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Regional impacts of volcanism are severe

On 10 April 1815, one of the largest volcanic eruptions of
the last millennium occurred on the Indonesian island of
Sumbawa1,2. This eruption of Mt. Tambora injected an

estimated 60 Tg of sulfur dioxide into the stratosphere3,4, where it
converted to sulfate aerosol and spread globally. The associated
increase in Earth’s planetary albedo led to a sustained cooling of
the surface for several years thereafter and is thought to have
contributed to a broad range of follow-on effects across the
globe5–8. Globally, up to 105,000 deaths are estimated to have
occurred as a result of the eruption6. In its aftermath, cooling was
pronounced in certain regions, including northeastern North
America and central and western Europe1,2,5,6, while in other
regions, such as Southeast Asia, the response was the suppression
of summer rainfall9,10. Due to its severe global-scale impacts and
the availability of anecdotal accounts of the event, the eruption
has been chosen as a test case for the ongoing Model Inter-
comparison on the Climate Response to Volcanic Forcing (Vol-
MIP) project11.

While it is known that major regional climate anomalies fol-
lowed the 1815 eruption, our understanding of the event and the
potential implications of a similar future eruption can be
improved through a more complete global-scale understanding of
its climate response. Such an understanding is hampered by the
limited availability of direct observations and the need to rely
instead on proxy-based reconstructions that are relatively
uncertain in relation to instrumental data. Moreover, some early
studies using coupled climate models relied on a small number of

ensemble members12,13, making it a challenge to separate the
forced climate response from internal variability, an issue that has
been addressed more thoroughly for other eruptions in recent
work13,14. In addition, simulated responses to major eruptions are
themselves suspected of being biased in key respects15, although
forcing uncertainties and the transient evolution of the climate
response make these biases difficult to estimate4,9,16–20. Addres-
sing these issues is critical to understanding the large-scale pro-
cesses that drove the 1815 climate response and is a key part of
assessing the potential impacts of a future eruption.

Here, we assess a newly available ensemble of climate simula-
tions spanning the last millennium, the Community Earth System
Model (CESM) Last Millennium Ensemble (LME21), which
bypasses some of the above concerns due to its multiple members
and use of a single climate model. These simulations use the
Coupled Model Intercomparison Project (CMIP5) climate forcing
reconstructions22. Volcanic forcing is specified from ice-core-
derived estimates of aerosol loadings as a function of latitude,
altitude, and month23 while stratospheric aerosols are prescribed
as a fixed single-size distribution in the three layers in the lower
stratosphere. The Tambora eruption coincided with a minimum
in solar activity (the so-called Dalton minimum) and changes in
total solar irradiance are prescribed, with an estimated 11-year
solar cycle imposed24.

Our results show that the 1815 eruption of Mt. Tambora
triggered strong responses at the land surface and within the
atmosphere and ocean. The YWAS can thus best be understood
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Fig. 1 Proxy reconstructions and LME-simulated responses compared. European 1816 summer temperature anomalies relative to 1990–1999 in a proxy
reconstructions26 and b from the LME, and c southeast Asian Palmer Drought Severity Index (PDSI), an indicator of drought10, and d their ensemble means
over contemporaneous intervals from the LME. Stippling indicates regions where reconstructions lie outside of the ensemble model range for both
temperature and PDSI
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On 10 April 1815, one of the largest volcanic eruptions of
the last millennium occurred on the Indonesian island of
Sumbawa1,2. This eruption of Mt. Tambora injected an

estimated 60 Tg of sulfur dioxide into the stratosphere3,4, where it
converted to sulfate aerosol and spread globally. The associated
increase in Earth’s planetary albedo led to a sustained cooling of
the surface for several years thereafter and is thought to have
contributed to a broad range of follow-on effects across the
globe5–8. Globally, up to 105,000 deaths are estimated to have
occurred as a result of the eruption6. In its aftermath, cooling was
pronounced in certain regions, including northeastern North
America and central and western Europe1,2,5,6, while in other
regions, such as Southeast Asia, the response was the suppression
of summer rainfall9,10. Due to its severe global-scale impacts and
the availability of anecdotal accounts of the event, the eruption
has been chosen as a test case for the ongoing Model Inter-
comparison on the Climate Response to Volcanic Forcing (Vol-
MIP) project11.

While it is known that major regional climate anomalies fol-
lowed the 1815 eruption, our understanding of the event and the
potential implications of a similar future eruption can be
improved through a more complete global-scale understanding of
its climate response. Such an understanding is hampered by the
limited availability of direct observations and the need to rely
instead on proxy-based reconstructions that are relatively
uncertain in relation to instrumental data. Moreover, some early
studies using coupled climate models relied on a small number of

ensemble members12,13, making it a challenge to separate the
forced climate response from internal variability, an issue that has
been addressed more thoroughly for other eruptions in recent
work13,14. In addition, simulated responses to major eruptions are
themselves suspected of being biased in key respects15, although
forcing uncertainties and the transient evolution of the climate
response make these biases difficult to estimate4,9,16–20. Addres-
sing these issues is critical to understanding the large-scale pro-
cesses that drove the 1815 climate response and is a key part of
assessing the potential impacts of a future eruption.

Here, we assess a newly available ensemble of climate simula-
tions spanning the last millennium, the Community Earth System
Model (CESM) Last Millennium Ensemble (LME21), which
bypasses some of the above concerns due to its multiple members
and use of a single climate model. These simulations use the
Coupled Model Intercomparison Project (CMIP5) climate forcing
reconstructions22. Volcanic forcing is specified from ice-core-
derived estimates of aerosol loadings as a function of latitude,
altitude, and month23 while stratospheric aerosols are prescribed
as a fixed single-size distribution in the three layers in the lower
stratosphere. The Tambora eruption coincided with a minimum
in solar activity (the so-called Dalton minimum) and changes in
total solar irradiance are prescribed, with an estimated 11-year
solar cycle imposed24.

Our results show that the 1815 eruption of Mt. Tambora
triggered strong responses at the land surface and within the
atmosphere and ocean. The YWAS can thus best be understood
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Figure 1 | Time series of volcanic sulphate deposition over Antarctica. a, Number of individual Antarctic ice core records to assess volcanic sulphate
deposition, as well as the number of records and sites incorporated into the AVS-2k (Antarctic Volcanic Sulphate) composite compared with the number of
sites used by the GAO08 (ref. 6) reconstruction. b, AVS-2k volcanic sulphate deposition for 116 volcanic events. Red and blue bars indicate bipolar
(suggesting a tropical source) and unipolar sulphate deposition, respectively, based on synchronous sulphate signals in Greenland ice cores7,20 (not
shown). The 10 largest deposition events, and their rank, are indicated by numeric labels (and listed in Supplementary Table 4). Estimated AOD
(30�–90� S), using a scaling function derived for Pinatubo and assumed valid for bipolar signals, is given on the right y axis. c, Volcanic sulphate deposition
reported by GAO08 (ref. 6) and relative di�erence to AVS-2k, with absolute di�erences in dating indicated for some events.

New high-depth-resolution volcanic sulphate records developed
from ice cores collected from Antarctic sites with su�ciently high
annual snowfall rates to allow annual-layer counting recently have
reduced dating uncertainties in ice core records spanning the
Common Era7,20. Combined with similarly improved Greenland
measurements, these new records facilitate precise identification
of climatically important volcanic events detected in ice core
records from both hemispheres7. As a result of the low background
concentrations of sea salt and marine biogenic sulphur typical of
an inland ice core, the high-depth-resolution West Antarctic Ice
Sheet Divide (WD) core also enables identification of many more
smaller volcanic events than is possible in lower-depth-resolution
or coastal ice core records (Supplementary Fig. 1), allowing for the
first time a precise synchronization of ice core records from all
around Antarctica—including those from low-snow-accumulation
sites found on the vast East Antarctic plateau (Fig. 2).

Here we used a total of 26 ice core records from 19 di�erent sites
(Supplementary Table 1 and Fig. 2) to assess spatial and temporal
patterns of volcanic sulphate aerosol deposition inAntarctica. Accu-
rate dating and precise synchronization are prerequisite to creating
a composite from individual ice core records so we used as many
as 86 volcanic features during the past 2,000 years to precisely
synchronize all records with the annual-layer-countedWDchronol-
ogy (Supplementary Information and Figs 3 and 4 for details on
volcanic synchronization). For some previously published records
(for example, Taylor Dome), we found substantial deviations in the
original dating (Supplementary Figs 5 and 6), leading to significant
errors in the composite sulphate fluxes in the GAO08 and CRO12
reconstructions especially before 1200. Comparisons of synchro-
nized records from very low-snowfall sites on the East Antarctic
plateau demonstrate the reliability of the synchronization and the
uniformity of sulphate deposition across large regions of Antarctica
even for relatively small volcanic eruptions (Supplementary Fig. 3).

We detected volcanic sulphate, which is superimposed on non-
volcanic (mostly marine biogenic) background concentrations,
using established procedures7,15 (Methods and Supplementary
Figs 7 and 8). Our assessment of volcanic sulphate fluxes over
Antarctica shows that deposition was enhanced by a factor of
⇠1.7 at high-snow-accumulation sites in West Antarctica and
at Law Dome compared with sites in low-snowfall regions of
East Antarctica, highlighting the importance of precipitation
scavenging andwet deposition for removal of sulphate aerosols from
the atmosphere21 (Supplementary Table 2). Spatial variability of
sulphate depositionwas larger at low-accumulation sites (coe�cient
of variation 45%) than at high-accumulation sites (30%), probably
because of post-depositional redistribution of sulphate by wind
drift typical of the East Antarctica plateau14. The large number
of synchronized records in our assessment, including some from
adjacent drill sites, permitted detection and removal of outliers
(Supplementary Information).

For six large events, we compared our ice-core-based
observations with sulphate deposition from volcanic
eruptions simulated using the coupled aerosol–climate model
MAECHAM5-HAM (ref. 22). The ensemble mean spatial patterns
of sulphate deposition after tropical stratospheric sulphate
injections of 45, 100 and 170 Mt SO2 are all similar and agree
well with ice core observations for the 1815 Tambora event and
some other large eruptions (Supplementary Figs 9 and 10 and
Table 3). These events showed strong gradients in deposition
between the high-elevation regions of East Antarctica and lower-
elevation regions in West Antarctica. For the Samalas 1257 event
(strongest eruption within the record), however, the spatial pattern
from the ice core measurements di�ers from that observed for
most other eruptions and is characterized by a more uniform
distribution of volcanic sulphate deposition over Antarctica.
For this event in 1257—but also for some earlier eruptions in
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Figure 1 | Time series of volcanic sulphate deposition over Antarctica. a, Number of individual Antarctic ice core records to assess volcanic sulphate
deposition, as well as the number of records and sites incorporated into the AVS-2k (Antarctic Volcanic Sulphate) composite compared with the number of
sites used by the GAO08 (ref. 6) reconstruction. b, AVS-2k volcanic sulphate deposition for 116 volcanic events. Red and blue bars indicate bipolar
(suggesting a tropical source) and unipolar sulphate deposition, respectively, based on synchronous sulphate signals in Greenland ice cores7,20 (not
shown). The 10 largest deposition events, and their rank, are indicated by numeric labels (and listed in Supplementary Table 4). Estimated AOD
(30�–90� S), using a scaling function derived for Pinatubo and assumed valid for bipolar signals, is given on the right y axis. c, Volcanic sulphate deposition
reported by GAO08 (ref. 6) and relative di�erence to AVS-2k, with absolute di�erences in dating indicated for some events.

New high-depth-resolution volcanic sulphate records developed
from ice cores collected from Antarctic sites with su�ciently high
annual snowfall rates to allow annual-layer counting recently have
reduced dating uncertainties in ice core records spanning the
Common Era7,20. Combined with similarly improved Greenland
measurements, these new records facilitate precise identification
of climatically important volcanic events detected in ice core
records from both hemispheres7. As a result of the low background
concentrations of sea salt and marine biogenic sulphur typical of
an inland ice core, the high-depth-resolution West Antarctic Ice
Sheet Divide (WD) core also enables identification of many more
smaller volcanic events than is possible in lower-depth-resolution
or coastal ice core records (Supplementary Fig. 1), allowing for the
first time a precise synchronization of ice core records from all
around Antarctica—including those from low-snow-accumulation
sites found on the vast East Antarctic plateau (Fig. 2).

Here we used a total of 26 ice core records from 19 di�erent sites
(Supplementary Table 1 and Fig. 2) to assess spatial and temporal
patterns of volcanic sulphate aerosol deposition inAntarctica. Accu-
rate dating and precise synchronization are prerequisite to creating
a composite from individual ice core records so we used as many
as 86 volcanic features during the past 2,000 years to precisely
synchronize all records with the annual-layer-countedWDchronol-
ogy (Supplementary Information and Figs 3 and 4 for details on
volcanic synchronization). For some previously published records
(for example, Taylor Dome), we found substantial deviations in the
original dating (Supplementary Figs 5 and 6), leading to significant
errors in the composite sulphate fluxes in the GAO08 and CRO12
reconstructions especially before 1200. Comparisons of synchro-
nized records from very low-snowfall sites on the East Antarctic
plateau demonstrate the reliability of the synchronization and the
uniformity of sulphate deposition across large regions of Antarctica
even for relatively small volcanic eruptions (Supplementary Fig. 3).

We detected volcanic sulphate, which is superimposed on non-
volcanic (mostly marine biogenic) background concentrations,
using established procedures7,15 (Methods and Supplementary
Figs 7 and 8). Our assessment of volcanic sulphate fluxes over
Antarctica shows that deposition was enhanced by a factor of
⇠1.7 at high-snow-accumulation sites in West Antarctica and
at Law Dome compared with sites in low-snowfall regions of
East Antarctica, highlighting the importance of precipitation
scavenging andwet deposition for removal of sulphate aerosols from
the atmosphere21 (Supplementary Table 2). Spatial variability of
sulphate depositionwas larger at low-accumulation sites (coe�cient
of variation 45%) than at high-accumulation sites (30%), probably
because of post-depositional redistribution of sulphate by wind
drift typical of the East Antarctica plateau14. The large number
of synchronized records in our assessment, including some from
adjacent drill sites, permitted detection and removal of outliers
(Supplementary Information).

For six large events, we compared our ice-core-based
observations with sulphate deposition from volcanic
eruptions simulated using the coupled aerosol–climate model
MAECHAM5-HAM (ref. 22). The ensemble mean spatial patterns
of sulphate deposition after tropical stratospheric sulphate
injections of 45, 100 and 170 Mt SO2 are all similar and agree
well with ice core observations for the 1815 Tambora event and
some other large eruptions (Supplementary Figs 9 and 10 and
Table 3). These events showed strong gradients in deposition
between the high-elevation regions of East Antarctica and lower-
elevation regions in West Antarctica. For the Samalas 1257 event
(strongest eruption within the record), however, the spatial pattern
from the ice core measurements di�ers from that observed for
most other eruptions and is characterized by a more uniform
distribution of volcanic sulphate deposition over Antarctica.
For this event in 1257—but also for some earlier eruptions in
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CESM Last Millennium Ensemble

Supercomputing Center (NWSC) Yellowstone com-
puter, and complete a full simulation from 850 to 
2005 in ~45–50 days.

Before starting the CESM-LME simulations, we 
spun up the model for an 1850 control simulation 
of 650 yr, from which an 850 control simulation 
was branched and run for an additional 1,356 yr 
(Fig. 1). All CESM-LME simulations were started 
from year 850 of the 850 control simulation (i.e., 
after 200 yr of the 850 control). The only difference 
among ensemble members is in the application of 
small random roundoff (order 10–14 °C) differences 
in the air temperature field at the start of each en-
semble member. Both control simulations were run 
in excess of 1000 yr to overlap with 
the CESM-LME simulations, allowing 
removal in our analyses of any trends 
still present. In surface temperature 
and top-of-atmosphere (TOA) net 
incoming flux, these trends are on 
the order of 0.02°C century–1 and 
0.01 W m–2, respectively. For sea ice 
area, there is no significant trend 
in the control simulation. Over 
the period from 850 to 1849, the 
global mean ocean temperature in 
the 850 control integration cools by 
only ~.004°C century–1, reflecting a 
continuing adjustment toward equi-
librium in the deepest ocean levels 

below ~500 m. The global mean ocean salinity freshens 
by ~5 × 10–5 psu century–1, indicating an insignificant 
adjustment between global freshwater reservoirs.

The choices of LM forcings and their implemen-
tations follow those used in our LM simulation with 
the Community Climate System Model, version 4 
[CCSM4; see Landrum et al. (2013), in particular 
Fig. 1 and its discussion for more details]. The forcings 
over this period include orbital, solar, volcanic, 
changes in land use/land cover, and greenhouse gas 
levels. We adopt the concentrations of the well-mixed 
greenhouse gases (CO2, CH4, and N2O) from high-
resolution Antarctic ice cores (Schmidt et al. 2011) 
and calculate the seasonal and latitudinal distribution 

TABLE 1. CESM-LME simulations. Additional information about the simulations including the forcing 
datasets, saved variables, diagnostics, model support and known issues can be found at the CESM-LME 
website (www2.cesm.ucar.edu/models/experiments/LME).

Expt No. of runs
Solar  

variability
Volcanic  

eruptions Land use GHGs
Orbital 
changes

Ozone– 
aerosols

Full forcings 10 Transient  
850–2005

Transient  
850–2005

Transient  
850–2005

Transient  
850–2005

Transient 
850–2005

Transient 
1850–2005

Solar only 4 Transient  
850–2005 None * * * 1850

Volcanic only 5 * Transient  
850–2005 * * * 1850

Land use only 3 * None Transient  
850–2005 * * 1850

GHG only 3 * None * Transient 
850–2005 * 1850

Orbital only 3 * None * * Transient 
850–2005 1850

Ozone–
aerosol only 2 * None * * * Transient 

1850–2005

* Fixed at 850 values.

FIG. 1. Details of the initial states and simulation lengths of the CESM-
LME control and forced runs.
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Isotope-enabled CESM: “iLME”

Runs completed:  

- Greenhouse gas only (1)
- Volcanic aerosols only (2)
- Orbital forcing only (1)
- Solar insolation changes only (1)
- Full forcing (3)  

iCESM description paper: Brady et al. (2019),  
submission to JAMES this month!

iLME “first results” paper: Stevenson et al. (2019),  
submission to Paleoceanography & Paleoclimatology  

this month!
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Table 1. Simulations run as part of the isotope-enabled LME. All simulations cover the
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Full-forcing 3
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Past studies using historical observations and 
proxy data have argued that large tropical volcanic 
eruptions lead to an El Niño–like warming in the 
posteruption period (Handler 1984; Adams et al. 
2003; McGregor et al. 2010; Wahl et al. 2014), but 
these results remain controversial (Self et al. 1997; 

Robock 2000). Figure 14 illustrates the benefit of 
using an ensemble approach to study the relation-
ship between ENSO and large tropical eruptions. 
Individual realizations of the cold season tropical 
Pacific sea surface temperature anomalies 1 yr after 
the Tambora eruption peaks are shown in Fig. 14 as 

well as the ensemble mean 
of the 15 ensemble members 
with volcanic forcing. The 
ensemble mean, as well as 
nine of the individual real-
izations, exhibit an El Niño–
like warming in the eastern 
Pacific. This is significantly 
greater than the average likeli-
hood for an El Niño to occur 
in any given cold season. The 
other six ensemble members 
simulate cooler temperatures 
or no change in the cold sea-
son tropical surface tempera-
ture anomalies 1 yr after the 
Tambora eruption.

SUMMARY, NEXT STEPS, 
AND COMMUNITY IN-
VOLVEMENT. The CESM-
LME provides a more com-
prehensive look at climate 
variability since 850 CE than 
has been previously available 
to the community. Our initial 
analyses of the CESM-LME 
highlight the importance of 
an ensemble approach to in-
vestigating the detailed climate 
responses chronicled by the 
proxies. That said, the present 
ensemble does not completely 
account for uncertainties in the 
magnitudes of forcing factors; 
we chose one of the possible 
reconstructions for each of the 
forcings of the LM (Schmidt 
et al. 2011) for our simulations. 
Alternate reconstructions have 
since become available. For 
land use, the reconstruction of 
Kaplan et al. (2011) estimates 
the total global land-use/land-
cover change at 1850 to be 
approximately twice as large as 
that in the Hurtt et al. (2011) or 

FIG. 12. Lead–lag relationships of AMOC leading-order principal component 
(PC1), NH annual SIE, and AMO composite responses to seven volcanic 
events with the largest impacts on annual radiation in the North Atlantic 
(greater than −10 W m−2 reduction in solar flux) for CESM-LME all-forcing 
and volcanic-only simulations. Composites for individual simulations (the 
ensemble of simulations) are shown by thin black (thick red) lines. The 
response is shown as a deviation from the 30-yr mean prior to the event. 
Year 0 is the first year of reduction in solar flux. Dashed lines represent 
two standard deviations for individual (light gray) and ensemble (black) 
bootstrap random events. The AMOC is represented with the leading-
order PC time series and EOF analysis for 33°S–60°N.
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of years 0 to 11 (Figs. 4a,c,e), reduced rainfall occurs
over land, particularly in the tropics (the western
United States and parts of South America are excep-
tions). Strong changes are also observed over the ocean,
with a dipolar signature centered along the equator con-
sistent with an equatorward (poleward) migration of the

intertropical convergence zone (ITCZ) for Northern
(Southern) eruptions.
The climate response in years 11 to 12 differs from

that in years 10 to 11. During DJF 10 to 11, the
Tropical eruptions show little change in temperature in
the eastern equatorial Pacific (Fig. 3a). A net warming is

FIG. 3. Composite surface air temperature response (8C) to eruptions of varying sizes: (a),(b) Tropical,
(c),(d) Northern, and (e),(f) Southern eruptions. The left-hand column [(a),(c),(e)] indicates responses duringDJF of
years 10 to 11. The right-hand column [(b),(d),(f)] indicates responses during DJF of years 11 to 12. Significance
levels are determined according to the Wilcoxon rank-sum test, and values that are insignificant at 90% are stippled.

FIG. 4. As in Fig. 3, but for total precipitation (mmday21).
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Figure 4. Anomalies in vapor �18O for the 2 years following eruptions.

Figure 5. 0-30cm soil moisture for the 2 years following eruptions.
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Figure 6. 0-30cm soil �18O for the 2 years following eruptions.
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Figure 7. Salinity anomalies for the 2 years following eruptions. [Add contours to figure

showing salinity anomalies associated with El Niño]
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Figure 9. Seawater �18O for the 2 years following eruptions. [Add panel to figure showing

salinity anomalies associated with El Niño]
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Figure 9. Seawater �18O for the 2 years following eruptions. [Add panel to figure showing

salinity anomalies associated with El Niño]
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Conclusions

- Isotope-enabled LME: complete, soon to be publicly released  
Full-forcing, single-forcing experiments included  

- Post-eruption influences on precip, 𝛅18Op often quite distinct: influence of AMO felt in 

𝛅18Op throughout the Atlantic basin, eastern North America  

- AMO responses differ depending on eruption hemisphere, as does ENSO  
(consistent with previous work)  

- Isotopic anomalies in soil moisture differ hemispherically as well; anomalies sometimes 
quite distinct from soil moisture balance  

 
South Pacific Convergence Zone responses differ significantly between eruptions in 

differing hemispheres: NH eruptions have a stronger SPCZ signature  

Possible to use isotope-enabled models to assess proxy network best suited to 
identify past eruption characteristics?


