1.2°C and 0.4°C, respectively.
The global-mean surface cooling by 0.4°C in response to
the Pinatubo eruption obtained by Stenchikov et al. (2009)
is similar to what we obtained in this study shown in
Figure 5. In terms of temperature signals in the ocean, the
cold anomaly that penetrated in high northern and
southern hemispheres (as in our study) and at depths
deeper than 1000 m reveals the cold anomaly to be about
0.005°C, which is comparable to our experiment. They
obtained an increase in meridional overturning circulation
in response to Pinatubo volcanic forcing by 1.8 Sv in the
Atlantic basin after about 7 years. This increase is about
three times larger than in our experiment (0.6 Sv increase),
but what caused this difference is not immediately clear.

Mignot et al. (2011) examined the response of the
Atlantic meridional overturning circulation (AMOC)
using the IPSL coupled model with the volcanic forcing
for the past millennium and they obtained a weak
enhancement of the AMOC, but this anomaly did not

persist for more than a few years due to the reduced
convection in high northern latitudes under the effect of
anomalous sea ice extension. The enhancement of the
AMOC in response to volcanic eruptions is also found in
other numerical experiments such as Ottera et al. (2010),
Ortega et al. (2011), and Zanchettin et al. (2012) and these
previous model results are overall consistent with our
results, even though the response of the ocean meridional
streamfunction to the volcanic eruptions varies from
model to model due to the different thermohaline responses
in convection regions and different convective adjustment
schemes.

Overall, previous model results suggest that marked
surface cooling occurs after a couple of years of volcanic
eruptions by several tenths of degrees (about 0.3~0.5°C)
and the surface cooling anomaly penetrated to the ocean
subsurface, where the cold anomaly persists for more than
a decade. Almost all models show an increase in the
Atlantic meridional overturning circulation associated
with the increase in convection in the northern North
Atlantic. These previous model results are broadly
consistent with what we found in this study.

4. Summary and Conclusion

The response of the ocean to volcanic eruptions was
investigated using the LSG ocean model equipped with an
energy balance model (EBM). In the LSG/EBM model,
the radiative forcing reduction by about 3 W m™ due to
the Pinatubo eruption and by about 21 W m™ due to the
1259 eruption, which is the biggest volcanic eruption over
the past millennium, were implemented to investigate the
response of ocean thermohaline properties and circulation
and associated meridional ocean heat fluxes.

With the contemporary forcing, the model reproduced
ocean temperatures slightly warmer in all ocean basins
compared with the observation. The simulated salinity
was greater than the observation in the North Atlantic, but
fresher in other oceans. The AAIW is less distinct in the
simulation than the observation, whereas the NPIW is
well reproduced. The surface and deep ocean currents, sea
surface topography, and ocean barotropic ocean circulation
are reproduced reasonably well. NADW production is
substantially overestimated, but its outflow at 30°S is
consistent with the observed estimates. AABW production
and its outflow in all ocean basins are also consistent with
the observed estimates. The simulated ocean circulation
and thermal properties reproduce the meridional ocean
heat flux reasonably well.
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With volcanic eruptions, the surface air temperature
(SAT) and sea surface temperature (SST) markedly
decreases in the year following the eruption. In response
to the Pinatubo and 1259 eruptions, the annual and global
mean SAT decreased by 0.4°C and 1.6°C, while the SST
decreased by 0.25°C and 0.8°C, respectively. The zonally
averaged SAT reduction revealed inter-hemispheric
asymmetry with larger cooling in northern high latitudes
and less cooling in the southern hemisphere, associated
with the much larger land mass distribution in the northern
hemisphere. In the ocean, the surface temperature reduction
occurred more symmetrically with slightly larger cooling
in the northern hemisphere. In the northern hemisphere,
the largest SAT reductions occurred around Siberia and
second largest reduction was in North America, while in
the ocean the largest SST reduction occurred in the
northern Indian Ocean and eastern Atlantic Ocean. At
depths below 200 m, the temperature markedly decreased
in the northern North Pacific and this subsurface cooling
reached depths of about 700 m.

The sea surface salinity substantially decreased in most
of the Arctic Ocean by more than 0.04 psu, but surface
salinity markedly increased in the northern North Pacific
and slightly in the northern North Atlantic and the SO.
Sea surface salinity decreased in mid latitudes. At 100 m,
salinity increased in the Arctic Ocean in contrast to that of
the surface, and the marked salinity increase was also
found in the northern North Pacific and the SO. However,
at depths below 200 m salinity substantially decreased in
the northern North Pacific, due to the vertical exchange of
water masses. A similar feature was found in the SO
where surface layers shallower than 300 m became saltier
while depths deeper than 400 m became fresher until 900 m.

The equatorial currents weakened in the Pacific Ocean,
but became stronger in the Atlantic Ocean. The subtropical
gyre circulation increased in the northern hemisphere, but
decreased in the southern hemisphere due to the fall and
rise of sea surface in the northern and southern high
latitudes, respectively. The reduction in SST and increase
in SSS increased the convection in the northern North
Atlantic, around Antarctica, and in the northern North
Pacific that led to an increase in NADW, AABW, and
NPIW formation and their meridional overturning circu-
lations. The increase in overturning circulation pushed
more heat to high latitudes in both hemispheres.

In conclusion, volcanic eruptions perturb ocean tem-
perature and salinity, which consequently modifies ocean
circulation and, eventually, meridional heat fluxes. The
perturbed signature persists for more than a decade in the

ocean in contrast to the atmosphere. This result confirms
the role of volcanic eruption in illustrating the decadal-
scale variability recorded in paleoclimate proxy data for
the past millenium, which have been a long-term puzzle
due to the short e-folding time.
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