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Abstract. The oceanic response to volcanic eruptions overinvestigating natural and forced variations, as climate recon-
the last 1000 years is investigated with a focus on the Northstructions are reaching a relatively high temporal resolution
Atlantic Ocean, using a fully coupled AOGCM forced by a (Jones et al2001,Mann et al.2009), and show substantial
realistic time series of volcanic eruptions, total solar irradi- decadal to multidecadal fluctuations (eGray et al.2004).
ance (TSI) and atmospheric greenhouse gases concentratiddowever, reliable oceanic reconstructions are still very rare
The model simulates little response to TSI variations but a(Sicre et al.2008,Masse et al.2008, Richter et al.2009),
strong and long-lasting thermal and dynamical oceanic admainly because of the difficulty to obtain undisturbed high
justment to volcanic forcing, which is shown to be a function sedimentation rate and well-dated marine sediments. Mean-
of the time period of the volcanic eruptions. The thermal re-while, computer resources are increasing so that climate in-
sponse consists of a fast tropical cooling due to the radiativeegrations using state-of-the-art coupled ocean-atmospheric
forcing by the volcanic eruptions, followed by a penetration general circulation models (OAGCM) are becoming rou-
of this cooling in the subtropical ocean interior one to five tinely available over this period, allowing investigations of
years after the eruption, and propagation of the anomalieshe mechanisms of low frequency climate variability.

toward the high latitudes. The oceanic circulation first ad- Several observational studies have shown that the ocean,
justs rapidly to low latitude anomalous wind stress inducedand in particular the North Atlantic, plays a large role in
by the strong cooling. The Atlantic Meridional Overturning decadal climate variability (e.d<night et al, 2005 Sutton
Circulation (AMOC) shows a significant intensification 5 to and Hodsor2003, 2005). The relative importance of the var-
10 years after the eruptions of the period post-1400 A.D.,ious external forcings, however, remains debated. In model
in response to anomalous atmospheric momentum forcingstudies, this is partly due to their different representation and
and a slight weakening in the following decade. In responsepartly to divergent model responses. The researafsrsler

to the stronger eruptions occurring between 1100 and 1300schrier et al.(2002) andHofer et al. (2010) suggested that
the AMOC shows no intensification and a stronger reduc-external forcings, primarily variations of the total solar irra-
tion after 10 years. This study thus stresses the diversity ofliance (TSI), act as modulators of the natural climate vari-
AMOC response to volcanic eruptions in climate models andability. Goosse and Renss¢p006) reported a decrease of
discusses possible explanations. the large scale Atlantic Meridional Overturning Circulation
(AMOC) for increasing TSI, similar to the response to an
increased atmospheric CO2 concentration.Zarita et al.
(2004), on the contrary, the TSI does not have a significant
impact on the AMOC.

Understanding the climate fluctuations at decadal timescales Volcanic eruptions constitute another important external
and the climate response to external forcing is of prime im-forcing over the last millennium. Their climatic impact has
portance to anticipate and understand future climate change§€en largely investigated in terms of atmospheric thermal and

The last millennium constitutes an interesting framework for dynamical anomalies in relation with the North Atlantic Os-
cillation, the El Nino-Southern Oscillation or the monsoons

_ systems (e.gOman2006, Shindell et al. 2004, Stenchikov
Correspondence tal. Mignot et al. 2006, Trenberth and DaR007). Probably because
BY (juliette.mignot@locean-ipsl.upmc.fr)  of the lack of reliable reconstructions, fewer studies have
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focused on their effect on the ocear@hurch et al.(2005) sea surface temperature (SST) in the northern North At-
and Gleckler et al. (2006) suggested that oceanic anoma-lantic compares well with a recent high resolution SST re-
lies following a volcanic eruption could last more than a construction off Iceland. We propose to describe more thor-
decade. Applying sensitivity response studies to relativelyoughly the oceanic response to the major volcanic eruptions
recent eruptions (the Pinatubo in 1991 and the Tambora irof the last millennium and investigate the mechanisms for
1815), Stenchikov et al.(2009) showed that, while radia- the oceanic circulation adjustment. The model configuration
tive forcing produced by these explosive events lasted forand the forcings are presented in Se2t. The oceanic re-
about 3 years, the volcanically induced tropospheric tempersponse to solar and volcanic forcing are compared in Sect.
ature anomalies remained significant for seven years, the seand the temperature response to volcanic eruptions is dis-
ice responded on decadal time scales, and the deep oceanssed in Sec#. In Sect.5, we investigate the response
temperature, sea level, salinity and the AMOC were per-of the Atlantic circulation to isolated volcanic eruptions (oc-
turbed for several decades to a century. In particular, thecurring after year 1400) and in Se6f.we highlight the dif-
AMOC strengthened by roughly 10 %, but the amplitude to ferences with the twelfth and thirteenth century. Conclusions
the response scaled less than linearly with the strength oére given in Secf.
the eruption. In response to a super-eruption with 100 time
the Pinatubo amount of sulphuric acid released in the strato-
sphere,Jones et al(2005) found that the AMOC doubled in 2 Model and experiment
intensity after nine yearOttera et al.(2010),Ortega et al.
(2011) andzanchettin et al(2011) all found an intensifica- 2.1 The coupled model
tion of the AMOC in long simulations forced by both recon-
structions of volcanic eruptions and variations in TSI. This We use the IPSLCM4 v2 climate model developed at the In-
response was associated to a persistent positive phase of tsétut Pierre-Simon LaplacéMarti et al. 2010). This model
North Atlantic Oscillation (NAO) inOttera et al.(2010). In couples the LMDz4 atmosphere GCMdurdin et al.2006)
bothOrtega et al(2011) andZanchettin et al(2011) (2011), and the ORCHIDEE 1.9.1 module for continental surfaces
the AMOC intensification is induced by enhanced convec-(Krinner et al, 2005) to the OPA8.2 ocean modéligdec
tion in the Nordic Seas rather than in the Labrador Sea as iret al. 1998) and the LIM2 sea-ice modeFi¢hefet and
Ottera et al(2010). Maquedal1997), using the OASIS coupleidIcke et al.
Several studies have also begun to point out the specificity2000). The resolution in the atmosphere is 8.#blongi-
of the thirteenth century in terms of intense volcanic activ- tude, 2.5 in latitude, and 19 vertical levels. The ocean and
ity and the possibility for a cumulative impact on the ocean sea-ice are implemented on the ORCAZ2 grid (averaged hor-
(e.g.Zhong et al. 2010). The second half of the thirteen izontal resolution Z 2°, refined to 0.5 around the equator,
century is indeed the most perturbed half century of the pasB1 vertical levels). In all simulations, the vegetation was set
1500 yearsJansen et al2007). In two out of four simula- to a modern climatology frorMyneni et al.(1997). After a
tions, Zhong et al. (2010) found a centennial-scale climate 310 year spin up with preindustrial greenhouse gases (GHG)
change following the succession of decadally paced erupeoncentrations and tropospheric aerosols, two simulations
tions following the 1257-1258 mega-eruption. They high- were run. The first one is a 1000-year control simulation
lighted a coupled ice-ocean interaction between the subpolawith the same preindustrial conditions as the spin up, also
North Atlantic, a reduced extension of the AMOC into the used inServonnat et al(2010). The main characteristics of
northern North Atlantic, and the Arctic Ocean, which main- the AMOC in the model and its sensitivity to freshwater have
tained significantly expanded sea ice and reduced surface alreen discussed ywingedouw et al(2007). They showed
temperatures for at least 100 years. However, the feedbacthat an excess of freshwater flux over the Labrador Sea was
mechanism depended on other factors since it was only acesponsible for the lack of deep convection in this region and
tivated in half of the simulations. In this context, it is im- the relatively weak AMOC (11 Sv) in the model. Deep con-
portant to highlight that while botBtenchikov et al(2009) vection in the northern North Atlantic only takes place in the
and Ottera et al. (2010) found a significant intensification Nordic Seas and south of Icelanildrti et al. 2010). The
of the AMOC following volcanic eruptions, the first study natural variability of the AMOC, its link to deep convec-
was based on sensitivity experiments following single erup-tion and its impact on the atmosphere have been studied by
tions of different intensities and the other based on composMsadek and Frankigno2009). They showed that the mul-
ite analysis over the last 600 years of the millennium, therebytidecadal fluctuations of the AMOC are mostly driven by the
excluding the particular succession of events of the thirteentldeep convection in the subpolar gyre with a time lag of 6 to 7
century. years. Convection in the subpolar gyre is itself primarily in-
Here, we explore the interannual to decadal oceanic refluenced by anomalous salinity advection caused by the vari-
sponse to volcanic activity in a coupled OAGCM forced by ability of the East Atlantic Pattern (EAP), second dominant
a full set of reconstructed external forcings over the last mil-mode of atmospheric variability in the North Atlantic region.
lennium. Sicre et al.(2011) have shown that the simulated The lack of Labrador Sea convection in the model probably
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explains the dominance of the EAP (as opposed to the North  Latitude
Atlantic Oscillation) in forcing multidecadal variations of the  40°n
AMOC. The second simulation (LM2SV) was forced with a
reconstruction of TSI, GHGs concentrations, changes in or-

bital parameters, and radiative effect of volcanic eruptions 20°N+
over the last millennium, from 850 to 2000 A.D. The choice -
and implementation of the forcings are discussed below. To
reduce the influence of the model drift, a quadratic trend was
removed from each variable and grid point.

As our main focus is on the oceanic response to volcanic20°s-
eruptions at interannual to decadal timescales, all data are
considered in annual mean, or seasonal mean for such vari
ables as sea ice cover and mixed layer depth.

40°54

10 5 0 5 10 W.m?
2.2 External forcing over the last millennium
Fig. 1. Comparison of August 1991 absorbed shortwave radiative

A number of different reconstructions for TSI variations have fluxes (SW, in W n12) at the top of the atmosphere (TOA) anoma-
been produced (e.gansen et al2007), mostly differing in  lies from Earth Radiation Budget Satellite (ERBS) observations
the estimated reduction of total irradiance during the 17th(red) and 5 members simulation ensemble with the IPSLCM4v2
century Maunder Minimum, which ranges from 0.08 % to Model (black). The simulated anomalies are computed as the dif-
0.65% (1.1 to 8.9 sz) of the contemporary valueAm- ferences between the.Mt Pinatubo simglations and the control. run.
mann et al(2007) found that a TSI decrease of about 0.25 %ERBS TOA SW radiative _fluxes anomalies are expressed relatively

. . . . to a 1985 to 1989 base climatology.
during the Maunder Minimum produces a realistic amplitude
of the Northern Hemisphere temperature change in climate
models. However, recent progress in solar phydtesikal
et al. 2004,Solanki and Krivove&2006,Gray et al.2010) im-  reactions that destroy stratospheric ozone, which controls so-
ply that the TSI variations between the Maunder Minimum lar energy absorption in the stratosphere. Its variations thus
and present day value are about 0.1%. On the other handilter both the vertical temperature gradient between the tro-
even more recentiBhapiro et al(2011) found indications of  posphere and the stratosphere and the latitudinal temperature
very large variations of the solar forcing during the Holocene. gradient in the stratosphere. We implemented in the IPSL
Nevertheless, as the weak scaling is recommended for theodel a new radiative module that mimics the direct radia-
third phase of the paleoclimate modeling inter-comparisontive effect of sulphate aerosols. The input time series is based
project (PMIP Ill, Schmidt et al.2011), we use the TSI re- on the monthly mean optical thickness latitudinal reconstruc-
construction byieira and Solank{(2010) and Krivova etal., tion by Ammann et al.(2003) andGao et al. (2008) from
(personal communication, 2009), which follows it. The cor- A.D. 850 to present. Vertically, the atmosphere in our model
responding variations of the raw shortwave input at the topis divided into 19 hybrid sigma pressure levels with 4 layers
of the atmosphere is shown in Fig. (2) (top panel). above the tropopause. Due to the rather coarse vertical reso-

Large volcanic eruptions inject sulfur gases into the strato-ution, the optical properties of stratospheric sulfate aerosols
sphere, which convert to sulfate aerosols with a residencén the visible band are evenly spread over the first two layers
time of about a year. The aerosol cloud has several effectsf the stratosphere. The optical properties were computed as-
on radiative processes, most notably by backscattering paguming a fixed sulfate aerosol droplet size distribution with
of the incoming solar radiation, which induces a net coolinga standard deviation of 1.8 um and an effective radius of
at the Earth’s surface (e.Robock2000). Thus, until re- 0.5 pum corresponding to the average size of the Mt Pinatubo
cent years, most modelling groups (eJgnsen et al2007) aerosols. As irGao et al.(2008), all volcanic aerosols orig-
have represented the volcanic forcing by altering the solatinate in the tropical band between°2® and 20N, where
constant. Although such a coarse approach leads to hemthey last for few months, then spread poleward before decay-
spheric averages that compared reasonably well to a “blending 3 years after the eruption started. As a validation, Fig. (1)
of proxy and/or instrumental reconstructions (e@posse shows the responses of reflected solar flux at the top of the
et al. 2005, Stendel et al.2006), it does not properly rep- atmosphere in August 1991, displayed as zonal averages be-
resent regional and seasonal variations. It is indeed knownween 40 S and 40N in order to be comparable to Earth
that the climatic impact of volcanic eruptions highly dependsRadiation Budget Satellitéinnis et al, 1993) in a series of
on the season, and that latitudinal dependence of the coolingensitivity experiments. The model displays an overall agree-
in the troposphere (warming in stratosphere) evolves for atment with the observations: shortwave anomalies associated
least 2 to 3 years after the eruption. Furthermore, the volwith the volcanic eruption reaching #0m 2 between 10S
canic aerosols serve as surfaces for heterogeneous chemiaatd 10 N in both model and observations.

www.clim-past.net/7/1439/2011/ Clim. Past, 7, 148955 2011
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; : such as temperature shifts between the medieval climate
anomaly (MCA) and the Little Ice Age (LIA) are not sim-
SRy NI TN WISV WL TR RNV, ulated in the model, unlike several reconstructions. Whether

' ! “ this is due to a model deficiency or the weak TSI variations
is difficult to assess. We admit nevertheless that under TSI
i reconstructions with larger variation€rowley 2000), the

2841 V (c) T2m NH
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L s WY T W ' .”wi/ww ¥ Vm same model led to much larger SST low frequency varia-
£ 181:: i ] tions, in relative agreement with paleoreconstructions, except
i L‘ @) SST A i for the onset of the MCA%ervonnat et al2010). The most

striking signal in these time series are in fact important vari-
ations following volcanic eruptions, in particular an abrupt
cooling of up to 3C in the atmosphere andC in the ocean.
Such signature has also recently been found in temperature
reconstructions in the subpolar North Atlantiigre et al.
2011). On the other hand, variations of the solar insolation
Fig. 2. Time series from 850 to 1850 ¢&) Anomalous short wave do not seem to have a st.rong imp"”t: The lagged correlation
input at the top of the atmosphere, taken as an estimation of varif"_Of the anomalqus TSltime series V\{'th the averagfed surface
ations of the TSI{b) Imposed optical depth of volcanic aerosols. ar tgmperature in the Northern Hemlsphere and with the At-
() Northern Hemisphere air temperature at 2dp SST averaged  lantic SST have a broad but weak maximum when the TSI
between 30S and 70N in the Atlantic(e). Maximum of the merid-  leads by 4 years, reaching=0.12 and 0.13, respectively
ional overturning circulation between 9 and 60N and below  (significant at the 5% level) (Fig. 3). The corresponding
500 m depth in the Atlantic. Far, d, ande, raw annual mean data correlation with the volcanic forcing is much larger, peak-
are shown in grey and low pass filtered data using a running meaing when temperature lags by one year, wite —0.63 and
of 3yearsinred. Low pass filtered data using a spline function with; — 0 52, respectively. For both air and sea temperature,
a cutoff at 20 years are shown in blue. the correlation with the volcanic signal remains significant
for more than 15 years. Note that the significant correlation
Figure (2) (second panel) illustrates the time series ofat lag—1 in Fig. (3) is due to the use of annual averages, as
implemented stratospheric volcanic aerosols optical deptheruptions might in fact have started during the calendar year
Note that a change in the global mean optical depth ofpreceding the maximum of emission. The stronger influence
0.1 corresponds to a global anomalous radiative forcing ofof volcanic forcing is probably due to our use of a TSI re-
roughly —3Wm~2. However, as discussed ifimmreck  construction with weak variations and to an overestimation
et al. (2009), the volcanic module tends to overestimateof the volcanic radiative effect (Se@.2). In this sense, this
the radiative effect of the mega eruptions because of thesimulation could be considered as a sensitivity study to vol-
use, for paleo-eruptions, of aerosol effective radius and op<anic eruptions over the last millennium.
tical depth derived from observations over the instrumental The frequency dependence of the solar correlation is il-
period, specifically for the Mount Pinatubo (1991) and El lustrated by the cross-wavelet coherence spectra in Fig. (4).
Chichbn (1982) volcanic eruptions. The wavelet analysis was made with the Morlet wavelet, and
The greenhouse gas concentrations are those inferred frotihe transform performed in Fourier space, using zero padding
ice cores and direct measurements as report@&eimonnat  to reduce wraparound effectofrence and Comp4998).
et al.(2010). This simulation does not include the forcing by The parameters were chosen to give a total of 57 periods
anthropic aerosols, so that global warming detected over theanging from 0.5 to 256 years, and the square coherency
last decades of the simulation is overestimated (not shown)were calculated using smoothing in the time and space do-
Hence, this study focuses on the natural external forcings anchain Grinsted et al.2004), with the 5 % significance level
the period of investigation is limited to years 850 to 1849 determined from a Monte-Carlo simulation of 1000 sets of
A.D. surrogate time series. The two temperature time series show
episodic coherency with the solar forcing at 11 year period
(Fig. (4), top panels), in particular around 1200 and 1600.
Meehl et al. (2008, 2009) indeed showed that a peak in

8r (e) Maximum of AMOC

I I I I I I I I I I
900 1000 1100 1200 1300 1400 1500 1600 1700 1800
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Fig. 3. Cross correlation between the temperature time series ir
Fig. 2 and the time series of the solar forcing (blue) and the vol-
canic forcing (red) from 850 to 1850 A.D. Lags with a star are sig-
nificant at the 5% level, tested against a bootstrap procedure witt
500 permutation of the forcing time series using blocks of 3 years.
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cific. Kuroda et al. (2008) showed that over the histori-
cal period, years of anomalously high solar irradiance wereFig. 4. Time series of the solar forcing (top) and cross-wavelet co-

associated with a large warming of the lower stratosphergerence spectrum of the temperature time series in Fig. 2 (bottom
through radiative heating. Such a temperature anomaly irfré€ panels). The thick contours enclose regions of greater than
the stratosphere creates anomalous temperature of opposﬁ’ % confidence a_nd the t_hln _Ilngs indicate the limit of_the cone of

sign at lower heights. However, these processes require 0 luence. The horizontal line indicates the 11 year period.

much higher resolution in the stratosphere to be properly rep-

resented. In fact, episodic coherency between SST and TSA
variations at 11 years timescale is also seen in the controA
simulation, suggesting that the significativity test is too lib-

s will be shown below, this does not imply that there is no

MOC response to natural forcings, in particular volcanic

. o2 . . eruptions. Time series of AMOC maximum represents one
eral. Signal in Fig. (4) is thus most probably internal to the mode of AMOC variability, namely a basin scale acceler-

data sets and does not indicate physical response of thg Oce%ﬂon, as discussed for exa'lmplel\'m:adek and Frankignoul

to thelll-){ear pycle. Furthermqre, the 11.-ye.ar cycle Fig. (2)(2009). More local AMOC adjustments require more specific

(top) is primarily an extrapolation back in time of the 11- analysis. In the following, we concentrate on the response to

cycle observed in sunspots after year 1600. It is thus Iargel)(/Olcanic forcing, which has a much stronger impact on the

artificial. T_he temperature. t|-me Series al_so show s_trong Co'atmospheric and the oceanic temperature than the solar forc-
herency with the TSI variations at multidecadal tlmescaleing in the model
from 1700, associated to the TSI increase, and at centennial '

time scales over the whole simulation (Fig. 4, second and

third panels). 4 Anomalous temperature patterns in response to

It is somewhat more difficult to distinguish the response  volcanic eruptions
of the Atlantic meridional overturning circulation (AMOC)
from its natural variability. As shown in Fig. (2) (bottom To describe the oceanic response to a volcanic eruption, we
panels), the AMOC intensifies during the second half of theconstruct a composite evolution based on the oceanic anoma-
thirteenth century, when volcanic activity was intense, peakdies that follow the major eruptions. For each selected erup-
around year 1280 and then rapidly decreases, reaching a mition, anomalies are computed as the difference between the
imum around year 1320, about 60 years after the major eruptime evolution of the field after the eruption and a reference
tion of 1260. There is a hint of a weak response to thedefined as the average of the field during the two years pre-
eruptive events in the early 1800s. As shown in Fig. (4) ceding the eruption. A longer reference period would have
(bottom), there is a hint of a weak coherence between théhe advantage to filter out inter annual climatic variability,
time series of AMOC maximum with the TSI variations at but on the other hand, it would make the composites more
11-year periods, but this is so sparse that such interpretatiosensitive to lower frequency variability. The choice of a
is debatable. There is a more significant coherence at abowhorter reference period was motivated by the focus of this
100-year period, with TSI leading by 15 years (not shown).study on the response of Atlantic Ocean circulation which
Correlations with the volcanic forcing are barely significant. is dominated by relatively long timescale variability. Note,

www.clim-past.net/7/1439/2011/ Clim. Past, 7, 148955 2011
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Fig. 5. Composites of annual mean anomalous surface temperature for different time lags (in years) with respect to the volcanic eruptions
corresponding to optical depths higher than 0.15. Surface temperature corresponds to SST over the ocean and air temperature otherwis
Dotted areas are not significant at the 5% level

however, that major results are unchanged for a reference pe- Figure (5) shows composites of anomalous global annual
riod lasting up to five years prior to the eruption. Compositesmean surface temperature up to 20 years after a volcanic
are then defined as the average of these anomalies scaled byuption of AOD of 0.15. The first panel (year 0) shows that
the inverse of the magnitude of each eruption, so that possibléhe maximum cooling occurs in the tropics and on the lands
non linear effects linked to the eruption magnitude are min-during the year of the eruption. There is also a meridional
imized. Note however that our conclusions are unchangedlipole in the Southern Atlantic and the Indian oceans, which
without this normalization. In order to maximize the sig- can be shown to be due to a shift of the westerlies, persist-
nal to noise ratio, we focused on relatively large eruptions,ing for a year. In winter only, the anomalous winter warming
and thus selected eruptions corresponding to an increase @fver Eurasia consistent with the observations (Bgbock
stratospheric aerosol optical depth (AOD) by more than 0.15and Ma01992) is significant at the 10 % level (not shown)
(eruptions marked with a star in Fig. 2), which is equivalent and closely related to tropospheric and stratospheric circu-
to a global radiative forcing of at leas2.8W m 2. This cor- lation changes. As the lag increases, the tropical oceanic
responds to the 9 strongest eruptions between A.D. 850 andignal extends in latitude, reflecting the spreading of the at-
1849. As seen in Fig. (2) and discussed in S2@.several  mospheric cooling (e.dRobock2000), while progressively

of the selected events follow each other by less than 10 yeardecaying in the tropics. In the subpolar North Atlantic, the
(1169-1178, 1810-1816). To minimize the interference be-cooling peaks at year 3 and decays thereafter. Note the rela-
tween successive events, eruptions which precede anothéiwely rapid decay of the cooling in the eastern equatorial Pa-
one by less than the considered time lag in the compositeific at year 1, also present at year 2 (not shown) which could
were omitted. As a consequence, the number of events in thbe due to an El Nino-like response. One to two years after
composites may decrease with lag. The resulting compositehe eruption, there is an anomalous warming in the North
are rescaled by 0.15 so that the amplitude of the results thaAtlantic midlatitudes, the origin of which is discussed below.
are displayed are for an eruption with a stratospheric globalAn anomalous warming near the Drake Passage becomes sig-
mean optical depth equal to 0.15. Significativity is testednificant at year 3 and reaches its maximum at year 5. Ten
with a block bootstrap procedure with 500 permutations ofyears after the eruption, the whole tropical band is still sig-
the volcanic time series in blocks of 3 years (the maximumnificantly anomalously cold, as well as some land areas such
residence time of stratospheric aerosols). Composites are r@&s in Eurasia. In the North Atlantic, the most striking feature
computed using each of these, resulting forcing time seriess an anomalous warming in the Labrador Sea, which decays
in order so as to define the noise level. thereafter.

Figure (6) shows similar composites for the zonally aver-
aged global oceanic temperature response as a function of
depth up to 20 years after a volcanic eruption. Consistent
with Fig. (5), a temperature decrease of up to 0.25 K appears

Clim. Past, 7, 1439t455 2011 www.clim-past.net/7/1439/2011/



Mignot et al.: Volcanic impact on the Atlantic Ocean over the last millennium 1445

in.the upper.tropical ocean during the eruption year,.togetherrable 1. Month of maximum global mean AOD for the selected
with a warming below 100 m depth in the deep tropics. Thegrptions. The input time series is based on the monthly mean op-
latter results from a thickening of the tropical thermocline tjcal thickness latitudinal reconstruction by Ammann et al. (2003)
and a decrease of equatorial ventilation following a weak-and Gao et al. (2008).

ening of the trade winds, as discussed below. The surface

cooling already reaches 6N, but its poleward extension is Period 1100-1300 Period 1400-1850
stronger one year after the eruption, consistent with Fig. (5). eruption year month of eruption year month of
By year 1, the signal has penetrated in the ocean interior maximum AOD maximum AOD
around 30N and 30 S, Where oceanic ventlla'non' mo;tly 1168 February 1452 May
takes place. In the subtropics, the downwelling is shifted 1177 February 1641 May
slightly poleward of the climatological ventilation region, in- 1231 November 1809 May
dicated by the mean isotherms in Fig. (6) (white contours). 1258 April 1815 September
As in Laurian et al. (2009), the shift can be explained by 1278 May to October

the poleward displacement of the surface isopycnals resulting
from the surface cooling. Deep penetration down to 900 m
of the cooling is also seen around°80 at year 1, reflect-
ing enhanced deep convection. Deep convection also mixegastern subtropics in a coma shape which resembles the path
the cooling signal down in the Southern Ocean, reaching it®f the subtropical gyre. This horseshoe-like structure thus is
largest depth 2 to 3 years after the eruption (not shown)strongly similar to the signature of an AMOC acceleration in
In the following years, the tropical surface cooling decays,the coupled model (e.¢dsadek and Frankigno@009).
while persisting at depth and deepening further (Fig. (6), year On the other hand, the anomalous cooling occurring
5). As the surface cooling reaches greater depths, the subsunr phase with the intense and decadally paced eruptions
face warming deepens and shifts poleward. between 1100 and 1400 is significant not only in the trop-
After 10 years, the cooling signal has reached more tharics, but also at subpolar latitudes, in particular in the Irminger
500 m at 40 latitude north and south, which is roughly the Sea and the Nordic Seas, where deep convection in the model
maximum depth of the subtropical cells, and 700m in thetakes place. There is also a weak, marginally significant,
Southern Ocean. In the North Atlantic, on the other hand, avarming at midlatitude, again probably reflecting a shift in
warm subsurface anomaly has appeared, reflecting a decreadee North Atlantic current, but it is short lived and the en-
of deep convection as will be discussed below. At this stagetire basin becomes anomalously cold in the years following
the response is thus asymmetric in the high latitudes as alsthe eruption. At decadal timescales, the anomalous subpolar
found by Stenchikov et al.(2009). Twenty years after an warming seen after 1400 can be recognized but it is much
eruption, cooling is still significant in the tropics and at high weaker and not significant at the 5% level. The fact that the
latitudes, where it reaches 700 to 900 m, while the northerrresponse differs already in phase with the eruption suggests
subtropics have warmed, reflecting the dynamical adjustmenan immediate difference and tends to eliminate the cumu-
of the gyres discussed below. lative effect of the decadally-paced eruptions of the twelfth
In the following, we focus on the response of the Atlantic and thirteenth century, as opposed to more isolated eruptions
Ocean, as a case study and in order to investigate the behawecurring after year 1400. A larger signal to noise ratio in re-
ior of the AMOC. From Fig. (2), it seems clear that the be- sponse to stronger eruptions might be an alternative explana-
havior of the AMOC after the severe and decadally pacedtion, as discussed e.g. 8hindell et al.(2003) andSchneider
eruptions of the twelfth and thirteenth century is peculiar. et al. (2009). However, the anomalous atmospheric response
Figure (7) illustrates the different response of the ocean teshown in Fig. (7) (top) is unchanged if the mega eruption of
the selected eruptions occurring after 1400, from the oned258-1259 is omitted for the computation of the composite
occurring between 1100 and 1300. In hihgresponse to vol{not shown). Table 1 suggests rather that the eruptions of the
canic eruptions occurring after 1400 (bottom panels), the ini-middle age period tend to peak during the cold season, while
tial (in phase) cooling is more clearly limited to the tropics the ones that occurred during the rest of the last millennium
and subtropics, while the mid and high latitudes are charmostly peak during the warm season. Nevertheless, given
acterized by an anomalous warming, due to anomalous turthe relatively strong uncertainty in this seasonality in the re-
bulent heat fluxes as discussed below. The anomalous cootonstruction Gao et al. 2008), this is quite hypothetical.
ing rapidly reaches the higher latitudes (yr1 to 4), exceptinvestigating the effect of this seasonality requires specific
for a small patch of anomalous warming af#bwhich re-  sensitivity experiments and is beyond the point of this study.
flects a northward shift of the North Atlantic Current. Af- Finally, Fig. (2) (bottom) suggests that the AMOC variabil-
ter about a decade, the anomalous cooling has disappearéy has a different character pre and post 1300, with more
or lost significance in the Atlantic basin, while a strong and high-frequency variability in the later period, especially after
persistent warming has appeared in the subpolar gyre, with500. Whether this could explain some part of the differ-
maximum amplitude south of Greenland, and extends in theence will be discussed in the conclusion. Note however that
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Fig. 6. Composites of anomalous zonally averaged oceanic temperature response at different time lags (in years). Shaded areas are nc
significant at the 20 % level. Grey contours indicate anomalies significant at the 5% level. Dark contours show the zonal mean global
temperature (contour interval iS°€).
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Fig. 7. Composites of anomalous sea surface temperature following volcanic eruptions in different periods. Top: between 1100 A.D. and
1300 A.D., bottom: after 1400 A.D. Dotted areas are not significant at the 5% level. Grey contours show the annual mean SST. Contour
interval is 3K, the thick line is for the zero contour.
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Fig. 8. Composites of annual mean anomalous sea level pressure in phase with the volcanic eruption (left) and following the volcanic eruption
(other panels) for the period after 1400 A.D. Grey contours show the SLP annual mean in the model (contour intéﬁabis 10

Zanchettin et al.(2011) also noted modulation of volcanic-

forced perturbations by the background climate. In the fol- g
lowing, we will first investigate the response to eruptions oc- ., [ #&
curring after 1400. s

107* Ns/m3

30N IRy &

5 Interannual to decadal response of the Atlantic Ocean 0
to eruptions post 1400 A.D.

aos{ i Ha

In response to the rapid surface cooling, there is a strong
anomalous low over the Canadian Archipelago and an, . ,

. . o g. 9. Composites of anomalous wind stress curl, shown over
anomalous high over the northeastern Atlantic. In ad_dmon,oceans only, in phase with the volcanic eruption (left) and follow-
the sea Ievellpressure (SLP) becqmes anomalously h!gh (_)V%g the volcanic eruption by two to four years (right) for the period
South America and most of Africa, where the cooling is after 1400 A.D. Grey contours show the annual mean values (con-
strongest, and an anomalous low in the western subtropicgur interval is 10 4Ns m~3), the thick grey line shows the zero
(Fig. 8). Consequently, the Northern Hemisphere trades andontour.
westerlies are reduced during the year of the eruption, and
shifted southward. Over the tropical lands, the SLP sig-
nal weakens at year 1, but it remains significant for almost(Fig. 10, left). A weak positive anomaly is also significant in
2 decades over the Amazonian Basin. At mid to high lati- the subpolar region, where the wind stress curl is negative.
tudes, the anomalous low quickly disappears but the anomaAt following lags, the negative wind stress curl anomaly per-
lous anticyclone shifts slightly westward and persists until sists at subpolar latitudes and shifts to the southern Irminger
year 4, resembling a negative phase of the East Atlantic PatSea, consistent with the SLP response (Fig. 9, right). Two to
tern (EAP). Later, the signal loses significance (not shown)four years after the eruption, both gyres of the North Atlantic
until year 10, where a response resembling a negative phasare thus clearly reduced. At longer lags, the response decays
of the NAO is detected. in the subtropics while the subpolar gyre stays anomalously

At year 0, the wind changes induce a negative wind stresgveak for more than a decade after the eruption (Fig. 10,
curl anomaly across the basin between 50 arfN6@nd a  middle). Note also the persistent signal in the Labrador Sea
positive one north and south of it (Fig. 9, left). The depth- where the cyclonic circulation is reinforced.
integrated oceanic circulation, as described by the barotropic The atmospheric response to the eruption also induces ver-
streamfunction, adjusts rapidly to the wind stress curl. Attical circulation in the ocean, resulting from the anomalous
year 0, it is anomalously negative in much of the subtropi- Ekman suction at 30N/S and pumping around 30l. This
cal Atlantic, reflecting a weakening of the subtropical gyresappears clearly at year O on the meridional streamfunction
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Fig. 10. Composites of anomalous Atlantic barotropic streamfunction in phase with the volcanic eruption (left) and following the volcanic
eruption (other panels) for the period after 1400 A.D. Positive (negative) values correspond to an anticyclonic (cyclonic) circulation. Grey
lines show the annual mean stream function in the model, with a contour interval of 10 Sv
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Fig. 11. Composites of anomalous Atlantic meridional streamfunction in phase with the volcanic eruption (left) and following the volcanic
eruption (other panels) for the period after 1400 A.D. Positive (negative) values correspond to a clockwise (counter-clockwise) circulation.
Black and day grey contours mark significant areas at the 95 % and 80 % level, respectively, according to the Monte Carlo permutation test.
Light grey contours show the annual mean Atlantic meridional circulation in the control simulation (contour interval is 3 Sv, thick contour
corresponding to the zero contour.)

composite (Fig. 11, left). The signal is equivalent barotropic,also favored by the intensified deep convection that occurs
with an upwelling around 30N and a downwelling at 50N during the year of the eruption (Fig. 12, top), and is associ-
and around the equator. During the following years, theated with strong surface cooling. An intensification of deep
strong negative wind stress curl in the subpolar North At-convection typically leads by several years an acceleration
lantic maintains a positive meridional cell between 20 andof the AMOC in the North Atlantic Basin (e.dMignot and

50° N, which can be viewed as an intensification of the Frankignoul2005). However, it is short-lived here, loosing
AMOC in the North Atlantic, consistent with previous stud- significance by year 1, so that the AMOC intensification does
ies (e.g.Stenchikov et al.2009, Ottera et al.2010,0rtega  not persist more than a few years (Fig. 11, bottom left). On
et al, 2011). Note that this positive anomaly is probably the other hand, there is a weak reduction of the AMOC north
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Fig. 12. composites of anomalous March mixed layer depth during Fig. 13. composite of anomalous March sea ice cover during the

the year of the eruption (left), averaged over the following 3 yearsyear fclnllz)wmg ;I:eferlJtEtlon (!el;t), f? yelzzrgolit\eé (g'ddl?.)’ andhlo
(middle), and averaged 4 to 7 years later (right) for the period afteryea:S a erf g:g ) for the period atter - M h 'foreOySIneZi ow
1400 A.D. Grey lines show the annual mean mixed layer depth figlgcONtoUrs ot the average sea ice coverin March ot o, ©.o and 2.

in the model, with a contour interval of 500 m

shown). The intensification of deep convection favors the

penetration of the cooling signal at depth seen in Fig. (6) at
of about 60 N up to four years after an eruption, which later high northern latitudes and a weakly significant retreat of sea
intensifies and extends to subpolar latitudes as a result of &e cover (Fig. 13, left panel). However, this response loses
reduction in deep water formation, as discussed below. significance in the following years (Fig. 12, middle panel),

Five years after the volcanic eruption, the SLP anomalyand instead, deep convection is reduced both in the Nordic

decreases (not shown). Nevertheless, as indicated above,S¢as and South of Iceland 4 years after an eruption (Fig. 12,
significant SLP anomaly appears again near year 10-12, urpottom panel). This persists for about a decade after the erup-
der the form of the dipole in the mid to high latitudes bearing tion. In the Nordic Seas, the reduction of deep convection is
similarity with a negative phase of the NAO. This could re- due to a persistent sea ice capping of the area during win-
flect the SLP response to the AMOC intensification seen ater, resulting from the strong surface cooling (Fig. 13). This
year 2—4 (Fig. 8 upper right), sin@®astineau and Frankig- anomaly appears about 1 year after the eruption, peaks after
noul (2011) found a weak but significant response of the at-four years and, again, persists for roughly a decade. Such
mosphere (negative NAO phase) to enhanced AMOC in sevanomalous sea ice extension is consistent with the sea ice re-
eral climate models including the control simulation with construction off Iceland fronMasse et al.(2008), showing
IPSLCM4. In the latter, the SLP response was of similarabrupt events that coincide with the volcanic eruptions after
magnitude and most clearly seen four years after an AMOCL300 A.D.
intensification. Here, the AMOC intensification indeed re- South of Iceland, the winter mixed layer shallowing
mains significant until lag 8 (not shown) Whether there isin Fig. (12) (bottom) is due to a strong negative salinity
a link with the weak AMOC intensification seen about 20 anomaly (Fig. (14) top). The latter is largely due to anoma-
years after the eruption cannot be asserted here but could Heus Ekman transport (Fig. (14), bottom), while anomalous
established in dedicated experiments. As mentioned abovetmospheric freshwater fluxes play a lesser role (Fig. (14),
the strong surface cooling rapidly deepens the mixed layemiddle), consistent withMignot and Frankignoul(2003,
south of Iceland (Fig. 12, top panel) and in the subtropics (no2004). Note that the anomalous surface freshwater flux
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Fig. 14. Top: Composites of anomalous SSS averaged 1 to 5 years after the eruption. Grey lines show the annual mean SSS field in the
model, with a contour interval of 2 psu. Middle: Composite of anomalous E-P during the year of the eruption. Bottom: composite of
advection of mean salinity by anomalous Ekman currents (with a negative sign in order to be consistent with the E-P forcing term) averaged
over the 4 years following the eruption. Values equatorward &flatkude are masked because undefined. All composite are computed for
eruptions occurring later than 1400 A.D. For the two right panels, grey lines show the annual mean field in the model with a contour interval
of 40mm/month. The zero contour is thicker. For all panels, dotted areas are not significant at the 5% level.

caused by the volcanic eruptions are maximum during theanomalous Ekman pumping and Ekman transport, and only
year of the eruptions, and in the tropics (Fig. 14) , consistentittle salt advection (not shown). The subpolar gyre is thus
with Trenberth and Daf2007). The reduction of the north- much less affected during the years following the eruption
ern trade winds (Fig. 8) is indeed associated to a northwardnot shown). Lacking the large subpolar freshening seen in
shift in the inter-tropical convergence zone. As a result, pre-the later period, the winter mixed layer remains anomalously
cipitation is enhanced near <N and strongly reduced along deep in the subpolar region (Fig. (17) middle panel), even
the equator, including over the continents. In the northernfurther south than deep convection locations, due to the sur-
deep tropics, evaporation is reduced, again because of rdace cooling (Fig. 7), which might contribute to the broad
duced winds and SST. These anomalous surface freshwatand shallow AMOC intensification between°2®and 45N
fluxes induce the negative salinity anomaly in the northernat years 2 to 4. It can be shown that the tropical part of
subtropics in the years following the eruption. this anomalous cell is associated with an equatorward shift
of the subtropical gyre. On the other hand, deep convection
is reduced in the Nordic Seas after a few years because of
6 Interannual to decadal response of the Atlantic Ocean  the sea ice capping discussed above. Note that in this pe-
to eruptions between 1100 and 1300 riod, the anomalous sea ice extension develops faster and
it is stronger and more persistent (Fig. 18) than in the later

Figure (15) shows the response of the AMOC to the volcanicPeriod, consistent with the stronger cooling (Fig. 7). It is
eruptions selected during the period of intense volcanic ac&IS0 interesting to note that the weak gyre response also con-
tivity between 1100 and 1300. As during the later period, thetributes to maintain the oceanic surface cooling in the 1100-
in-phase response is essentially characterized by an anoma300 A.D. period, since it does not induce the warm anomaly
lous upwelling around 30N. The associated negative and S€€n in the years following an eruption occurring after 1400
positive cells south and north of this latitude have nevertheA-D- (Fig. 7). As aresult, the negative AMOC anomaly seen
less a much weaker extension in depth (for the tropical onepVer the ridges two to four years after an eruption is stronger
and in latitude (for the northern one) than for the later period.2nd deeper than for the eruptions occurring after 1400 A.D.
Indeed, the anomalous sea level pressure induced during tHifter a longer delay, when anomalous cooling and convec-
year of an eruption occurring during the earlier period, showntion in the subpolar basin start to vanish, the shallowing of
in polar view in Fig. (16), is similar in the tropics and sub- the winter mixed layer in the Nordic Seas seen at years 4-
tropics (not shown) but it has the opposite sign over the CanaZ In Fig. (17) (bottom) persists and is likely responsible for
dian Archipelago and there is no strong high in the easterr{h€ stronger negative AMOC weakening seen throughout the
North Atlantic. As a result, the anomalous wind stress curl isnorthern North Atlantic at least two decades after the erup-
much weaker in the subpolar region, inducing a much weaketions (Fig. (15), bottom left). This behavior is consistent with
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Fig. 15. As in Fig. 11 for the Atlantic meridional streamfunction during the period 1100-1300. Positive (negative) values correspond to
a clockwise (counter-clockwise) circulation. Black and day grey contours mark significant areas at the 95% and 80 % level, respectively,
according to the Monte Carlo permutation test. Light grey contours show the annual mean Atlantic meridional circulation in the control
simulation (contour interval is 3 Sv, thick contour corresponding to the zero contour.)

centennial features suggested by observations, such as tem-
perature shifts between the medieval climate anomaly and
the Little Ice Age, are not simulated in the model. In this
sense, this simulation can be considered as a sensitivity sim-
ulation to the volcanic eruptions over the last millennium.
Nevertheless, as far as the response of the ocean to intermit-
tent and sudden volcanic events does not depend too strongly
on the average temperature, this caveat does not invalidate
S Pa ‘ our study. The analysis highlighted the multiple timescales
75 -65 -55 -45 -35 —25 -15 -5 5 15 25 35 45 55 65 75 of the response, including a fast tropical temperature adjust-
ment to the strong volcanic-induced radiative forcing, dy-
Fig. 16. composite of annual mean anomalous sea level pressur@amical adjustmentin response to the associated atmospheric
in phase with the volcanic eruptions of the period 1100-1300 A.D.circulation modifications persisting roughly 5 years, and a
(left) and with the volcanic eruptions post-1400 A.D. (right). subsequent adjustment of the AMOC in response to anoma-
lous convection at high latitudes. The analysis also high-

. lighted differences in the response during two distinct peri-
Zhong et al. (2010). That the AMOC weakening extends (s of the last millennium.

north of the ridges adds credit to the implied role of Nordic
Seas convection and could explain why the AMOC behavior The global surface temperature response is maximum one
has become nearly opposite to that seen after 1400 A.D.  to two years after a volcanic eruption. The anomaly pene-
trates at depth via subtropical oceanic ventilation as well as
deep convection at high latitudes. It thus persists globally
7 Conclusions and discussion in the ocean for more than 20 years. During the year of the
eruption, anomalous tropical cooling induces an anomalous
In this study, we have investigated the oceanic response thigh over the continents and a reduction of the trades in the
volcanic eruptions over the last thousand years, with a fo-Atlantic Ocean. The atmospheric response at mid to high
cus on the North Atlantic Ocean. We used a fully cou- latitudes depends on the eruptions. In this study, in order to
pled AOGCM forced by a realistic chronology of volcanic investigate apparent discrepancy found in the literature re-
eruptions, variations of the TSI and of the atmospheric greengarding the AMOC response, we only separated eruptions
house gases concentrations. Note that the TSI reconstructiamccurring after 1400 from the ones occurring between 1100
chosen to force the model is relatively weak, and that someand 1300. In the later period, the anomalous atmospheric
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Fig. 18. Composites of anomalous March sea ice cover in response

Fig. 17. Composngs of aqomalous March n_uxed Iayer_depth n to volcanic eruptions occurring during the period 1100-1300. The
response to volcanic eruptions occurring during the period 1100_c:om osite is shown for the year following the eruption (left), 5 years
1300. The composite is shown for the year of the eruption (left) P Y g P 0y

. . “Jater (middle), and 10 years later (right). Grey lines show contours
averaged over the following 3 years (middile), and averaged 4 to )of the average sea ice cover in March of 0, 0.5 and 1. Dotted areas

ears later (right). Grey lines show the annual mean mixed layer S

)(;epth field i(n ?he)mode?/, with a contour interval of 500 m. Dottgd are not significant at the 5% level.
areas are not significant at the 5% level.

dynamical adjustment of the AMOC in the years following

an eruption. On the other hand, the initial reduction of deep
structure in response to an eruption induces strong windvater formation is more persistent, as a result of a stronger
stress curl anomalies over the North Atlantic Ocean, whichsurface cooling and more persistent sea ice cover anomalies,
lead to an important dynamical adjustment in the Atlantic leading to a stronger negative anomaly of AMOC at high lat-
Ocean at interannual timescales, namely one to five years aftudes 2 to 4 years after an eruption, and a stronger reduction
ter an eruption. This adjustment of the oceanic circulation isof the AMOC in the subpolar North Atlantic 10 to 15 years
equivalent barotropic, with an upwelling arounc®®0and a  after the eruption.
downwelling at 50N and around the equator. The anoma- As noted in the introduction, the oceanic response to vol-
lous vertical oceanic circulation can reach the full depthcanic eruptions is still largely unknown and recent studies
of the ocean. During the following years, the atmosphericbased on climate models suggest either an AMOC enhance-
structure evolves inducing an anomalous acceleration of thenent or a reduction following volcanic eruptions of the last
AMOC in the subpolar basin. However, this anomaly doesmillennium. The present findings could possibly reconcile
not persist more than a few years, because of reduced dedpese previous studies, suggesting a strong sensitivity of the
convection in the high northern latitudes under the effect ofresponse to different volcanic eruptions. In particular, the
anomalous sea ice extension and surface freshening that d&MOC intensification seen 5 to 10 years after the volcanic
velop a few years after the eruption. A weak reduction of eruptions occurring after 1400 A.D. bears strong similarity
the AMOC is thus detected a decade after the eruption. Irwith results ofOttera et al.(2010) using a different coupled
the case of the eruptions occurring between 1100 and 130Glimate model to investigate this period. On the other hand,
the anomalous SLP structure during the year of the eruptiothe AMOC weakening in the northern North Atlantic and the
differs over the subpolar region from the one obtained dur-large sea ice extension following the intense eruptions occur-
ing the later period. It induces much weaker wind stress curking between 1100 and 1300 can be compared to the response
anomalies over the Atlantic basin and thus a much weakefound by Zhong et al.(2010). Investigating the whole last
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convection. However, the atmospheric response to the vol-
canic eruptions diffe'r in the two periods and thus plays agiteq by: U. Mikolajewicz
large role in modulating the oceanic response. At least three
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