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Mt. Pinatubo, Philippines, 1991



Past eruptions: even larger than Pinatubo

Model [Wigley et al., 2005]. The very close agreement
found by Wigley et al. justifies the use of MAGICC to
obtain reliable estimates of how the climate responds to
various volcanic eruptions with some confidence.
[17] The input forcing for MAGICC is the global mean

monthly radiative forcing at the top of the atmosphere.
Therefore, we converted the stratospheric volcanic aerosol
loading (in units of Tg) obtained above into radiative
forcing by first dividing the loading by 1.5 ! 1014 Tg
[Stothers, 1984] to obtain the optical depth; then multiply-
ing the optical depth by 20 [Wigley et al., 2005] to obtain
the radiative forcing in W m"2. The solar forcing over the
past 1000 years was obtained by scaling solar modulation
estimates [Muscheler et al., 2007] to a recent solar irradi-
ance reconstruction [Wang et al., 2005]. For anthropogenic
forcing we applied the IPCC SRES A1B forcing scenario
with median anthropogenic aerosol forcing (Q[2000] =
1.4 W m"2, Tom Wigley, personal communication, 2006).
The model was run from 850 C.E. to 2015 C.E. with climate
sensitivity set to be 3.0!C for doubled CO2 concentration.
[18] Figure 3 shows the comparison between the model

simulated global mean temperature and instrumental obser-
vations for the past 150 years. We found a good agreement
between the model results and observations. The model
accurately simulated the cooling of about 0.2!–0.3!C for
the three tropical eruptions, 1883 Krakatau, 1963 Agung,
and 1991 Pinatubo, during this period. On the other hand,
the modeled temperature did not show the sharp warmings

in 1878 and the early 1940s. This is because there were
large El Niño events then [Brönnimann et al., 2004], which
are not included in the energy balance model, and because
the temperature drop in August 1945 is the result of errors
in the sea surface temperature record, which still need to be
corrected in the record we used and all other records
[Thompson et al., 2008].
[19] The model also did not produce cooling for the 1982

El Chichón eruption. This is because the El Chichón signal
was missed from our ice core-based reconstruction because
most of our Arctic ice cores end before or around the 1980s,
and owing to the asymmetric distribution of the El Chichón
cloud [Robock, 2000], no El Chichón signal was extracted
from the Antarctic ice core records. Therefore, in a subse-
quent MAGICC run we replaced our ice core–based
reconstruction with Sato’s [Sato et al., 1993] (and updated
to present) values after 1970 and compared the model
response to NH temperature reconstructions [Intergovern-
mental Panel on Climate Change, 2007, Figure 6.10] for the
past millennium (Figure 4). The model simulation generally
captured the temperature variation on the decade to century
timescale: the (sometimes interrupted) mean temperatures
between the ninth and twelfth centuries, which were gener-
ally warmer than before or after, and only in the nineteenth
century reach similarly warm conditions again; the coldest
episodes occurring during the thirteenth, fifteenth, and
nineteenth centuries; and the exceptionally high temperature
after 1850. Several sharp cooling events mark the temper-

Figure 2. Annual stratospheric volcanic sulfate aerosol injection for the past 1500 years in the (top)
NH, (middle) SH, and (bottom) global.
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Fig. 1. Details of the initial states and simulation lengths of the CESM-LME control 708 
and forced runs.  709 
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Table 1
Simulations Completed to Date as Part of the Isotope-Enabled Last
Millennium Ensemble

Ensemble Size
Full forcing 3
Volcano only 2
Orbital only 1
Solar only 1
Greenhouse gas only 1
Note. All simulations cover the 850–2005 period.

As was done for the LME, the new, isotope-enabled simulations (hereafter “iLME” ) also include mem-
bers run with only a single forcing agent (e.g., solar irradiance changes, greenhouse gas emissions, volcanic
eruptions, and orbital changes) for use in attribution studies. The iLME members presently available are
summarized in Table 1, although we anticipate the ensemble size to increase in the future; here we ana-
lyze the three full-forcing and two volcano-only simulations. Since the largest tropical eruptions occurred
prior to 1850 and post-1850 anthropogenic influences may complicate detection of the volcanic signature,
we restrict the analysis period here to 850–1850 (consistent with Stevenson et al., 2016). Volcanic aerosol
forcing is implemented following the same protocol applied for the LME: Average monthly aerosol loadings
in the nine latitudinal bands provided by the Gao et al. (2008) forcing data set are interpolated onto the three
atmospheric layers closest to the climatological location of the base of the stratosphere.

For identification of volcanic responses, we follow the approach used in previous work (Stevenson et al.,
2016). Eruptions with a peak aerosol mass mixing ratio greater than 10−8 in the Gao et al. (2008) data set
are considered and classified according to their ratio of aerosols distributed in the Northern and Southern
Hemispheres. As in Stevenson et al. (2016), eruptions with Northern/Southern Hemisphere aerosol ratios
above 1.3 or below 0.7 are considered “Northern” (1176, 1213, 1600, 1641, 1762, and 1835) or “Southern”
(1275, 1341, and 1452), respectively; the remainder are classified as “Tropical” (1258, 1284, 1809, and 1815).
Note that as in the LME, the 1783 historical eruption of Laki occurs in 1762 in the model; the date of this
event was assigned incorrectly in Gao et al. (2008). For all events, the eruption year is referred to as “Year
0” in subsequent analyses, such that for the April 1815 eruption of Mt. Tambora, “DJF +1” is made up of
December 1815, January and February 1816, and so on. Anomalies are computed relative to the 850–1850
mean, to minimize the possibility of “preconditioning” of the preeruption baseline by other eruptions.

3. Atmospheric Response to Eruptions
The atmospheric response to eruptions is shown in Figures 1 and 2 using precipitation amount and sur-
face air temperature, respectively. The precipitation amount signatures for Tropical and Northern eruptions
reveal an equatorward migration of the Intertropical Convergence Zone (ITCZ) which is particularly pro-
nounced during the boreal winter of the year following the eruption (DJF +1–2; Figures 1c and 1f). This is
consistent with previous work showing that the ITCZ migrates away from the hemisphere with the largest
volcanic aerosol loading (Colose et al., 2016; Pausata et al., 2015; Stevenson et al., 2016). The migration of
the ITCZ is also tightly coupled with the tendency for El Niño initiation to become more common during
the winter of DJF +1–2 (Figure 3; Stevenson et al., 2016). Other notable responses to Tropical and Northern
eruptions include an overall reduction in Asian monsoon rainfall for the two boreal summers following the
event (Figures 1b and 1e) and an increase in winter rainfall in western North America (Figures 1a, 1c, 1d,
and 1f). These features are also influenced by the El Niño teleconnection pattern, as well as being part of the
“El Niño-like” direct hydroclimate response to aerosol forcing previously documented in CESM (Stevenson
et al., 2016).

Many of the temperature responses in Figures 1 and 2 have also been documented in Stevenson et al. (2016).
These include an overall cooling of land masses, particularly in the Northern Hemisphere, and a tendency
toward equatorial Pacific warming, which is the strongest during DJF +1–2 and following Northern/Tropical
eruptions (Figures 2c and 2f). Cooling over land in the polar regions appears strongly dependent on erup-
tion latitude; the Arctic and most of the Northern Hemisphere high latitudes cool much more strongly
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Figure 4. Anomalies in total precipitable water (colors) and 850-hPa winds (vectors) for the 2 years following Tropical
(a–c), Northern (d–f), and Southern (g–i) eruptions Top row (a,d,g) shows composites for DJF +0-1; middle row (b,e,h),
for JJA +1; and bottom row (c,f,i), for DJF +1-2.

eruptions (Figures 5a and 5g) and the Eurasian enrichment signal strongest following Tropical/Northern
events (Figures 5a and 5d). Interestingly, the !18Op depletion over Greenland/North America does not seem
to correspond precisely to temperature, as the largest cooling occurs over the North American landmass yet
!18Op depletion is centered farther east (Figure 5a). This may indicate a role for changes to moisture source
pathways in generating !18Op anomalies, such as a shift in the average surface evaporation conditions, or in
the amount of upstream rainout.

Figure 5. Anomalies in precipitation !18O (‰) for the 2 years following Tropical (a–c), Northern (d–f), and Southern
(g–i) eruptions. Stippling indicates values which are insignificant at 90% using a Wilcoxon rank-sum test. Top row
(a,d,g) shows composites for DJF +0-1; middle row (b,e,h), for JJA +1; and bottom row (c,f,i), for DJF +1-2.

STEVENSON ET AL. 6

Precip 𝜹18O: DJF following tropical eruptions (Year 0-1)

Stevenson et al. (2019)

Paleoceanography 10.1029/2019PA003625

Figure 4. Anomalies in total precipitable water (colors) and 850-hPa winds (vectors) for the 2 years following Tropical
(a–c), Northern (d–f), and Southern (g–i) eruptions Top row (a,d,g) shows composites for DJF +0-1; middle row (b,e,h),
for JJA +1; and bottom row (c,f,i), for DJF +1-2.

eruptions (Figures 5a and 5g) and the Eurasian enrichment signal strongest following Tropical/Northern
events (Figures 5a and 5d). Interestingly, the !18Op depletion over Greenland/North America does not seem
to correspond precisely to temperature, as the largest cooling occurs over the North American landmass yet
!18Op depletion is centered farther east (Figure 5a). This may indicate a role for changes to moisture source
pathways in generating !18Op anomalies, such as a shift in the average surface evaporation conditions, or in
the amount of upstream rainout.

Figure 5. Anomalies in precipitation !18O (‰) for the 2 years following Tropical (a–c), Northern (d–f), and Southern
(g–i) eruptions. Stippling indicates values which are insignificant at 90% using a Wilcoxon rank-sum test. Top row
(a,d,g) shows composites for DJF +0-1; middle row (b,e,h), for JJA +1; and bottom row (c,f,i), for DJF +1-2.

STEVENSON ET AL. 6

Heavier 
(‘enriched’)

Lighter 
(‘depleted’)

Paleoceanography 10.1029/2019PA003625

Figure 1. Anomalies in precipitation (mm/day) composited over the 2 years following Tropical (a–c), Northern (d–f),
and Southern (g–i) eruptions. Stippling indicates values which are insignificant at 90% using a Wilcoxon rank-sum test.
Top row (a,d,g) shows composites for DJF +0-1; middle row (b,e,h), for JJA +1; and bottom row (c,f,i), for DJF +1-2.

in response to Northern eruptions, consistent with the strong hemispheric differentials in aerosol load-
ing. Likewise, Antarctica cools much more following Southern eruptions. In both polar regions, Tropical
eruptions cause the strongest cooling, since these events have generally tended to be larger over the last
millennium (Stevenson et al., 2016).

There are other features of interest in the high latitudes: for instance, the strong warming over Eurasia
(Figure 2c). This has been previously attributed to a strengthening of the stratospheric polar vortex and
associated positive phase of the North Atlantic Oscillation, bringing warmer air from the North Atlantic

Figure 2. Anomalies in temperature (◦C) composited over the 2 years following Tropical (a–c), Northern (d–f), and
Souther (g–i) eruptions. Stippling indicates values which are insignificant at 90% using a Wilcoxon rank-sum test.
Top row (a,d,g) shows composites for DJF +0-1; middle row (b,e,h), for JJA +1; and bottom row (c,f,i), for DJF +1-2.
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Figure 1. Anomalies in precipitation (mm/day) composited over the 2 years following Tropical (a–c), Northern (d–f),
and Southern (g–i) eruptions. Stippling indicates values which are insignificant at 90% using a Wilcoxon rank-sum test.
Top row (a,d,g) shows composites for DJF +0-1; middle row (b,e,h), for JJA +1; and bottom row (c,f,i), for DJF +1-2.

in response to Northern eruptions, consistent with the strong hemispheric differentials in aerosol load-
ing. Likewise, Antarctica cools much more following Southern eruptions. In both polar regions, Tropical
eruptions cause the strongest cooling, since these events have generally tended to be larger over the last
millennium (Stevenson et al., 2016).

There are other features of interest in the high latitudes: for instance, the strong warming over Eurasia
(Figure 2c). This has been previously attributed to a strengthening of the stratospheric polar vortex and
associated positive phase of the North Atlantic Oscillation, bringing warmer air from the North Atlantic
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Figure 6. Anomalies in P-E (mm/day), for the 2 years following Tropical (a–c), Northern (d–f), and Southern (g–i)
eruptions. Stippling indicates values which are insignificant at 90% using a Wilcoxon rank-sum test. Top row (a,d,g)
shows composites for DJF +0-1; middle row (b,e,h), for JJA +1; and bottom row (c,f,i), for DJF +1-2;

During DJF +1–2, particularly following Tropical eruptions, the anomalies in !18Op are quite large over the
entire Australian continent (Figure 5c). Precipitation amount does not show correspondingly large anoma-
lies, however (Figure 2c). We hypothesize that the increase in !18Op could result from reduced precipitation
and isotopic distillation upstream (Figures 4c, 4g, and 4k) or from a change in the moisture source over Aus-
tralia. These mechanisms are consistent with the significant enrichment in column-integrated vapor !18O in
the region (Figures 7c and 7g). The precipitation reduction in the northwestern Australian monsoon region
is also rather large, extending over the Indian Ocean; this is likely related to El Niño initiation, as the El
Niño teleconnection is quite strong in this area.

The !18Op response in monsoon Asia is quite interesting as well. !18Op enrichment is observed throughout
the region, with relatively large anomalies over Thailand/Vietnam extending down to the equator. This
pattern contrasts with precipitation amount, in which the reduction is strongest over the Himalayas and
Indonesia (Figure 2) for JJA +1 following Tropical/Northern eruptions. However, it corresponds with a
decrease in total precipitable water and the climatological surface convergence in the eastern Indian Ocean
(Figure 4), in addition to a strong increase in vapor !18O which persists throughout the Asian subcontinent.
We hypothesize that the increase in vapor !18O (and thus !18Op) is driven by the strong aerosol-driven
cooling of the land surface (Figure 2; Stevenson et al., 2016), which suppresses evaporative flux into the
atmosphere and therefore impacts !18O through modification of the degree of evaporative fractionation.
This is borne out by the increase in the !18O of evapotranspiration flux in the region, seen in Figure 10. The
reduction in the overall monsoon strength may also play a role, through an enhancement in transport of
local moisture (Tabor et al., 2018).

Following eruptions of all latitude classes, a strong negative signal in !18Op exists throughout the cen-
tral/eastern portion of North America and over much of the Atlantic. This signature begins during the
post-eruption year (JJA +1; Figures 5b, 5e, and 5h) and persists throughout the following boreal winter
(Figures 5c, 5f, and 5i). During these same periods, however, the precipitation anomalies are close to zero
throughout this region. This indicates that in this region, !18Op may provide an additional degree of freedom
with which to constrain changes in atmospheric circulation, even when the change in total precipitation
amount is small. The changes to !18Op are a result of coherent changes to large-scale circulation, as is
apparent from the 850-hPa wind maps in Figure 4. These circulation changes are likely linked with the pre-
viously documented influence of eruptions on the Atlantic Multidecadal Oscillation (AMO; Otto-Bliesner
et al., 2016). Strong volcanically induced cooling in the North Atlantic tends to drive a negative anomaly in
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Figure 1. Anomalies in precipitation (mm/day) composited over the 2 years following Tropical (a–c), Northern (d–f),
and Southern (g–i) eruptions. Stippling indicates values which are insignificant at 90% using a Wilcoxon rank-sum test.
Top row (a,d,g) shows composites for DJF +0-1; middle row (b,e,h), for JJA +1; and bottom row (c,f,i), for DJF +1-2.

in response to Northern eruptions, consistent with the strong hemispheric differentials in aerosol load-
ing. Likewise, Antarctica cools much more following Southern eruptions. In both polar regions, Tropical
eruptions cause the strongest cooling, since these events have generally tended to be larger over the last
millennium (Stevenson et al., 2016).

There are other features of interest in the high latitudes: for instance, the strong warming over Eurasia
(Figure 2c). This has been previously attributed to a strengthening of the stratospheric polar vortex and
associated positive phase of the North Atlantic Oscillation, bringing warmer air from the North Atlantic

Figure 2. Anomalies in temperature (◦C) composited over the 2 years following Tropical (a–c), Northern (d–f), and
Souther (g–i) eruptions. Stippling indicates values which are insignificant at 90% using a Wilcoxon rank-sum test.
Top row (a,d,g) shows composites for DJF +0-1; middle row (b,e,h), for JJA +1; and bottom row (c,f,i), for DJF +1-2.
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Figure 1. Anomalies in precipitation (mm/day) composited over the 2 years following Tropical (a–c), Northern (d–f),
and Southern (g–i) eruptions. Stippling indicates values which are insignificant at 90% using a Wilcoxon rank-sum test.
Top row (a,d,g) shows composites for DJF +0-1; middle row (b,e,h), for JJA +1; and bottom row (c,f,i), for DJF +1-2.

in response to Northern eruptions, consistent with the strong hemispheric differentials in aerosol load-
ing. Likewise, Antarctica cools much more following Southern eruptions. In both polar regions, Tropical
eruptions cause the strongest cooling, since these events have generally tended to be larger over the last
millennium (Stevenson et al., 2016).

There are other features of interest in the high latitudes: for instance, the strong warming over Eurasia
(Figure 2c). This has been previously attributed to a strengthening of the stratospheric polar vortex and
associated positive phase of the North Atlantic Oscillation, bringing warmer air from the North Atlantic

Figure 2. Anomalies in temperature (◦C) composited over the 2 years following Tropical (a–c), Northern (d–f), and
Souther (g–i) eruptions. Stippling indicates values which are insignificant at 90% using a Wilcoxon rank-sum test.
Top row (a,d,g) shows composites for DJF +0-1; middle row (b,e,h), for JJA +1; and bottom row (c,f,i), for DJF +1-2.
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in response to Northern eruptions, consistent with the strong hemispheric differentials in aerosol load-
ing. Likewise, Antarctica cools much more following Southern eruptions. In both polar regions, Tropical
eruptions cause the strongest cooling, since these events have generally tended to be larger over the last
millennium (Stevenson et al., 2016).

There are other features of interest in the high latitudes: for instance, the strong warming over Eurasia
(Figure 2c). This has been previously attributed to a strengthening of the stratospheric polar vortex and
associated positive phase of the North Atlantic Oscillation, bringing warmer air from the North Atlantic

Figure 2. Anomalies in temperature (◦C) composited over the 2 years following Tropical (a–c), Northern (d–f), and
Souther (g–i) eruptions. Stippling indicates values which are insignificant at 90% using a Wilcoxon rank-sum test.
Top row (a,d,g) shows composites for DJF +0-1; middle row (b,e,h), for JJA +1; and bottom row (c,f,i), for DJF +1-2.
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Figure 4. Anomalies in total precipitable water (colors) and 850-hPa winds (vectors) for the 2 years following Tropical
(a–c), Northern (d–f), and Southern (g–i) eruptions Top row (a,d,g) shows composites for DJF +0-1; middle row (b,e,h),
for JJA +1; and bottom row (c,f,i), for DJF +1-2.

eruptions (Figures 5a and 5g) and the Eurasian enrichment signal strongest following Tropical/Northern
events (Figures 5a and 5d). Interestingly, the !18Op depletion over Greenland/North America does not seem
to correspond precisely to temperature, as the largest cooling occurs over the North American landmass yet
!18Op depletion is centered farther east (Figure 5a). This may indicate a role for changes to moisture source
pathways in generating !18Op anomalies, such as a shift in the average surface evaporation conditions, or in
the amount of upstream rainout.

Figure 5. Anomalies in precipitation !18O (‰) for the 2 years following Tropical (a–c), Northern (d–f), and Southern
(g–i) eruptions. Stippling indicates values which are insignificant at 90% using a Wilcoxon rank-sum test. Top row
(a,d,g) shows composites for DJF +0-1; middle row (b,e,h), for JJA +1; and bottom row (c,f,i), for DJF +1-2.
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Figure 6. Anomalies in P-E (mm/day), for the 2 years following Tropical (a–c), Northern (d–f), and Southern (g–i)
eruptions. Stippling indicates values which are insignificant at 90% using a Wilcoxon rank-sum test. Top row (a,d,g)
shows composites for DJF +0-1; middle row (b,e,h), for JJA +1; and bottom row (c,f,i), for DJF +1-2;

During DJF +1–2, particularly following Tropical eruptions, the anomalies in !18Op are quite large over the
entire Australian continent (Figure 5c). Precipitation amount does not show correspondingly large anoma-
lies, however (Figure 2c). We hypothesize that the increase in !18Op could result from reduced precipitation
and isotopic distillation upstream (Figures 4c, 4g, and 4k) or from a change in the moisture source over Aus-
tralia. These mechanisms are consistent with the significant enrichment in column-integrated vapor !18O in
the region (Figures 7c and 7g). The precipitation reduction in the northwestern Australian monsoon region
is also rather large, extending over the Indian Ocean; this is likely related to El Niño initiation, as the El
Niño teleconnection is quite strong in this area.

The !18Op response in monsoon Asia is quite interesting as well. !18Op enrichment is observed throughout
the region, with relatively large anomalies over Thailand/Vietnam extending down to the equator. This
pattern contrasts with precipitation amount, in which the reduction is strongest over the Himalayas and
Indonesia (Figure 2) for JJA +1 following Tropical/Northern eruptions. However, it corresponds with a
decrease in total precipitable water and the climatological surface convergence in the eastern Indian Ocean
(Figure 4), in addition to a strong increase in vapor !18O which persists throughout the Asian subcontinent.
We hypothesize that the increase in vapor !18O (and thus !18Op) is driven by the strong aerosol-driven
cooling of the land surface (Figure 2; Stevenson et al., 2016), which suppresses evaporative flux into the
atmosphere and therefore impacts !18O through modification of the degree of evaporative fractionation.
This is borne out by the increase in the !18O of evapotranspiration flux in the region, seen in Figure 10. The
reduction in the overall monsoon strength may also play a role, through an enhancement in transport of
local moisture (Tabor et al., 2018).

Following eruptions of all latitude classes, a strong negative signal in !18Op exists throughout the cen-
tral/eastern portion of North America and over much of the Atlantic. This signature begins during the
post-eruption year (JJA +1; Figures 5b, 5e, and 5h) and persists throughout the following boreal winter
(Figures 5c, 5f, and 5i). During these same periods, however, the precipitation anomalies are close to zero
throughout this region. This indicates that in this region, !18Op may provide an additional degree of freedom
with which to constrain changes in atmospheric circulation, even when the change in total precipitation
amount is small. The changes to !18Op are a result of coherent changes to large-scale circulation, as is
apparent from the 850-hPa wind maps in Figure 4. These circulation changes are likely linked with the pre-
viously documented influence of eruptions on the Atlantic Multidecadal Oscillation (AMO; Otto-Bliesner
et al., 2016). Strong volcanically induced cooling in the North Atlantic tends to drive a negative anomaly in
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Figure 4. Anomalies in total precipitable water (colors) and 850-hPa winds (vectors) for the 2 years following Tropical
(a–c), Northern (d–f), and Southern (g–i) eruptions Top row (a,d,g) shows composites for DJF +0-1; middle row (b,e,h),
for JJA +1; and bottom row (c,f,i), for DJF +1-2.

eruptions (Figures 5a and 5g) and the Eurasian enrichment signal strongest following Tropical/Northern
events (Figures 5a and 5d). Interestingly, the !18Op depletion over Greenland/North America does not seem
to correspond precisely to temperature, as the largest cooling occurs over the North American landmass yet
!18Op depletion is centered farther east (Figure 5a). This may indicate a role for changes to moisture source
pathways in generating !18Op anomalies, such as a shift in the average surface evaporation conditions, or in
the amount of upstream rainout.
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and Southern (g–i) eruptions. Stippling indicates values which are insignificant at 90% using a Wilcoxon rank-sum test.
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Souther (g–i) eruptions. Stippling indicates values which are insignificant at 90% using a Wilcoxon rank-sum test.
Top row (a,d,g) shows composites for DJF +0-1; middle row (b,e,h), for JJA +1; and bottom row (c,f,i), for DJF +1-2.

STEVENSON ET AL. 4

Paleoceanography 10.1029/2019PA003625

Figure 6. Anomalies in P-E (mm/day), for the 2 years following Tropical (a–c), Northern (d–f), and Southern (g–i)
eruptions. Stippling indicates values which are insignificant at 90% using a Wilcoxon rank-sum test. Top row (a,d,g)
shows composites for DJF +0-1; middle row (b,e,h), for JJA +1; and bottom row (c,f,i), for DJF +1-2;
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eruptions (Figures 5a and 5g) and the Eurasian enrichment signal strongest following Tropical/Northern
events (Figures 5a and 5d). Interestingly, the !18Op depletion over Greenland/North America does not seem
to correspond precisely to temperature, as the largest cooling occurs over the North American landmass yet
!18Op depletion is centered farther east (Figure 5a). This may indicate a role for changes to moisture source
pathways in generating !18Op anomalies, such as a shift in the average surface evaporation conditions, or in
the amount of upstream rainout.
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Figure 7. Anomalies in vapor !18O averaged over the entire vertical column, for the 2 years following Tropical (a–c),
Northern (d–f), and Southern (g–i) eruptions. Stippling indicates values which are insignificant at 90% using a
Wilcoxon rank-sum test. Top row (a,d,g) shows composites for DJF +0-1; middle row (b,e,h), for JJA +1; and bottom
row (c,f,i), for DJF +1-2.

the AMO during the decade following the event. The North Atlantic cooling, in turn, creates reductions in
overall evaporation from the ocean surface (see the overall positive values of North Atlantic precipitation -
evaporation, or P-E, anomalies in Figure 6), explaining the lower !18O values observed in both precipitation
and vapor (Figure 7). As was the case for monsoon Asia, the !18Op anomalies appear strongest for Tropi-
cal and Northern eruptions, particularly within the year immediately after the event (Figures 5b, 5c, 5f, and
5g). We do anticipate that post-eruption El Niño initiation is playing a role in generating these circulation
anomalies, as eastern Pacific warming is known to influence circulation in the Atlantic (Liu et al., 2004).
Unfortunately, the available number of iLME members is not large enough to allow quantification of the El
Niño role in generating these anomalies (as in Stevenson et al., 2016).

We note that inter-model differences do appear to alter post-eruption isotopic patterns; Last Millennium
volcanic perturbations to precipitation !18Op in the GISS ModelE (Colose et al., 2016) appear somewhat
different from our results. The !18Op pattern appears more El Niño-like following tropical eruptions in
CESM, and the enrichment in the high latitudes is much stronger than in ModelE. Identifying all sources
of inter-model differences are beyond the scope of the present analysis, but we note that the behavior of the
El Niño-Southern Oscillation (ENSO) differs substantially across these models (Bellenger et al., 2014) as do
the high-latitude dynamical responses (Colose et al., 2016). We anticipate that the regional patterns of !18Op
following eruptions will be sensitive to model physics, as is the case for other physical variables.

4. Terrestrial Response to Eruptions
The patterns of terrestrial hydroclimate responses to eruptions in the iLME track previous studies using
CESM (Stevenson et al., 2016, 2017). Following Northern and Tropical eruptions, the previously documented
JJA drying over monsoon Asia and DJF wetting over western North America may be seen (Figures 8b, 8d,
8f, and 8h). Wetting in the Amazon, the Caribbean, and Europe also occurs during JJA after Tropical erup-
tions (Figures 8b and 8d). These patterns are consistent with the regional signatures of temperature and
precipitation amount in Figure 2.

Southern eruptions create a wetting in the northern Amazon/Caribbean that persists throughout the 2 years
following the eruption, a much more robust signature than that seen for other eruption classes (Figure 8).
This appears to relate to the persistent southwesterly wind anomaly in the region (Figure 4), which enhances
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Figure 4. Anomalies in total precipitable water (colors) and 850-hPa winds (vectors) for the 2 years following Tropical
(a–c), Northern (d–f), and Southern (g–i) eruptions Top row (a,d,g) shows composites for DJF +0-1; middle row (b,e,h),
for JJA +1; and bottom row (c,f,i), for DJF +1-2.

eruptions (Figures 5a and 5g) and the Eurasian enrichment signal strongest following Tropical/Northern
events (Figures 5a and 5d). Interestingly, the !18Op depletion over Greenland/North America does not seem
to correspond precisely to temperature, as the largest cooling occurs over the North American landmass yet
!18Op depletion is centered farther east (Figure 5a). This may indicate a role for changes to moisture source
pathways in generating !18Op anomalies, such as a shift in the average surface evaporation conditions, or in
the amount of upstream rainout.
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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 total precipitable water (colors) and 850-hPa winds (vectors) for the 2 years following Tropical
(a–c), Northern (d–f), and Southern (g–i) eruptions Top row (a,d,g) shows composites for DJF +0-1; middle row (b,e,h),
for JJA +1; and bottom row (c,f,i), for DJF +1-2.

eruptions (Figures 5a and 5g) and the Eurasian enrichment signal strongest following Tropical/Northern
events (Figures 5a and 5d). Interestingly, the !18Op depletion over Greenland/North America does not seem
to correspond precisely to temperature, as the largest cooling occurs over the North American landmass yet
!18Op depletion is centered farther east (Figure 5a). This may indicate a role for changes to moisture source
pathways in generating !18Op anomalies, such as a shift in the average surface evaporation conditions, or in
the amount of upstream rainout.
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to correspond precisely to temperature, as the largest cooling occurs over the North American landmass yet
!18Op depletion is centered farther east (Figure 5a). This may indicate a role for changes to moisture source
pathways in generating !18Op anomalies, such as a shift in the average surface evaporation conditions, or in
the amount of upstream rainout.

Figure 5. Anomalies in precipitation !18O (‰) for the 2 years following Tropical (a–c), Northern (d–f), and Southern
(g–i) eruptions. Stippling indicates values which are insignificant at 90% using a Wilcoxon rank-sum test. Top row
(a,d,g) shows composites for DJF +0-1; middle row (b,e,h), for JJA +1; and bottom row (c,f,i), for DJF +1-2.
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Figure 14. (a–c) Projection time series of precipitation !18O fields onto the composite anomalies associated with
Tropical, Northern, and Southern eruption classes, respectively. Arrows indicate the occurrence years of the eruptions
within the appropriate class. Solid black line indicates ensemble median; colored envelopes indicate the interquartile
range. (d) Aerosol mass mixing ratio time series from the Gao et al. (2008) data set, used to force the Community Earth
System Model new, isotope-enabled Last Millennium Ensemble simulations.

P-E in this region (Figure 6c) are also consistent with a dominance of evaporation at these latitudes in Tropi-
cal DJF +1–2. In the western Pacific, positive anomalies in seawater !18O seem to be driven by a combination
of evaporative enrichment, and an enrichment in precipitation !18O.

6. Spatial Fingerprints of Eruption Latitude
In addition to describing the climatic response to volcanic eruptions, an understanding of the dynamics
responsible for generating !18O anomalies can aid in the use of !18O records to reconstruct characteristics
of past eruptions. This conceptual approach has previously been used to infer properties of eruptions in
other contexts; for instance, Lavigne et al. (2013) concluded that the 1258 eruption of Mt. Samalas occurred
in boreal summer based on the pattern of tephra deposits. In this case, the most obvious application is
the identification of eruption hemisphere based on the spatial pattern of !18O, since many of the isotopic
responses described above are strongly hemispherically dependent.

We have performed a spatial pattern correlation analysis, to infer the ability of !18Op records to correctly
identify the hemispheric structure of volcanic aerosol loading. The running DJF and JJA !18Op anomaly
fields are projected onto patterns of !18Op anomaly during DJF +0–1, JJA +1, DJF +1–2, and JJA +2 seen
in Figure 5 for each iLME ensemble member, yielding time series of pattern correlation values which vary
according to the spatial structure of !18Op. Patterns having more similar spatiotemporal evolution to Figure 5
will thus yield higher correlation values; the results are seen in Figure 14. It is apparent that volcanic erup-
tions (as identified directly from the aerosol forcing time series; as in Stevenson et al., 2016) do indeed
coincide with high pattern correlations, although there are many periods with high correlation which are
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“Success rate”: # eruptions with significant pattern correlation ONLY in the 
correct hemisphere category

Tropical: 25%
Northern: 66%

Southern: 100%



Conclusions

• The isotope-enabled Last Millennium Ensemble will be a valuable tool for 
understanding LM proxy signatures (now publicly available!!) 

• Oxygen isotopic anomalies record temperature, hydroclimate signatures of 
eruptions  

• Vapor 𝜹18O significantly influences precipitation 𝜹18O in many locations, 
moisture source changes appear significant

• Precipitation 𝜹18O patterns can uniquely identify eruption hemisphere! 
(sometimes)


