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ABSTRACT: The World Meteorological Organization’s Lead Centre for Annual-to-Decadal Cli-
mate Prediction issues operational forecasts annually as guidance for regional climate centers, 
climate outlook forums, and national meteorological and hydrological services. The occurrence 
of a large volcanic eruption such as that of Mount Pinatubo in 1991, however, would invalidate 
these forecasts and prompt producers to modify their predictions. To assist and prepare decadal 
prediction centers for this eventuality, the Volcanic Response activities under the World Climate 
Research Programme’s Atmospheric Processes and Their Role in Climate (APARC) and the Decadal 
Climate Prediction Project (DCPP) organized a community exercise to respond to a hypothetical 
large eruption occurring in April 2022. As part of this exercise, the Easy Volcanic Aerosol forcing 
generator was used to provide stratospheric sulfate aerosol optical properties customized to the 
configurations of individual decadal prediction models. Participating centers then reran forecasts 
for 2022–26 from their original initialization dates and, in most cases, also from just before the 
eruption at the beginning of April 2022, according to two candidate response protocols. This article 
describes various aspects of this APARC/DCPP Volcanic Response Readiness Exercise (VolRes-RE), 
including the hypothesized volcanic event, the modified forecasts under the two protocols from 
the eight contributing centers, the lessons learned during the coordination and execution of this 
exercise, and the recommendations to the decadal prediction community for the response to an 
actual eruption.

DOI: 10.1175/BAMS-D-23-0111.1
Corresponding author: Reinel Sospedra-Alfonso, reinel.sospedra-alfonso@ec.gc.ca
Manuscript received 18 May 2023, in final form 8 July 2024, accepted 19 August 2024

© 2024 American Meteorological Society. This published article is licensed under the terms of the default AMS reuse license. For information regarding reuse 
of this content and general copyright information, consult the AMS Copyright Policy (www.ametsoc.org/PUBSReuseLicenses).

KEYWORDS: 
Climate prediction; 
Operational 
forecasting; 
Climate models; 
Climate variability; 
Decadal variability; 
Aerosol  
radiative effect

Unauthenticated | Downloaded 02/14/25 09:04 AM UTC

https://orcid.org/0000-0002-4472-5607
https://doi.org/10.1175/BAMS-D-23-0111.1
mailto:reinel.sospedra-alfonso@ec.gc.ca
http://www.ametsoc.org/PUBSReuseLicenses


A M E R I C A N  M E T E O R O L O G I C A L  S O C I E T Y D E C E M B E R  2 0 2 4 E2497

SIGNIFICANCE STATEMENT: Decadal climate predictions crucially fill a gap between seasonal 
forecasts, which typically cover the coming 6–12 months, and long-term climate projections that 
extend to 2100 and beyond. Multimodel decadal predictions issued annually by the World Me-
teorological Organization are generally skillful but could be invalidated if a large climate-altering 
volcanic eruption like that of Mount Pinatubo in 1991 were to occur. These predictions can in 
principle be modified by each contributing center to include estimates of stratospheric aerosol 
radiative influences stemming from the eruption. However, an effective and timely response 
requires planning and international coordination. This paper describes an effort to develop such 
a framework through a practical exercise under which decadal prediction centers respond to a 
hypothetical major eruption.

1. Introduction
The science of annual-to-decadal prediction aims to forecast near-term variations of climate 
out to 10 years or so using observationally initialized dynamical models. In recent years, it has 
matured from an exploratory research field into an operational service that provides annually 
updated multimodel forecasts under the auspices of the World Meteorological Organization 
(Hermanson et al. 2022).

Predictability on annual-to-decadal time scales derives from the ability to predict both 
internal climate variations and changes driven by external forcings, the latter becoming 
more important as forecast lead time increases (Boer et al. 2013). Externally forced climate 
predictability derives from the predictability of the responses to forcings and that of the forc-
ings themselves. Anthropogenic greenhouse gas and aerosol 
forcings are predictable because emissions normally do not 
change substantially over a decade.1 Solar forcings, although 
relatively minor, are also somewhat predictable due to the 
quasi-periodic nature of the solar cycle (Schurer et al. 2014). 
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1	Even the relatively large temporary reductions 
during the COVID-19 pandemic did not detect-
ably influence the simulated climate (Jones 
et al. 2021).
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By contrast, explosive volcanic eruptions, which through associated sulfate aerosol loadings 
can significantly cool global surface temperatures for several years (Bethke et al. 2017), are 
not currently predictable.

A recent volcanic eruption having major global climatic impacts was that of Mount Pina-
tubo in June 1991. In this instance, global near-surface temperatures cooled by 0.2°–0.3°C 
(Robock and Mao 1995; Zanchettin et al. 2022), despite the long-term warming trend and an 
El Niño event in 1991–92 that ordinarily would have elevated global temperatures. The erup-
tion likely affected the intensity of this El Niño (Khodri et al. 2017; Predybaylo et al. 2020), 
with climatic impacts on teleconnected regions. Any decadal prediction issued before this 
eruption would not have represented the consequent cooling and other worldwide climatic 
influences, rendering it essentially invalid. In addition, decadal predictions issued in years 
immediately following the eruption would not accurately represent its lingering impacts un-
less they incorporated the associated radiative effects.

Recognizing that another major eruption could occur at any time and that producers of 
decadal predictions should be prepared for such an eventuality, the steering group of the 
Decadal Climate Prediction Project (DCPP), which oversees decadal prediction activities 
within the World Climate Research Programme (WCRP), developed guidelines for climate 
forecasts after a sudden volcanic eruption.2 This document 
recommends procedures for the scientific communities engaged 
with estimating volcanic influences on climate and producing 
decadal predictions to develop revised forecasts should a major 
eruption occur.

The envisaged chain of responses is illustrated in Fig. 1. Initially, the eruption and its 
immediate aftermath are observed by ground-based, airborne, and orbital platforms such 
as the NASA/CNES Cloud–Aerosol Lidar and Infrared Pathfinder Satellite Observations 
(CALIPSO) satellite. Within days, crucial parameters such as the mass of sulfur dioxide (SO2) 
gas injected into the stratosphere and the height profile of the injection are estimated by the 
WCRP’s Volcanic Response (VolRes) initiative3 through procedures like those described in 
Vernier et al. (2024) for the 2019 Raikoke eruption. Subsequent 
radiative effects are then estimated as described in the next 
section. Decadal prediction centers repeat their forecasts with 
the volcanic radiative forcings included and provide these to 
the WMO Lead Centre for Annual-to-Decadal Climate Prediction 
(LC-ADCP4), which issues an updated forecast.

This plan, while seemingly straightforward, requires significant coordination between  
the groups responsible for its components, as well as technical efforts by each modeling 
center to implement the volcanic radiative forcings and rerun the forecasts. Furthermore, 
unanticipated difficulties could arise when executing it for the first time. Therefore, rather 
than awaiting a large eruption to put the plan into action, members of the WCRP Atmospheric 

Fig. 1.  Schematic of the proposed chain of responses leading to a revised annual-to-decadal prediction 
following a major volcanic eruption. The black arrow indicates steps encompassed by VolRes-RE.

2	https://www.wcrp-climate.org/images/key_deliverables/ 
decadal_prediction/documents/Guideline_FCST_after_ 
volcanic_erruption_DCPP_15012018.pdf.

3	VolRes is a component of the Stratospheric Sulfur 
and its Role in Climate (SSiRC) activity of the 
APARC WCRP Core Project.

4	http://www.wmolc-adcp.org.
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Processes and Their Role in Climate (APARC) VolRes and DCPP groups and collaborators  
have designed and coordinated a “dry run” execution of several of its key steps, indicated  
by the black arrow in Fig. 1.

This effort, termed the APARC/DCPP Volcanic Response Readiness Exercise (VolRes-RE), 
posited the occurrence of a hypothetical large eruption in 2022 and invited international 
decadal prediction centers to revise their forecasts from that year incorporating associated 
stratospheric aerosol forcings. Specific motivations for the exercise include the following:

•	 Responding to a hypothetical volcanic eruption will increase the readiness of decadal 
prediction centers to respond to a real one.

•	 By working through the response process, participants may confront and remedy unan-
ticipated issues that would delay a real response.

•	 The DCPP guidelines describe two possible response protocols; working through both 
serves to highlight their relative merits.

•	 Comparing modeled responses to the hypothetical eruption will highlight any major dis-
agreements between prediction systems and motivate efforts to reconcile them.

•	 The VolRes-RE exercise will revise and supplement the DCPP guidelines with durable and 
discoverable recommendations for how the decadal prediction community should respond 
to a major volcanic eruption.

The remainder of this paper describes the hypothetical eruption, individual and combined 
responses of the participating prediction systems, and original and revised predictions as 
formulated by the WMO. Lessons learned and recommendations from VolRes-RE are then 
outlined, followed by a concluding discussion. Although the paper primarily addresses the 
design and preparedness aspects of VolRes-RE, this experiment also adds to previous studies of 
modeled climatic responses to volcanic eruptions. The simulated responses are thus examined 
in the last three subsections of the “process and results” section. Readers who are primarily 
interested in the preparedness aspects of the experiment may prefer to skip over this material.  
Supplementary information is provided in the appendices. Appendix A describes properties of 
the decadal prediction systems contributing to VolRes RE, appendix B presents the analysis 
methods, and appendix C shows additional results for the simulated volcanic responses.

2. The hypothetical major volcanic eruption of 2022
The hypothetical volcanic eruption that is the basis for VolRes-RE occurs in April 2022 at 
17°N, a latitude similar to recent major eruptions of El Chichón (1982) and Pinatubo (1991). 
The stratospheric sulfur injection from this event was chosen to be 16 TgS, approximately 2 
times larger than estimates of total SO2 emission from Pinatubo (7–11.1 TgS; Guo et al. 2004) 
and about 4.5 times larger than from El Chichón (3.5 TgS; Carn 2022), although considerably 
less than from the 1815 Tambora eruption (28.1 TgS; Toohey and Sigl 2017). The interhemi-
spheric spread of volcanic aerosols has varied for past tropical eruptions (Sato et al. 1993) 
with implications for the associated climate response (e.g., Haywood et al. 2013; Oman et al. 
2005; Ward et al. 2021). While the spread of aerosol after Pinatubo (15°N) was balanced 
between the Northern and Southern Hemispheres, aerosol loading was twice as large in the 
NH after El Chichón (17°N) and approximately 4 times larger in the SH than in the NH after 
the 1963 Agung eruption (8°S). Given the relative abundance of model experiments focused 
on the Pinatubo eruption (e.g., Zanchettin et al. 2016) and its approximately hemispherically 
uniform aerosol forcing, we chose for this experiment a distribution with twice the volcanic 
aerosols in the Northern Hemisphere as in the Southern Hemisphere, similar to that observed 
for El Chichón. We note that the impacts of the Hunga eruption that occurred in January 2022 
are not considered here; this eruption injected a significant amount of water vapor into the 
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stratosphere but relatively little SO2 (Millán et al. 2022), and its net impact on climate is a 
topic of current research (e.g., Schoeberl et al. 2023; Jenkins et al. 2023).

Radiative forcing from volcanic aerosols spreading throughout the stratosphere following 
an eruption can be estimated by global atmospheric models that explicitly simulate strato-
spheric aerosols. However, such computations are expensive and subject to uncertainties 
in treatments of aerosol microphysical and transport processes (e.g., Quaglia et al. 2023). A 
streamlined approach is offered by the Easy Volcanic Aerosol (EVA) model family (Toohey 
et al. 2016; Aubry et al. 2020). EVA rapidly provides stratospheric aerosol optical proper-
ties as a function of time, latitude, height, and wavelength based on the mass of sulfur 
injected and the latitude and timing of the eruption. EVA output is formatted to be consis-
tent with the stratospheric aerosol forcing of the CMIP6 historical simulations and thus is 
easily implemented in decadal prediction systems that employ CMIP6 models. For those 
systems that use CMIP5 models, a simple routine was written for this exercise to reformat 
the EVA output to be consistent with CMIP5 forcings. While the EVA_H tool described in 
Aubry et al. (2020) incorporates information on the eruption plume height and thus pro-
duces more realistic forcings for some eruptions compared to EVA, for the strong tropical 
eruption scenario selected for the exercise both generators produce very similar optical 
properties. Because early testing identified that the wavelength range produced by the 
web version of EVA_H5 did not span that required by CMIP6 
models, EVA was selected to provide stratospheric aerosol 
forcings for VolRes-RE, as suggested in the DCPP guidelines.

Figure 2 compares EVA-generated forcings from the hypothetical 2022 eruption to those 
used for version 4 of the CMIP6 forcing based on the Global Space-Based Stratospheric 
Aerosol Climatology (GloSSAC) observation-based dataset (Thomason et al. 2018) from 
the 1991 Mount Pinatubo and the 1982 El Chichón eruptions (Luo 2018a,b). Of note is 
the much stronger forcing for the hypothetical 2022 event (twice as large as Pinatubo at 
global scales), as well as its higher initial intensity in the Northern Hemisphere, similar 
to that of El Chichón.

3. Process and results
a. Setup of the experiment. In September 2022, international decadal prediction centers 
contributing to the WMO LC-ADCP forecasts and others were invited to participate in the 
VolRes-RE experiment. Eight centers accepted, while others declined due to lack of resources 
or model incompatibility with the forcing data generated by 
EVA. The nine systems6 participating in VolRes-RE are similar 
in number to the 10 or 11 that typically contribute to the WMO 
ensemble. These systems are summarized in Table A1.

Participants were asked to contribute, if possible, revised forecasts under two suggested 
procedures outlined in the guidelines, referred to here as protocols 1 and 2.

Protocol 1: Each center repeats its last forecast prior to the eruption from its original initial 
date, typically the preceding 1 November or 1 January, including the EVA forcing.

Protocol 2: The revised forecasts are initialized immediately before the eruption (on 1 April 
2022 for VolRes-RE), and a forecast from the same date without the volcanic forcing is 
also run.

The volcanic response is diagnosed for each protocol by the difference between the fore-
casts with and without volcanic forcing. The anomaly forecast for protocol 1 (hereafter P1) 
which serves as a revision of the original 2022 forecast is obtained by subtracting the average 
of forecasts from the same initial date of many preceding years, referred to as hindcasts, as 

5	https://volc2clim.bgs.ac.uk/.

6	One participating center, CCCma, provided results 
from two systems.
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described in Boer et al. (2016). Hindcasts, although expensive to produce, are essential for 
correcting model biases and evaluating predictive skill, so they already exist for the standard 
1 November or 1 January initial dates used for P1. In the absence of hindcasts initialized on  
1 April, we do not produce anomalies for protocol 2 (hereafter P2), but consider only the volca-
nic response. The motivation for P2 is that by initializing just before the eruption, the climate 
state when the eruption occurs and its influence on the response could be represented more 
accurately, and the response enhanced relative to the unpredictable “noise” in the forecast, 
which generally grows with increasing lead time.

Of the participating systems, nine contributed to P1 and seven to P2, as summarized in 
Table A1.

The model data requested for VolRes-RE are the same as that requested by the WMO 
LC-ADCP, namely monthly averages of six two-dimensional variables: near-surface air tem-
perature, precipitation rate, and sea level pressure (priority 1); surface temperature, sea ice 
concentration, and Atlantic meridional overturning streamfunction (priority 2). Data span-
ning the initial month through the end of 2026 were required, with extensions through the 
end of 2031 encouraged.

Before the modified forecasts could be run, EVA-generated forcings needed to be tailored 
to the atmospheric grid and wavelength-dependent radiation treatments of each model. 
This was enabled by a version of EVA that participants could straightforwardly download 
from GitHub7 and compile and run on their own systems with 
model-specific inputs. Outputs describing stratospheric aerosol 
optical properties included zonally averaged aerosol extinction, 
single scattering albedo, and scattering asymmetry factor as functions of latitude, height, 
wavelength, and time, or alternatively aerosol optical depth at 550 nm as required by some 
CMIP5 models.

b.  Simulated volcanic response.  Figure 3 shows the effect of the hypothetical volcanic 
forcing on global mean temperature (Figs. 3a,b) and precipitation (Figs. 3c,d) for the in-
dividual models, as well as multimodel means for the nine and seven models contributing 
to P1 and P2, respectively, and the six models that produced 10-yr forecasts for both P1 
and P2. Vertical lines in the figure delimit posteruption cooling and recovery periods (April 
2022–March 2023 and April 2023–March 2026, respectively), characterized by a rapid tem-
perature decrease after the eruption followed by a slower decay of the volcanic influence. 
The maximum cooling response across individual models ranges from −0.97° to −0.57°C for 
P1 (from −0.93° to −0.57°C for P2), with the multimodel mean response peaking at −0.70° ± 
0.14°C for P1 (−0.70° ± 0.13°C for P2) approximately 1 year after the volcanic event (uncer-
tainty given by one standard deviation across models). The multimodel cooling response is 
stronger than the −0.33°C reported for the 1991 Pinatubo eruption (Zanchettin et al. 2022;  
Bilbao et  al. 2024), consistent with the larger stratospheric sulfur injection of the  
hypothetical event examined here (Fig. 2). The slow recovery in the multimodel mean 
cooling reaches −0.28°C for P1 (−0.26°C for P2) 4 years after the event and equilibrates 
around zero about a decade after the eruption. The intermodel spread is broadened by 
the particularly strong cooling in the GFDL–SPEAR and FGOALS-f3-L, which are followed 
by rapid and gradual recoveries, respectively. The multimodel mean cooling of 0.44°C  
during the recovery phase implies that the global mean temperature during this multiyear 
period would be typical of that circa 2000, based on the preceding observed average rate 
of increase of 0.18°–0.20°C per decade from 1981 (Dunn et al. 2022).

For precipitation (Figs. 3c,d), the globally averaged multimodel mean decreases during 
the cooling phase by −0.07 ± 0.02 mm day−1 for both P1 and P2, although there are consider-
able temporal variability and multimodel spread. This is broadly consistent with previous 

7	https://github.com/matthew2e/VolRes-RE-forcing.
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Fig. 2.  (a) Global mean stratospheric aerosol optical depth (SAOD) at 550 nm from version 4 of the 
CMIP6 volcanic aerosol forcing dataset (1980–2018), including from the climatically impactful eruptions 
of El Chichón in 1982 and Mount Pinatubo in 1991 (blue) and the hypothetical VolRes-RE eruption from 
2021 to 2030 (orange). (b) The same forcings as in (a), displayed in terms of zonal-mean SAOD at 550 nm 
as a function of time and latitude.

Fig. 3.  Globally averaged monthly response (Volc–noVolc) of (a),(b) near-surface air temperature and (c),(d) precipitation for (a), 
(c) P1 and (b),(d) P2 forecasts. The symbol Δ denotes the specified quantity with volcanic forcing minus that without volcanic forcing.  
Individual models are shown in color. The equally weighted multimodel average for the six models having full P1/P2 forecasts is 
shown in solid black, and for all available models, it is shown in dashed black. Shading indicates the 5th–95th percentile ranges 
of the pooled ensemble for the six models having a 10-yr forecast range. Vertical lines indicate the timings of the posteruption 
cooling and recovery phases. Colored and black dots indicate statistically significant responses at the 95% confidence level for 
individual models and the six-model mean, respectively (see appendix B).

Unauthenticated | Downloaded 02/14/25 09:04 AM UTC



A M E R I C A N  M E T E O R O L O G I C A L  S O C I E T Y D E C E M B E R  2 0 2 4 E2503

studies (Gu and Adler 2011; Iles et al. 2013; Iles and Hegerl 2014; Illing et al. 2018) and 
surpasses the −0.05 mm day−1 for the multimodel mean maximum response simulated for 
Pinatubo (Zanchettin et al. 2022). As for temperature (Figs. 3a,b), the precipitation response 
of FGOALS-f3-L forecasts exhibits particularly large multiannual variations, possibly linked 
to a strong ENSO response (next section).

The global mean response of additional climate variables is shown in Fig. C1. Of note is the 
contrasting intermodel response of sea level pressure, with posteruption anomalies that are 
positive for about half of the models and negative for the remaining models for both P1 and 
P2, resulting in a nonstatistically significant multimodel response. These intermodel differ-
ences deserve further analysis, as most reported dynamical responses to volcanic eruptions 
are local and linked to the modulation of internal modes of climate variability (e.g., Shindell 
2004; Christiansen 2008; McGregor and Timmermann 2011). Arctic sea ice extent (SIE) in-
creases after the cooling phase with the multimodel average difference peaking in October. 
Except for NorCPM1, the Arctic SIE response appears stronger and lasts longer for P1 than for 
P2. This behavior stems from the differing initialization times relative to the sea ice seasonal 
cycle, and the sea ice model biases, which can grow rapidly (Cruz-García et al. 2021).

Figure 4 shows the geographical distribution of the multimodel mean temperature and 
precipitation responses for P1. The multimodel response patterns are largely determined by 
the location and intensity of the volcanic eruption (Zambri and Robock 2016; Zambri et al. 
2017), the resulting interhemispheric aerosol loading (Oman et al. 2005; Ward et al. 2021), and 
the model mean climate state at the time of the eruption (Zanchettin et al. 2012). During the 
cooling phase, the multimodel temperature response is strongest in the tropics and subtropics, 
particularly over land, and extends toward higher latitudes in North America (Fig. 4a). There 
is a statistically significant warming over the Greenland Sea and some warming also over 
Scandinavia and northern Russia that is consistent with previous studies (e.g., Hermanson  
et al. 2020; Azoulay et al. 2021; Bilbao et al. 2024) and has been linked to a dynamical response 
of the winter atmospheric circu-
lation. The individual model re-
sponses are diverse (Fig. C2), with 
cooling that is strongest and most 
widespread for FGOALS-f3-L and 
GFDL–SPEAR, some warming in 
various high-latitude locations in 
all models, and a slight warming 
in the central tropical Pacific in 
HadGEM3. The variety of temper-
ature responses likely stems from 
the models differing radiative 
and circulation responses to the 
volcanic forcing (Fig. C1a) as well 
as limited ensemble sizes (Bittner 
et al. 2016). The multimodel pre-
cipitation response during the 
cooling phase is characterized 
by mostly drier conditions in the 
tropics (Fig. 4c), particularly in 
the Amazon and Congo basins 
and the Maritime Continent. Wet-
ter conditions occur over some 
subequatorial and subtropical 

Fig. 4.  Multimodel mean response (Volc–noVolc) of (a),(b) near- 
surface air temperature and (c),(d) precipitation forecasts  
averaged over the (a),(c) cooling phase (April 2022–March 
2023) and (b),(d) recovery phase (April 2023–March 2026)  
after the volcanic eruption under P1. The symbol Δ denotes the 
specified quantity with volcanic forcing minus that without  
volcanic forcing. Stippling indicates a statistically significant 
response at the 95% confidence level (see appendix B).
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ocean regions consistent with previous studies (e.g., Zuo et al. 2019; Timmreck et al. 2024), 
whereas the precipitation response in the extratropics is considerably weaker.

During the recovery phase, global multimodel cooling (Fig. 4b) is strongest in the Northern 
Hemisphere, particularly over land and in the Arctic. Individual model responses, while 
exhibiting some diversity, all show cooling that is stronger with more widespread statisti-
cal significance than during the cooling phase (Fig. C3). Drier conditions in the tropics are 
reduced over land and intensified over the western Pacific warm pool and the South Pacific 
convergence zone in the multimodel response (Fig. 4d). The behavior in Figs. 4c and 4d is in 
agreement with previous findings in which the drying effect is stronger over land and dis-
sipates faster over land than over ocean (Illing et al. 2018); this stems from the direct impact 
of volcanic forcing over land and the temperature feedback over ocean (Illing et al. 2018; 
Iles et al. 2013).

The multimodel mean response of additional climate variables is shown in Fig. C4 for 
the cooling and recovery phases. During the cooling phase (Fig. C4a), the sea level pressure 
response has lows over the polar regions and highs over the midlatitudes, a pattern that is 
somewhat reversed for the composite over the recovery phase (Fig. C4b). For the Northern 
Hemisphere, this is consistent with the strong positive Arctic Oscillation pattern reported for 
the first boreal winter after the Agung and Mount Pinatubo eruptions (e.g., Stenchikov et al. 
2002, 2006; Hermanson et al. 2020; Bilbao et al. 2024). Changes in atmospheric circulation 
and the resulting temperature response increase Arctic SIE in the decade following the erup-
tion (Fig. C1c), most notably during the recovery period with maxima in October over the 
Beaufort–Chukchi–East Siberian Seas (Fig. C4d). Expanded Arctic SIE may also stem from 
a weaker ocean heat transport northward of 55°N in the Atlantic (Fig. C4e) and possibly the 
subsequent reduction in the North Atlantic SST beyond the residence time of the volcanic 
aerosol (Swingedouw et al. 2017). For the hypothetical eruption considered here, a strengthen-
ing of the Atlantic meridional overturning circulation (AMOC) is noticeable in the (30°–40°N, 
500–2000 m) region during the cooling phase reaching up to a 0.80 Sv (1 Sv ≡ 106 m3 s−1) in-
crease (Fig. C4e) and in the (10°–30°N, 1000–2000 m) and (40°–55°N, 1000–2000 m) regions 
during the recovery phase reaching up to 0.23 and 0.38 Sv increases, respectively (Fig. C4f), 
consistent with Mignot et al. (2011).

The multimodel temperature response patterns are broadly similar between P1 and P2 
(Fig. C5), particularly over the tropics, but there are some differences. In particular, there is 
a relatively strong cooling over western Canada and Alaska for P1 during the first posterup-
tion year that is not present for P2, and there is notable warming over North Eurasia and the 
Barents–Kara Seas for P2 that is weaker and more localized around the Greenland Sea for P1 
(Figs. C5a,b). Warming over Eurasia after the Agung, El Chichón, and Pinatubo events (Robock 
and Mao 1992) was reproduced with climate models (Zambri and Robock 2016; Paik et al. 
2023; Bilbao et al. 2024), although they appear weaker and confined to smaller areas than 
in observations (Zambri and Robock 2016; Hermanson et al. 2020). The stronger and more 
widespread warming for P2 than for P1 may be an indication that this signal is relatively weak 
compared to internal variability (DallaSanta and Polvani 2022), and it is better represented 
for the forecast initialized closer to the volcanic event. A posteruption warming over these 
regions may be favored by the negative phase of the Pacific decadal oscillation (Illing et al. 
2018), as was the case for the Agung event (Bilbao et al. 2024) and the hypothetical eruption 
examined here. During the recovery phase, the cooling responses are largely similar between 
P1 and P2 (Figs. C5c,d). For precipitation (Fig. C6), the response patterns are largely similar 
for both protocols, with the exception of a drying response during the recovery phase that is 
weaker in the western tropical Pacific, and stronger in the central and eastern tropical Pacific, 
in P2 as compared to P1 (Figs. C6c,d).
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c. 2023 El Niño. A notable aspect of the predictions examined here is the presence of El Niño–like 
conditions during their second full year, 2023. This is evident in the predicted multimodel an-
nual mean near-surface air temperature anomalies for 2023 in the unperturbed case (Figs. 5a 
and C7 for the individual models) and with volcanic forcing (Figs. 5b and C8 for the individual 
models), which both exhibit a pronounced El Niño–like warming in the central and eastern 
equatorial Pacific. These predictions agree with the observed major El Niño event that emerged 
from a preceding 3-yr La Niña in the first half of 2023. The fact that these P1 predictions were 
initialized from late 2021 to the beginning of 2022 and show broadly similar ENSO behavior to 
the late-2022-initialized 2023 forecast issued by the LC-ADCP (WMO 2023) suggests that the 
peak of this El Niño in late 2023 may have been predicted 2 years or more in advance.

This result bears on two scientific issues. The first is the extent to which El Niño and La 
Niña are predictable on multiyear time scales. Previous studies have indicated that at least 
some El Niño and La Niña events (principally the latter) can be predicted by multiyear-to-
decadal forecast systems up to 2 years or more in advance (Gonzalez and Goddard 2016; 
DiNezio et al. 2017). Successful prediction of the 2023–24 El Niño event on such time scales 
would be especially noteworthy because La Niña-to-El Niño transitions have historically been 
less predictable than more common El Niño-to-La Niña transitions (Sharmila et al. 2023). 
However, the models did not predict the observed persistence of La Niña throughout 2022 
before El Niño onset.

The second scientific issue is the influence of major volcanic eruptions on ENSO, including 
the possibility that El Niño conditions such as those that occurred following the El Chichón 
and Pinatubo eruptions can be induced, or at least intensified, by a volcanic event (Dogar 
et al. 2023). To address these two issues, Figs. 5c and 5d show the relative Niño-3.4 index 
for the individual models and the multimodel average with and without volcanic forcing. 
This index is defined following Khodri et al. (2017) and van Oldenborgh et al. (2021) as 

Fig. 5.  (a),(b) Multimodel mean predictions of 2023 annual mean anomalies from the 1991 to 2020 aver-
age for near-surface air temperature under P1 (a) noVolc and (b) Volc; (c),(d) monthly relative Niño-3.4 
index predictions under P1 (c) noVolc and (d) Volc. Colors in (c) and (d) indicate individual models, and 
black curves indicate the equally weighted multimodel average. Shading indicates the 5th–95th percen-
tile range of the pooled ensemble. The dashed curve in (c) represents values from ERA5 (Hersbach et al. 
2020; the last month shown is May 2024). Vertical lines in (d) indicate the timings of the posteruption 
cooling and recovery phases.
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the difference between the SST anomaly in the Niño-3.4 region and that averaged over the 
20°S–20°N oceans, in order to isolate the ENSO signal from the long-term warming trend and 
the posteruption cooling.

For the forecast with volcanic forcing (Fig. 5d), the multimodel relative Niño-3.4 anomalies 
are positive from June 2022 to 2024 and larger than in the unperturbed case (Fig. 5c), peak-
ing at 0.83°C in October 2023. The warm increase is statistically significant in the second 
year after the eruption (Fig. C9), which is consistent with the ENSO response to low-latitude 
explosive volcanic events in April during neutral or El Niño–like conditions (Predybaylo et al. 
2020). Mechanisms underlying this behavior have been proposed, including the land–ocean 
temperature gradient, the ocean-dynamical thermostat, or shifts in the intertropical conver-
gence zone (Khodri et al. 2017; Miao et al. 2018; Zuo et al. 2018; Pausata et al. 2020; McGregor 
et al. 2020). These can weaken the easterly trade winds or trigger anomalous westerly winds 
favoring or enhancing El Niño–like conditions through the Bjerknes feedback. Such behavior 
is consistent with the reduced precipitation over the Maritime Continent (Zuo et al. 2018) dur-
ing the cooling phase (Fig. 4c) as well as the drier conditions in tropical America and Africa 
(Khodri et al. 2017). The subsequent negative anomalies of the multimodel relative Niño-3.4 
index after mid-2024 (Figs. 5c,d) are enhanced by the volcanic forcing, although there is 
considerable intermodel spread (Fig. C9). The strengthening of the negative anomalies is in 
accord with previous work showing an increased probability of La Niña–like conditions fol-
lowing El Niño response 3–4 years after the eruption (Adams et al. 2003; Maher et al. 2015; 
Zuo et al. 2018; Bilbao et al. 2024).

While ENSO is affected by the location (e.g., Pausata et al. 2015, 2016; Zuo et al. 2018;  
Sun et al. 2019; McGregor et al. 2020) and strength (e.g., Ohba et al. 2013; McGregor and 
Timmermann 2011) of volcanic eruptions, it is sensitive also to the climate conditions pre-
ceding the events and the timing of the eruptions relative to the seasonal cycle (Predybaylo 
et al. 2017, 2020; Zuo et al. 2021). The strength and low-latitude location of the eruption may 
have favored an ENSO response, but the timing and background climate conditions may 
not have. The volcanic event occurs in early spring, when wind-related noise and a coupled 
atmosphere–ocean instability (Samelson and Tziperman 2001) can enhance mixing and 
heat exchange dampening the impact of the eruption on ENSO, and during La Niña–like  
or near-neutral conditions, for which the ENSO response to volcanic eruptions is weakest 
(Predybaylo et al. 2017, 2020). The timing and climate conditions preceding the eruption may 
thus have prevented a stronger ENSO response compared to a similar volcanic event occurring 
during summer or fall and/or preceded by El Niño–like conditions.

In summary, Figs. 5c, 5d, and C9 indicate that the volcanic eruption does not modify the 
timing of El Niño onset or the duration of El Niño–like conditions. The volcanic eruption 
does enhance the positive anomalies of the relative Niño-3.4 index by up to 0.25°C (Fig. C9) 
1–2 years after the event consistent with Hermanson et al. (2020), leading to a potentially 
stronger 2023/24 El Niño relative to the original forecast. There is also a tendency for en-
hanced La Niña–like conditions afterward. However, the responses of the individual models 
vary, with CanESM5 showing one of the weakest responses and FGOALS-f3-L the strongest, 
particularly during the recovery phase (Fig. C9).

d. Implied revision to 2022 annual-to-decadal climate prediction. Figures 6a, 6c, and 6e 
show the multimodel year 1–5 (2022–26) annual mean anomaly forecasts for tempera-
ture, precipitation, and sea level pressure relative to the 1991–2020 average as would have 
been issued in early 2022. We follow closely the format of the WMO LC-ADCP (WMO 2022, 
2023) but emphasize that the model ensemble for these two activities is different. Thus, 
the anomaly maps shown here differ slightly from the LC-ADCP versions. Figures 6b, 6d, 
and 6f show the P1 revised forecasts influenced by the hypothetical volcanic eruption.  
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The corresponding extended boreal summer (May–September) and winter (November– 
March) multiyear forecasts with and without volcanic forcing, as well as the volcanic 
response, are shown in Figs. C10–C12.

Without volcanic forcing, the annual mean temperature forecast is higher than the 
1991–2020 average nearly everywhere, particularly over high-latitude Northern Hemisphere 
land and the Arctic Ocean (Fig. 6a), reflecting the rapid global temperature increase over the 
past several decades (Gulev et al. 2021). The enhanced Arctic warming is stronger during 
November–March (Fig. C10b) than during May–September (Fig. C10a). The revised forecast 
displays cool anomalies rather than warm anomalies throughout much of the tropics and 
subtropics, as well as northwestern North America (Fig. 6b). While the Arctic warming is 
much reduced in the revised forecast, warm anomalies over the Greenland–Barents–Kara 
Seas remain high. Posteruption cooling is strongest over land and in the Arctic (Figs. C10e,f), 
most notably from November to March (Fig. C10f).

For precipitation, the original 2022–26 forecast predicts widespread wet anomalies in 
the Northern Hemisphere and dry anomalies over the southern tropics and extratropics 

Fig. 6.  Multimodel mean predictions for 2022–26 annual mean anomalies from the 1991 to 2020 aver-
age for (a),(b) near-surface air temperature, (c),(d) precipitation, and (e),(f) sea level pressure under P1 
(a),(c),(e) noVolc and (b),(d),(f) Volc. The noVolc forecasts are analogous to the LC-ADCP 2022-issued 
forecasts, except that the model ensemble is different.
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(Fig. 6c). The volcanically perturbed forecast is drier in both hemispheres (Fig. 6d), with 
wet anomalies in the unperturbed forecast shifting to dry anomalies in the Congo basin 
and far western tropical Pacific. Those changes are evident in both May–September and 
November–March (Fig. C11), with the dry anomalies over Africa and the Indian Ocean 
shifting southward in boreal winter, when dry anomalies also prevail along the Pacific and 
Atlantic storm tracks (Fig. C11f).

The volcanic eruption appears to cause predicted sea level pressure anomalies to reverse 
sign over much of Eurasia (Figs. 6e,f). In addition, low pressure anomalies over the northern 
and southern polar regions are diminished, primarily in boreal summer (Figs. C12a,c,e), and 
subpolar high pressure anomalies generally strengthen, primarily in the extended winter 
season of each hemisphere.

Overall, the differences between the original and revised forecasts are sufficiently large 
that the hypothesized eruption would have substantially reduced the value of the original 
forecast for decision-making. This is especially true for not only temperature but also pre-
cipitation. In a case such as this, issuance of a revised forecast using the methods described 
here is clearly justified. In the event of a real eruption, a decision on whether to revise the 
forecast would begin with advice from the APARC VolRes group as to whether the eruption 
is likely to be climatically significant. If significant cooling is a possibility, then estimates of 
the volcanic forcing would be generated as described above and provided to modeling cen-
ters that contributed to that year’s LC-ADCP forecast. After revised forecasts are received, the 
LC-ADCP would decide whether to update the current forecast based on whether the volcani-
cally induced changes are statistically significant or otherwise obviously modify the forecast.

4. Lessons learned and recommendations
A primary motivation of VolRes-RE has been for decadal prediction centers to gain experience 
incorporating the type of rapidly developed, flexibly configured volcanic forcing data that 
would be provided in the event of an actual large eruption. This was not a trivial exercise, in 
part because the groups that develop decadal prediction systems and produce forecasts are 
often separate from those that develop the atmospheric components of the models and have 
the greatest knowledge of and experience with treatments of stratospheric aerosols. Fortu-
nately, the participating groups were able to enlist the required expertise to implement the 
EVA-generated forcings. Nonetheless, this disconnect could be a barrier for decadal prediction 
producers who use models developed at other centers.

Another purpose of VolRes-RE was to confront and remedy technical and other issues 
that would have delayed an actual response. Several such issues relating to obtaining and 
ingesting the volcanic forcing were identified by beta testers from BCCR, BSC, and CCCma  
(Table A1). For example, minor issues with spatial and temporal dimensioning and the length 
of the time series were quickly remedied by the beta testers before releasing the EVA package 
to all participating groups.

After the final EVA package was distributed and the revised forecasts were produced, 
several errors were found that required time to identify and correct. This was not surpris-
ing, considering this was the first time the response procedures had been carried out by 
the participants. For example, protocol 2 data provided by one center initially was missing 
outputs extending from the April 2022 initialization month to the November 2022 initial-
ization of the next year’s forecast, and another center mistakenly employed forcing from 
a weaker historical event in their initial revised forecasts. In addition, the forecast data 
received in some cases deviated from formatting standards requested by the WMO, which 
led to data processing delays. Awareness of these issues obtained through participation 
in VolRes-RE should reduce avoidable delays when a real response is needed.
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Experience gained from VolRes-RE has informed the following recommendations:

•	 Several invited groups were unable to participate, either because they lacked the human 
and/or computing resources required or because the treatment of stratospheric aerosols in 
their model was not compatible with forcings from EVA. Such groups who wish to revise 
their forecasts when an actual eruption occurs should develop a plan for the necessary 
responses.

•	 If some of the systems that originally contributed to the WMO forecast in the year of the 
eruption are unable to revise their forecasts, then the revised WMO forecast products should 
be based on the subset of systems that updated their forecasts to include volcanic forcings.

•	 Similarly, forecasts produced in years following the eruption while its climatic impacts 
are expected to remain significant should be based on systems that include the volcanic 
forcings.

•	 As EVA tools are updated in the future, it will be important to maintain infrastructure to 
enable rapid production of forcing fields in the aftermath of eruptions by automated and 
easily accessed means, such as publicly available code and/or web forms.

•	 If an eruption occurs late in the calendar year, then effort should be focused on incorporat-
ing volcanic radiative effects into the next year’s forecast, rather than revising the forecast 
from the current year.

•	 Finally, although protocol 2 provides an interesting comparison, a real response should fol-
low protocol 1, given that the protocol 1 and 2 volcanic responses exhibited only relatively 
minor regional differences. Protocol 1 is simpler to implement since it requires running one 
forecast rather than two new forecasts and does not require preparing initial conditions on a 
different date than the original forecast. Decadal prediction centers can thus respond more 
rapidly using protocol 1. In addition, protocol 1 forecasts are simpler to interpret because 
the revised raw forecasts can simply be differenced with existing hindcast climatologies 
to produce revised forecast anomalies, whereas protocol 2 produces a correction to the 
original forecast that either must be presented separately or else added to the original 
forecast which would be inconsistent from a modeling perspective. Finally, any potential 
advantages of protocol 2 are expected to increase as an eruption occurs later in the calen-
dar year, whereas the utility of the revised forecast diminishes later in the calendar year 
(compare previous recommendation).

5. Conclusions and outlook
The main objectives of VolRes-RE were to increase the readiness of the decadal prediction 
community to respond to a major volcanic eruption, identify and resolve “sticking points” in 
this process, and provide recommendations for and durable documentation of the response 
procedures. As described in this paper, these objectives have largely been met. Based on the 
experience gained, when a major eruption occurs, a prepared scientific community should 
be able to provide estimates of volcanic forcings to decadal prediction centers within a few 
days, revise the individual forecasts within 2 weeks or so, and disseminate a consolidated 
revised forecast within about another week. Therefore, it should be possible to complete the 
chain of responses illustrated in Fig. 1 within about 1 month.

The accuracy of decadal predictions revised after future volcanic eruptions will depend 
strongly on the accuracy of the aerosol forcings used. Forcings from EVA, which are con-
strained by satellite observations of the aerosol from Pinatubo, have been found to be within 
the relatively large range simulated by prognostic aerosol models (e.g., Clyne et al. 2021) and 
produce global mean temperature anomalies consistent with proxy records for large erup-
tions of the last millennium when uncertainties in forcings are considered (Lücke et al. 2023). 
However, if the aerosol from a future eruption behaves significantly differently from that of 
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Pinatubo, EVA forcing predictions may be inaccurate. Using models that include prognostic 
treatments of stratospheric aerosols and their radiative effects may offer advantages over the 
prescribed forcing from EVA, but they have their own limitations (e.g., Quaglia et al. 2023) 
and are also highly sensitive to uncertainties in the estimated SO2 injection and its vertical 
profile. Therefore, irrespective of the method used to estimate the aerosol forcing after future 
eruptions, decadal predictions might require more than one revision: Following the initial 
revision based on SO2 injection amounts estimated in the first days after the eruption, a 
further updated prediction could be released based on forcing fields constrained by aerosol 
extinction measured by satellite sensors. In the case of a close succession of major volcanic 
eruptions (Zanchettin et al. 2016), additional revisions may be required. Future volcanic re-
sponse protocols might also include direct volcanic injection of stratospheric water vapor, as 
observed in the 2022 Hunga eruption, to account for its surface warming effect (Millán et al. 
2022; Jenkins et al. 2023; Schoeberl et al. 2023). Current work on simulating the combined 
effects of the water vapor and sulfate aerosol from the Hunga eruption (e.g., Zhu et al. 2022) 
will guide consideration of representing their joint influences in future decadal predictions.

In addition to the objectives mentioned above, VolRes-RE provides a measure of additional 
value to the community that studies and models climatic responses to volcanic eruptions. 
While the event considered is hypothetical, so the simulated responses cannot be compared 
with observations, the fact that it is considerably stronger than any in the recent observational 
record provides both a potential “stress test” for the behavior of models under very strong 
volcanic forcing and simulations of how such an extreme event may affect present-day climate. 
The fact that the simulated eruption occurs under relatively constrained climatic conditions 
due to model initialization < 6 months beforehand may offer a useful supplementary perspec-
tive to previous experiments that have aimed to carefully intercompare volcanic responses 
between models (Zanchettin et al. 2019, 2022). Although there are no extreme outliers among 
the volcanic responses examined here, they do exhibit a larger diversity than in the espe-
cially carefully controlled experiment of Zanchettin et al. (2022) that considered a different 
set of models, each providing 25 ensemble members. This motivates efforts to understand 
the origins of the differences seen here.

The surprising result that every system simulates El Niño conditions in 2023 following 
initialization 1–2 years earlier bears on the multiyear predictability of El Niño and La Niña 
events (Gonzalez and Goddard 2016), potential windows of opportunity when initializing 
predictions in ENSO peak phases (Liu et al. 2023), and the utility of multiyear dynamical 
predictions (Yeager et al. 2022). That El Niño conditions occurred both with and without 
volcanic forcing adds to previous modeling studies that examined conditions under which 
large volcanic events could trigger El Niño onset (Khodri et al. 2017; Predybaylo et al. 2017).

Data provided currently to the WMO LC-ADCP consist of monthly averages for a few key 
climate variables. However, as the capacities of the LC-ADCP and its contributors develop 
further, it will become desirable to provide higher-frequency model outputs. Following 
an eruption, such data will enable predicted impacts on probabilities of extreme climate 
events to be assessed. Such information would be of value because major eruptions are 
known to favor severe droughts and winter cold surges while diminishing the probability 
of heat waves and flooding (e.g., Paik and Min 2018; Wang et al. 2021; Paik et al. 2022; 
Freychet et al. 2023).

Annual-to-decadal predictions have recently become a WMO service and are increasingly 
informing sectoral decision-making worldwide (Dunstone et al. 2022; O’Kane et al. 2023). 
Thus, it is more important than ever that the decadal prediction community be able to respond 
to the occurrence of a major volcanic eruption in order to represent its impacts on predicted 
near-term climate. By undertaking a simulated response involving international decadal 
prediction centers, the exercise described here has increased readiness for that eventuality.
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APPENDIX A
Participating Decadal Prediction Systems
Table A1 describes properties of the decadal prediction systems contributing to VolRes-RE.

Table A1.  Properties of the decadal prediction systems contributing to VolRes-RE, including (from left to right) the model name 
and originating modeling center; spatial resolution of the atmosphere and ocean components; month at the beginning of 
which the P1 forecasts are initialized (either November 2021 or January 2022); whether participants provided a P2 forecast; the 
number of full years in the P1 and P2 forecasts; ensemble size of the associated hindcasts and provided forecasts; initialization 
technique applied to the atmosphere (A), ocean (O), and/or SST: “Full” if actual values of observation-based fields are used and 
“Anom” if observed anomalies superimposed on the model climatology; and references containing further information about 
each system. Systems with an asterisk (*) next to the model name contributed to the WMO LC-ADCP forecast for 2022–26. The 
participating centers are CCCma: Canadian Centre for Climate Modelling and Analysis; BSC: Barcelona Supercomputing Cen-
tre; LASG: The State Key Laboratory of Numerical Modeling for Atmospheric Sciences and Geophysical Fluid Dynamics; GFDL: 
Geophysical Fluid Dynamics Laboratory; MOHC: Met Office Hadley Centre; IPSL: Institute Pierre-Simon Laplace; JAMSTEC/UT/
NIES: Japan Agency for Marine-Earth Science and Technology/University of Tokyo/National Institute for Environmental Studies; 
BCCR: Bjerknes Centre for Climate Research.

Model (center)
Resolution  

(A: atm; O: ocean) P1 init mon P2 fcst
Fcst range 
P1/P2 (yrs)

Ens size 
hind/fcst Init Ref

CanCM4i* (CCCma) A: T63L35 Jan Yes 10/10 10/10 A: Full Merryfield et al.  
(2013)O: 1.4° × 0.9°L40 O: Full

CanESM5 (CCCma) A: T63L49 Jan Yes 10/10 20/40 A: Full Sospedra-Alfonso 
et al. (2021)O: 1° × 1°L45 O: Full

EC-EARTH* (BSC) A: T255L91 Nov Yes 10/10 10/10 A: Full Bilbao et al. (2021)

O: 1° × 1°L75 O: Full

FGOALS-f3-L* (LASG) A: 100-km L32 Nov Yes 9/5 9/9 A: None Wu et al. (2018), 
Hu et al. (2023)O: Tripolar L31 O: Anom

SPEAR (GFDL) A: 100-km L33 Jan Yes 10/10 10/10 A: Full Yang et al. (2021)

O: 1° × 1°L75 SST: Full

HadGEM3* (MOHC) A: N216L85 Nov No 10/— 10/10 A: Full Sellar et al. (2020)

O: 0.25° × 0.25°L75 O: Full

CM62-ESMCO2 (IPSL) A: 1.25° × 2.5° × L79 Jan No 5/— 5/10 A: None Estella-Perez et al.  
(2020)O: 1°L75 O: Anom

MIROC6* (JAMSTEC/
UT/NIES)

A: T85L81 Nov Yes 10/10 10/10 A: Full Kataoka 
et al. (2020)O: 1° × 1°L62 O: Anom

NorCPM1* (BCCR) A: 1.9° × 2.5°L26 Nov Yes 10/10 10/30 A: None Bethke 
et al. (2021)O: 1° × 1°L53 O: Anom
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APPENDIX B
Analysis Methods
Multimodel means are computed as the average of ensemble means across models. For 
each model, statistical significance is computed as follows. The M pairs of perturbed and 
unperturbed ensemble members (with M equal to the model ensemble size) are chosen at 
random with replacement to provide M differences quantifying volcanic response. The en-
semble mean of these M differences is taken. This process is repeated 1000 times to build 
the bootstrapping sampling distribution of the ensemble mean difference. The 2.5th–97.5th 
percentile of this distribution gives a 95% confidence interval. If this confidence interval 
does not cross zero, we conclude that there is a volcanic response at the 95% confidence 
level. For the multimodel mean, we implement the same procedure except that the ensemble 
mean of individual models is used instead of the pooled ensemble. This guarantees that all 
models are weighted equally.

Climatology to compute P1 forecast anomalies is taken as the average hindcast for a given 
target month, with the average taken over the 1991–2020 target period. The resulting lead 
month-dependent climatology is subtracted from the forecasts to produce the anomalies. 
Hindcasts initialized on 1 April were not requested, as only perturbed minus unperturbed 
forecast differences are considered for P2. Globally averaged anomalies are area weighted, 
and sea ice extent anomalies are computed without normalization by the total area. Sea ice 
extent is the total area of grid cells having ice concentration ≥ 15%.
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APPENDIX C
Supplementary Figures
Figures C1–C12 show additional results for the simulated volcanic responses of individual 
models and the multimodel average, annual and multiannual predictions with and without 
volcanic forcing, and results for additional variables requested by the LC-ADCP.

Fig. C1.  As in Fig. 3, but for (a),(b) globally averaged sea level pressure, (c),(d) Arctic SIE (defined as the total area for which Arctic 
sea ice concentration exceeds 15%), and (e),(f) Atlantic overturning streamfunction averaged over (30°–50°N, 1000–2000 m). Color 
and black dots indicate statistically significant responses at the 95% confidence level for individual models and the six-model 
mean, respectively (see appendix B).
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Fig. C2.  Near-surface air temperature response during the cool-
ing phase for the individual models. The symbol Δ denotes the 
difference in the specified quantity with and without volcanic 
forcing. The multimodel average response is also shown in 
Fig. 4a. Stippling indicates a statistically significant response 
at the 95% confidence level (see appendix B).
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Fig. C3.  Near-surface air temperature response during the re-
covery phase for the individual models. The symbol Δ denotes 
the difference in the specified quantity with and without vol-
canic forcing. The multimodel average response is also shown 
in Fig. 4b. Stippling indicates a statistically significant response 
at the 95% confidence level (see appendix B).
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Fig. C4.  As in Fig. 4, but for (a),(b) sea level pressure, (c),(d) Arctic sea ice concentration, and (e),(f) AMOC.  
Stippling indicates a statistically significant response at the 95% confidence level (see appendix B). October 
sea ice concentration averages are shown for (c) and (d).
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Fig. C5.  Multimodel mean response (Volc–noVolc) of near- 
surface air temperature (a),(c) P1 and (b),(d) P2 forecasts aver-
aged over the (a),(b) cooling phase (April 2022–March 2023) 
and (c),(d) recovery phase (April 2023–March 2026) after the 
volcanic eruption. The symbol Δ denotes the difference in the 
specified quantity with and without volcanic forcing. The mul-
timodel average is over the six models having full P1/P2 fore-
casts. Stippling indicates a statistically significant response at 
the 95% confidence level (see appendix B).

Fig. C6.  As in Fig. C5, but for precipitation.

Unauthenticated | Downloaded 02/14/25 09:04 AM UTC



A M E R I C A N  M E T E O R O L O G I C A L  S O C I E T Y D E C E M B E R  2 0 2 4 E2518

Fig. C7.  Predictions of 2023 annual mean anomalies from the 
1991 to 2020 average for near-surface air temperature under 
P1 noVolc for the individual models.
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Fig. C8.  As in Fig. C7, but for Volc predictions.

Fig. C9.  Monthly relative Niño-3.4 index response (Volc–noVolc) for individual models (color) and the 
equally weighted multimodel average (black). Values are the difference between those in Figs. 5d and 
5c. Shading indicates the 5th–95th percentile ranges of the pooled ensemble. Vertical lines indicate 
the timings of the posteruption cooling and recovery phases. Color and black dots indicate statistically 
significant responses at the 95% confidence level for individual models and the multimodel average, 
respectively (see appendix B).
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Fig. C10.  Multimodel mean predictions for 2022–26 (a),(c) May– 
September and (b),(d) November–March anomalies from the 
1991 to 2020 average for near-surface air temperature under  
P1 (a),(b) noVolc and (c),(d) Volc. The noVolc forecasts are 
analogous to the LC-ADCP 2022-issued forecasts, except that 
the model ensemble is different. (e),(d) Temperature response 
(Volc–noVolc) for 2022–06 (a),(c) May–September and (b),(d) 
November–March predictions. Stippling indicates a statisti-
cally significant response at the 95% confidence level (see ap-
pendix B).

Unauthenticated | Downloaded 02/14/25 09:04 AM UTC



A M E R I C A N  M E T E O R O L O G I C A L  S O C I E T Y D E C E M B E R  2 0 2 4 E2521

Fig. C11.  As in Fig. C10, but for precipitation.

Fig. C12.  As in Fig. C10, but for sea level pressure.
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