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Abstract A contemporary seasonal forecasting system is used to study the impacts of a volcanic
sulfate injection into the stratosphere on the seasonal forecasts for surface temperatures, the El Nifio
Southern Oscillation (ENSO), and precipitation. The focus is a case study of the June 1991 eruption of Mt.
Pinatubo, Philippines and the period from July 1991 to February 1992. Version 2 of the Goddard Earth
Observing System (GEOS) subseasonal-to-seasonal (S2S) forecasting system is used in this study. GEOS-
S2S includes the GOddard Chemistry, Aerosols, Radiation and Transport (GOCART) aerosol module,
which allows to prognostically simulate aerosol distributions. GOCART is coupled to the radiation and
cloud modules to include the impact of the eruption on forecasted radiation and precipitation. The
coupled GEOS-S2S system was initialized in May 1991 with fields based on observations to produce
ten-member 9-month forecasts with and without the volcanic sulfur injection. The results of these
ensemble experiments demonstrate that including Mt. Pinatubo in seasonal forecasts would improve the
forecasts of the 1991-1992 global mean temperature and precipitation but worsen the forecast of ENSO by
strengthening of El Nifio beyond what showed in observations. Most significant changes in the forecasts
of temperatures and precipitation are limited to the tropics. The only land area where the inclusion of
Pinatubo significantly lowered the forecasted precipitation is tropical Africa.

1. Introduction

Large explosive volcanic eruptions can increase the stratospheric aerosol load by orders of magnitude and
impact the climate at a global scale (Robock, 2000). Such eruptions inject sulfur dioxide (SO,) above the
tropopause, where it nucleates and condenses to form sulfate aerosols. These aerosols scatter shortwave
radiation, cooling the Earth's surface, and absorb infrared and near-infrared radiation, warming the strat-
osphere. The resulting net negative radiative forcing leads to a cooling of the global mean surface temper-
ature, which has been detected in observations (e.g., Robock & Mao, 1995; Santer et al., 2014). To date, the
largest volcanic eruption to be extensively characterized using satellite observations is that of Mt. Pinatubo,
Philippines, on June 15, 1991. Volcanic aerosols from Mt. Pinatubo reached up to 30 km altitude (McCor-
mick & Veiga, 1992; Thomason, 1992) and were still detected in the atmosphere five years after the eruption
(McCormick et al., 1995; Thomason et al., 2008).

Data from the Microwave Sounding Unit (Christy et al., 2000) show that the cooling of the global mean
temperature peaked at about —0.5 K about 18 months after the eruption (Soden, 2002). Using regression
analysis, Gu and Adler (2011) calculated that, once eliminated the impact of the 1991-1992 El Nifio, the
Pinatubo-induced anomaly was about —0.6 K, even larger than the observed cooling. On the other hand,
Robock and Mao (1995), Lean and Rind (2008), and Canty et al. (2013) concluded that the eruption was
responsible only for —0.2, —0.14, and —0.25 K of cooling, respectively. Climate models generally reproduce
the global cooling, even if disagree on the exact magnitude (e.g., Ménégoz et al., 2018; Robock & Liu, 1994;
Yang et al., 2019) due to differences in model parameterizations, representations of the forcing, initializa-
tion, and volcanic parameters.
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Figure 1. Global mean net shortwave radiation at the surface in MERRA-2 (black lines) and in the GEOS-S2S
forecasts. Forecasts are calibrated with respect to the drift (see text for details). MERRA-2 anomalies are calculated
with respect to the 1981-2011 climatology. Thick lines show the ensemble means, while thin lines show each ensemble
member.

Several observational and modeling studies have found a decrease in global mean precipitation after large
volcanic eruptions (e.g., Gu & Adler, 2011; Gu et al., 2007; Iles et al., 2013; Robock & Liu, 1994; Trenberth
& Dai, 2007). In particular, Joseph and Zeng (2011) performed coupled model simulations of post-Agung,
post-El Chichén, and post-Pinatubo periods to find that the decrease in tropical precipitation over land is
associated with a weaker monsoonal circulation due to a suppressed land-sea temperature contrast.

The role that the eruption played in the development of the strong 1991-1992 El Nifio is less certain. When
Mt. Pinatubo erupted, sea surface temperatures (SSTs) in the central Pacific Ocean were already warmer
than average. The Nifio 3.4 index (the SST anomaly from the 30-year climatological mean between +5° lat-
itude and 170°-120°W longitude) exceeded 0.4°C the month prior the eruption, marking the start of an El
Nifio event. It remained above this threshold until June 1992 after peaking in January 1992. Several studies
have suggested a connection between tropical volcanic eruptions and the El Nifio Southern Oscillation
(ENSO; McGregor et al., 2020). Paleoclimate (Adams et al., 2003; McGregor et al., 2010) and modeling (e.g.,
Clement et al., 1996; Emile-Geay et al., 2008; Lim et al., 2016; Mann et al., 2005; Ohba et al., 2013; Predy-
baylo et al., 2017; Stevenson et al., 2016; Zuo et al., 2018) studies concluded that a volcanic forcing drives the
Pacific Ocean toward conditions that favor the strengthening of El Nifio in the year of the eruption. Clement
et al. (1996) found, using an idealized coupled ocean-atmosphere dynamical model (Zebiack & Cane, 1987),
that western Pacific SSTs are mainly regulated by a one-dimensional energy balance, while changes in east-
ern Pacific SSTs are partially balanced by changes in ocean advection. This results in a zonally non-uniform
temperature response across the Pacific Ocean, where the western Pacific responds faster to a forcing than
the eastern Pacific. In the case of the negative forcing from Mt. Pinatubo, this “ocean dynamical thermostat”
(ODT) results in a flattening of the zonal temperature gradient and a subsequent weakening of the trade
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Figure 2. Seasonal maps of the decrease in clear sky shortwave radiation (W/m?) due to the volcanic aerosol from Mt.
Pinatubo, calculated as the difference between the forecasts with and without the eruption. Areas not significant at 95%
level are shaded in gray.

winds (Bjerknes, 1969), creating conditions favorable to the development of El Nifio. More recently, studies
using fully coupled climate models found that the weakening of the trade winds after a volcanic eruption is
caused by volcanic changes other than the ODT mechanism, such as a cooling of the Maritime Continent
that weakens the Walker circulation (Ohba et al., 2013), a shift in the ITCZ caused by the cooling of the
tropical Pacific (Lim et al., 2016) or by the differential cooling between hemispheres (Pausata et al., 2020;
Schneider et al., 2009), or a cooling of tropical Africa that suppressed precipitation and altered the Walker
circulation through anomalous Kelvin waves (Khodri et al., 2017). Pausata et al. (2020) also found that
extratropical teleconnections associated with the volcanic change in meridional temperature gradient and
land-ocean temperature contrast weaken the Pacific subtropical high-pressure system and cause a westerly
wind anomaly in the equatorial Pacific.

Other studies suggested that tropical volcanic eruptions favor the development of La Nifia. McGregor and
Timmermann (2011) found that Newtonian cooling and changes in mixed layer depth offset the warming
caused by the ODT and the other mechanisms mentioned above. Wang et al. (2018) found that strong trop-
ical volcanic eruptions are generally followed by La Nifia cooling that persists from the eruption to about
5 months after the peak in volcanic forcing. They attribute this response to the quick cooling of the western
coast of South America, which strengthens the trade winds, but also recognize that this did not happen
after Pinatubo possibly because of the weakness of the cooling of the eastern equatorial Pacific and the
state of the tropical Pacific at the moment of the eruption. Generally, Meehl et al. (2015) found that CMIP5
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Figure 3. Surface temperature anomaly in MERRA-2 (black lines) and in the GEOS-S2S forecasts. From top to bottom,
the panels show global, northern hemispheric, tropical (20°S-20°N), and southern hemispheric means. Forecasts

are calibrated with respect to the model drift and MERRA-2 anomalies are calculated with respect to the 1980-2010
climatology. Thick lines show the ensemble means, while thin lines show each ensemble member.

models on average simulate a cooling of the tropical Pacific in the first winter after the Pinatubo eruption.
Khodri et al. (2017), however, showed that also CMIP5 models develop El Nifio after large tropical volcanic
eruptions when considering SST anomalies relative to the tropical average, effectively removing the global
cooling effect of the volcanic aerosol.

The goal of this study is to establish the validity of seasonal forecasts in the event of a volcanic eruption tak-
ing place after the forecasts have been produced. Despite representing a major perturbation of the climate
system, volcanic eruptions are generally not included in seasonal forecasting systems for mainly two rea-
sons. First, such eruptions are rare and generally not predictable. Second, the model systems used for sea-
sonal forecasting typically do not contain the aerosol mechanisms needed to compute the aerosol impacts,
but rather include the average radiative effect of aerosols using climatologies (Benedetti & Vitart, 2018).
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Figure 4. Impact of the volcanic aerosol on global and tropical (20°S-20°N) mean surface temperatures (above) and
precipitation (below), calculated as the difference between P24 and noP. Each panel shows the average over land (solid)
and ocean (dashed).

Specifically, in this study we investigate whether the inclusion of the 1991 eruption of Mt. Pinatubo
would have significantly changed seasonal predictions of surface temperatures, ENSO development, and
precipitation in the NASA Goddard Earth Observing System Seasonal to Subseasonal forecasting System
(GEOS-S28S), which is used to produce forecasts up to 9 months into the future.

GEOS-S2S (Molod et al., 2020) is an optimal system for this study because it prognostically simulates aero-
sol concentrations and includes their radiative interaction as well as their indirect effect on clouds. Volcanic
forcing is calculated based on a prescribed injection of SO,, rather than using prescribed climatologies of
stratospheric aerosol optical thickness. As such, the spread of the GEOS-S2S ensemble members represents
the uncertainty in forecasted forcing arising from the natural variability in the transport of the volcanic
aerosol.

This paper is organized as follows: Section 2 presents a description of the GEOS-S2S system in the opera-
tional forecast setup; Section 3 reports the results of the simulations in terms of radiative forcing and subse-
quent response in surface temperatures, ENSO development, and precipitation; Section 4 summarizes and
discusses the results.

2. Model Description and Simulations

This study employs forecasts produced with Version 2 of the GEOS-S2S system, described in detail by Molod
et al. (2020). This system is used each month to compute nine-month seasonal forecasts that are distributed
broadly, including to the North American Multi-Model Ensemble (Kirtman et al., 2014), through the NASA
Goddard Modeling Assimilation Office (GMAO) website. The atmospheric model includes the dynamical
core of Putman and Lin (2007). The physical parameterizations are updated from the version described by
Molod et al. (2015) in several ways. The key update is the inclusion of the two-moment cloud microphysics
code (Barahona et al., 2014) that allows for indirect aerosol-cloud interactions (as well as the direct effects,
which were already included in Version 1). GEOS-S2S couples the atmospheric model to the Modular Ocean
Model, Version 5 (MOMS5) (Griffies, 2012; Griffies et al., 2005), the Catchment model (Koster et al., 2000),
and the Sea Ice Model (CICE) (Hunke & Lipscomb, 2010).

For this study, the most relevant feature of the GEOS-S2S system is that it includes the Goddard Chemis-
try Aerosol Radiation and Transport (GOCART, Colarco et al., 2010; Randles et al., 2017) aerosol module,
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and standard deviation 2.03 (corresponding to an effective radius equal
to 0.24 um). This distribution is appropriate for tropospheric aerosol,
but observations of the post-Pinatubo period measured a larger radius
for the volcanic aerosol (Bingen et al., 2004a, 2004b). Accordingly, the
GOCART module has been extended after Aquila et al. (2016) to include
an additional sulfate aerosol tracer in the stratosphere with modal radius
0.35 wm and standard deviation 1.59 (effective radius = 0.6 um), which is

in the range derived from SAGE II observations during the post-Pinatubo
period.

In GEOS, volcanic eruptions are simulated as an injection of SO, in the
model grid boxes directly above the volcano. The SO, is uniformly dis-
tributed vertically between altitudes specified for each eruption. The
conversion of SO, into sulfate aerosols is then calculated online using
climatological ozone and OH distributions. In our simulations, the 1991
eruption of Mt. Pinatubo is represented as a set of three eruptions on

June 13, 14, and 15, respectively. The June 13 eruption was included as a
0.14 Tg SO, injection in the 13-19 km layer and the June 14 eruption as a

——

: P 0.054 Tg injection in the 17-25 km layer, following the database by Carn
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Figure 5. Impact of the volcanic aerosol on seasonal surface temperatures

.5 0.0

et al. (2015) and subsequent updates. The climactic eruption of June 15
was simulated as an injection of 16 Tg SO, in the 18-22 km layer. The

(in K), calculated as the difference between P24 and noP. Hashed areas are  altitude of the June 15 injection is lower than Carn et al. (2015) to achieve

significant at 95% level.

a better agreement of the GEOS simulations with observations (Aquila
et al., 2012).

Three ensembles of 9-month predictions were carried out:

1. NoP does not include the eruption of Mt. Pinatubo (the standard configuration of GEOS-S2S near-real
time forecasts).

2. P24 includes the eruption of Mt. Pinatubo with a sulfate aerosol effective radius of 0.24 um (same as
tropospheric sulfate).

3. P60 includes the eruption of Mt. Pinatubo with a sulfate aerosol effective radius of 0.6 um.

All simulations were run with a horizontal resolution of about 0.5° by 0.5° longitude by latitude in the
atmosphere and ocean component. The atmospheric component uses 72 vertical hybrid levels up to 1 Pa,
while the ocean component uses 40 layers down to a depth of 4,500 m. Each monthly ensemble of forecasts
consists of 10 simulations initialized with a “lagged-burst” strategy, for which four simulations are initial-
ized on May 16, 21, 26, and 31, 1991 and the remaining six on May 31 using initial conditions obtained by
perturbing 3-D variables in the ocean and atmospheric components, as documented in Molod et al. (2020)
and Schubert et al. (2019). These perturbations are intended to represent the uncertainty in initial condi-
tions and provide a means of generating spread in the 10-member ensemble of monthly forecasts. Impor-
tantly, since the spatial distribution of the volcanic aerosol is determined by the transport of SO, and sulfate
aerosols, the spatio-temporal distribution of the volcanic forcing differs among ensemble members. We are
aware of the statistical limitations associated with an ensemble of only 10 members, but, as the goal of this
study is to quantify the validity of the GEOS-S2S seasonal forecasts in case of the volcanic eruption, it is
important that we maintain the same setup as the operational forecast system. At the moment, the delivery
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Figure 6. As Figure 5 but for P60.
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Figure 7. Vertical profile of the zonal mean temperature (a and b, in K)
and zonal winds (c and d, in m/s) anomalies in P24 (left panels) and P60

(right panels). Hatched areas are statistically significant at 95% level.

constraints of a seasonal forecast model with prognostic aerosol do not
allow for larger ensembles to be run routinely with GEOS-S2S. Indeed,
the choice of 10 ensemble members is common among such operational
models (see Table 2 in Kirtman et al., 2014).

In the following, results from the forecast simulations are all calibrated
with respect to the single model drift, which is defined as the average of
all forecasts initialized on the same day (May 15, 21, 26, and 31 for our
study) of each year from 1981 to 2010. This calibration follows the con-
vention by Stockdale (1997) to eliminate any long-term climate bias aris-
ing from an imperfectly simulated energy flux balance. For comparison,
we also show temperature and precipitation anomalies from MERRA-2
(Gelaro et al., 2017). For consistency with the drift, MERRA-2 anomalies
are calculated with respect to the May 1981-April 2011 monthly clima-
tological means. To isolate the effect of the eruption on the forecasts, we
also show the difference between the ensembles with and without Pina-
tubo, calculated by pairing simulations initialized with the same sets of
initial conditions. The statistical significance of the difference between
P24 or P60 and noP is calculated with a paired Student's ¢-test at 95%
significance level.

3. Results
3.1. Radiative Forcing

The direct impact of the volcanic sulfate aerosols is to scatter visible radi-
ation and reduce the shortwave radiation reaching the surface (Figure 1).
The inclusion of the volcanic eruption in the forecast simulations brings
the reduction in surface SW radiation in good agreement with MERRA-2
when calculated over clear and all sky. Smaller aerosols scatter shortwave
radiation more efficiently than larger ones, and as a consequence less
radiation reaches the surface in P24 than in P60. While P24 is closer to
MERRA-2 than P60 during the first 3 months after the eruption, P60 pro-
vide a better agreement afterward. This is due to the fact that the aerosol
module used in GEOS-S2S does not simulate the evolution of the aero-
sol size distribution, while, in reality, the effective radius of the volcanic
aerosols grows over time from about 0.2 um shortly after the eruption
to about 0.6 um 6 months after the eruption (e.g., Figure 1 of English
et al., 2013). This makes the aerosol optical properties assumed in P24
more appropriate for the first half of the simulations, and the ones of P60
afterward.

The latitudinal pattern of the radiative forcing is overall similar in P60
and P24 (Figure 2): the forcing is generally zonally uniform and mostly
confined within the tropics until August 1991. As expected, the magni-
tude of the forcing is larger in P24, with the peak forcing over the central
Pacific reaching —11 W/m?® in P24 and only —7 W/m? in P60.

3.2. Surface Temperature

The inclusion of the Pinatubo aerosols improves the forecast of global
and hemispheric mean surface temperatures (Figure 3). The standard
forecast, which excludes the impacts of the eruption, is warmer than
MERRA-2 in at all latitudes, particularly in the tropics (Figure 3g). The
inclusion of the volcanic aerosol cools surface temperatures in both
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significant at 95% level.

hemispheres and in the tropics, while still overestimating the warming
of the tropics with respect to MERRA-2. The response to the volcanic
forcing is faster and stronger in the northern hemisphere because of the
lower heat capacity of land masses.

The volcanic cooling is more than three times stronger over land than
over ocean, both in the global mean and over the tropics (Figures 4a
and 4b). Globally, the largest cooling is achieved in January over land and
over ocean. In the tropics, the volcanic cooling peaks in November and
then diminishes due to the decrease in volcanic forcing (Figure 2) and the
strengthening of El Nifio (Section 3.3). P60 shows a similar response (Fig-
ure S1). The spatial pattern of the temperature response to the eruption is
similar in the two forecast experiments (Figures 5 and 6), with a cooling
of the land masses and a strengthening of El Nifio, but the significant
areas are much smaller in P60 than in P24. Regionally, the response to the
volcanic forcing does not necessarily scale with the forcing itself. While
the simulated volcanic cooling over Europe is stronger in P24 than in P60,
the contrary is true for North America despite the smaller forcing in P60.
This could be due to the indirect effects of a stronger El Nifio in P24 than
in P60 (Section 3.3). The noP ensemble, which develops a strong El Nifio
but does not include the volcanic eruption, forecasts a significant surface
warming of North America (Figure S2), suggesting that the forecasted
El Nifo creates warm conditions in north America (Halpert & Rope-
lewski, 1992) that offset part of the volcanically induced cooling in P24.

P60 simulates a winter warming over northern Asia (Figure 6e), which
is not present in P24 (Figure 5e). Previous studies have found that trop-
ical volcanic eruptions can cause a winter warming over northern hem-
ispheric land masses through a stratospheric pathway (Graf et al., 1993)
initiated by the stratospheric warming associated with the sulfate aero-

sols absorption of infrared and near-IR radiation. This stratospheric warming increases the latitudinal tem-
perature gradient and leads to a stronger polar vortex, which causes a positive phase of the North Atlantic
Oscillation and subsequent warmer weather over Asia. In our simulations, the forecasted stratospheric
warming is stronger in P60 than in P24 (Figures 7a and 7b), because larger particles absorb more strong-
ly infrared radiation than smaller particles (while scattering less efficiently in the visible). As such, P60
causes a significant strengthening of the polar vortex that is absent in P24 (Figures 7c and 7d). As in Graf
et al. (1993), this results in an increase in the north-Atlantic sea level pressure gradient in P60 (Figure 8),
which, however, is not statistically significant. It is important to notice that the temperature anomaly and
the area experiencing significant warming are small, and that the westerly wind change at 60°N and 10 hPa,

which is often used as a measure of polar vortex strength, is less than 4 m s~

! and not statistically significant

JTJAS

Figure 9. Evolution of the ONI index in NOAA-CPC data set (black lines) and in the GEOS-S2S forecasts. The ONI
index is defined as the three-month running mean sea surface temperature anomaly in the Nifio 3.4 region (5°S-5°N;
120-170°W). Forecast anomalies are calculated with respect to the drift. Thick lines show the ensemble means, while
thin lines show each ensemble member.
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Figure 10. Hovmoller diagram of the impact of the volcanic aerosol in
the tropical Pacific (5°S-5°N) on (a) surface temperature (K), (b) 2-m zonal
wind (m/s) with green (positive) indicating westerly anomalies, and (c)
mixed layer depth [m] with blue (positive) indicate a deepening of the
mixed layer. The volcanic impact is calculated by subtracting noP from
P24. Hatches mark regions that are significant at 95% level. Dashed lines
mark the longitudinal boundaries of the Nifio 3.4 box.
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(Figure 7d), as found by Polvani et al. (2019). A larger ensemble is need-
ed to verify whether the Asian winter warming is a robust response. We
include in the supporting information the forecasted temperatures for
Europe, northern Asia, northern Africa, and North America (Figure S3).

3.3. ENSO Development

In all three forecast experiments, even without the inclusion of the
eruption, SSTs in the equatorial Pacific Ocean develop an El Nifio that
is longer and more intense than the observations (Figure 9). The intro-
duction of the volcanic forcing reduces the ensemble spread, particularly
in P24 (Figure 9c) because the strong volcanic forcing dominates over
the variability introduced by the uncertainty over the initial conditions.
We focus in this section on P24, as it shows a clearer response in ENSO.
Results for P60 (Figures S4 and S5) show that the changes leading to the
ENSO development are similar to P24, but the difference between P60
and noP is not statistically significant at the 95% level.

Despite the fact that the volcanic forcing is zonally uniform (Figure 2c),
the temperature response associated to such forcing is a cooling in the
western Pacific and a later warming in the central and eastern Pacific
(Figure 10a). GEOS-S2S predicts a weakening of the trade winds (west-
erly anomalies in Figure 10b) that further weakens the SST gradient via
the Bjerknes feedback and leads to a deeper mixed layer in the eastern
Pacific (Figure 10c), promoting conditions favorable to the development
of El Nifio.

As in Predybaylo et al. (2017), we calculate the terms in the equation
for the mixed layer temperature from Stevenson and Niiler (1983) and
Huang et al. (2010) (Figure 11):

dlyy _ Ty =Ty Ty Ty n Ot

= —w —Uu -V
dt By ML ox Mooy pC,H

+ Qres ’

where T is the ocean temperature, u, v and w the zonal, meridional, and
vertical components of the ocean currents, Q.. the net surface energy
flux, p the density of seawater (1,029 kg m™), C, the specific heat capac-
ity of seawater at constant pressure (3,990 J kg™" K™), Q. the residual,
and H the mixed layer depth. The mixed layer depth is defined following
Sprintall and Tomczak (1992) as the depth at which the potential density
is equal to the surface potential density plus the density change needed
to reach a temperature difference from the surface equal to 0.5°C keep-
ing salinity constant. The indices ML and H indicate that a variable is
averaged across the mixed layer or is sampled at the model level below
the mixed layer, respectively. In the first three months after the erup-
tion (JJA), the only significant change due to the volcanic aerosol is the
radiative cooling from the reduction in surface energy flux. During the
following three months (SON) the decrease in surface heat flux keeps
driving the cooling of the central Pacific (Nifio 4), while the surface sea

temperature in the eastern Pacific (Nifio 3) increases due to the weakening of the easterly winds, reflected in
the warming associated to zonal advection term, as well as the suppression of vertical upwelling, reflected
in the vertical advection term. Between December 1991 and February 1992, the eruption causes a warming
in both regions due to changes in horizontal advection in the central Pacific and to zonal and vertical in the
eastern Pacific.
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a) o4 Nino4 3.4. Precipitation
P24 Generally, the inclusion of the volcanic aerosol improves the skills of the
024 forecast with respect to precipitation (Figure 12). At the beginning of the
= simulation, the forecasted precipitation anomaly over the northern hem-
E 0.0 4| e + # h (1] isphere is biased high with respect to MERRA-2. The inclusion of the
5‘ ' | volcanic aerosols causes a decrease in precipitation in the northern hem-
= isphere (Figures 12d-12f) and an increase in the southern hemisphere
021 (Figures 12j-121), improving the agreement with MERRA-2. This is con-
JJA SON DIF sistent with the southward shift of the ITCZ shown in Figure 13. Schnei-
—0.4 der et al. (2009) attributed the shift of the ITCZ after a tropical volcanic
eruption to the fact that, even with a latitudinally symmetric distribution
b) oa Nino3 of aerosol, the volcanic cooling is stronger in the summer than in the win-
ter hemisphere and, as such, the seasonal migration of the ITCZ extends
P24 . . o .
less into the summer hemisphere. Additionally, the norther hemisphere
_ 027 reacts more strongly to a forcing than the southern hemisphere due to the
g 0ol +++ Eij N =~= il larger land masses.
> | ' The volcanic forcing decreases precipitation more strongly over land than
- o over ocean (Figures 4c and 4d). In the tropics, the decrease in precipi-
tation anticipates the decrease in temperature by about 3 months (Fig-
JJA SON DJF ures 4b and 4d). Over land in the tropics, the volcanic impact on temper-
04 ature reaches its maximum in November (—0.25%) and on precipitation
dT/dt B Meridional advection in September 1991 (—7.8%), one month after and one before the peak in
Bl Vertical advection Radiative term volcanic forcing (Figure 1), respectively. Gu and Adler (2011) also found
B Zonal advection [ Residual that the precipitation response anticipates the peak in volcanic forcing as

well as the temperature response to the eruption.

Figure 11. Changes in the terms of the mixed layer energy budget caused
by Mt. Pinatubo in the (a) Nifio 4 (5°S-5°N, 160°E—150°W) and (b) Nifio P24 and P60 show a similar pattern of precipitation changes, with larger

3 (5°S-5°N, 150°W-90°W) boxes, seasonally averaged from June 1991 to
February 1992. The changes are calculated as the difference between P24
and noP. The error bars indicate one standard deviation.

significant areas in P24 (Figures 13 and 14). GEOS forecasts a statistical-
ly significant drying of northern tropical Africa and China from June to
November 1991. There are no other statistically significant precipitation
changes over land in the 9-month forecast. GEOS forecasts a clear south-
ward shift of the ITCZ, which becomes significant starting from Septem-
ber to November 1991.

4. Summary and Conclusions

The aim of this study was to identify whether the inclusion of the 1991 eruption of Mt. Pinatubo introduces
significant changes in seasonal forecasts produced with the near-real time NASA GEOS-S2S prediction system.
‘We performed one control forecast without volcanic eruption, which represent the standard forecast produced
by GMAQO, and two sensitivity experiments varying the assumptions on the radius of the volcanic sulfate aer-
osols. Smaller aerosol particles decrease the net surface shortwave radiation more than larger particles, due
to the higher aerosol scattering efficiency in the visible range. They, however, produce a smaller stratospheric
warming because they absorb infrared and near-infrared radiation less efficiently than larger particles.

We find that the inclusion of the volcanic aerosol improves the skills of the forecasts with respect to the
global and hemispheric surface mean temperatures and precipitation. The volcanic radiative forcing pro-
duces a cooling of the forecasted global mean temperature and a reduction in precipitation, in agreement
with previous studies (e.g., Broccoli et al., 2003; Gu et al., 2007; Iles et al., 2013; Joseph & Zeng, 2011;
Meyer et al., 2016; Robock & Liu, 1994; Schneider et al., 2009). The regional temperature response is not
always proportional to the forcing. For instance, the cooling over north America is stronger in P60 than
in P24, despite the smaller radiative forcing. This could be due to a combination of the direct effect of the
reduction in surface shortwave radiation with the indirect effects on surface climate caused by El Nifio. A
warming over northern Asia in the winter following the eruption, as found by Graf et al. (1993) and Robock
and Mao (1992), is forecasted in P60 and not in P24, possibly because P60 shows a stronger stratospheric
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Figure 12. Precipitation anomaly in MERRA-2 (black lines) and in the GEOS-S2S forecasts. From top to bottom, the
panels show global, northern hemispheric, tropical (20°S-20°N), and southern hemispheric means. As in Figure 1,
forecasts are calibrated with respect to the drift and MERRA-2 anomalies are calculated with respect to the 1981-2011
climatology. Thick lines show the ensemble means, while thin lines show each ensemble member.

warming and strengthening of the polar vortex. The changes in the polar vortex, however, are very small
when compared to the wind speed characteristics of the vortex. We cannot therefore be confident that these
regional signals would still hold in a larger ensemble, especially in regions characterized by large variability.

The inclusion of the Pinatubo eruption decreases the forecast skills in the tropical Pacific. The volcanic
forcing strengthens the forecasted El Nifio, which was overestimated even in the forecast without volcanic
eruption. The analysis of the mixed layer energy budget indicates that the warming of the tropical Pacific is
caused by changes in horizontal and vertical advection that offset the cooling associated with the decrease
in net surface shortwave radiation. Our results agree with previous studies that found that volcanic erup-
tions favor the development of El Nifio. GEOS-S2S forecasts a cooling and drying of tropical Africa (Khodri
et al., 2017), a southward shift of the ITCZ (Lim et al., 2016; Pausata et al., 2020; Schneider et al., 2009), and
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Figure 13. Impact of the volcanic aerosol on precipitation (in mm/day), calculated as the difference between P24
and noP. Hashed areas are significant at 95% level. Corresponding global maps, as well as the absolute values of
precipitation rates, are included in Figures S6 and S8.

a cooling of the Maritime Continent (Ohba et al., 2013). All of these changes have been identified by the
studies above cited as driving the equatorial Pacific Ocean into an El Nifio state. Sensitivity tests that isolate
each mechanism are needed to identify which one is the main driver of the development of El Nifio. As we
focus here on the validity of the GEOS-S2S forecast in the event of a volcanic eruptions, such sensitivity
tests are beyond the scope of this study. In the same way, we are unable to determine to which extent initial
conditions impact the volcanic response (Predybaylo et al., 2017), since we performed experiments starting
from the actual state of the Pacific at the time of the eruption, as we would do if we were to newly produce
forecasts in case of an eruption.

Our results do not agree with McGregor and Timmermann (2011) and Wang et al. (2018), who found that
volcanic eruptions move the Pacific into La Nifia state at the peak of the volcanic forcing. However, McGre-
gor and Timmermann (2011) considered volcanic eruptions that produced a maximum global mean ef-
fective radiative forcing of —4 W/m?, larger than the one simulated by GEOS-S2S for Pinatubo, and Wang
et al. (2018) noted that the fact that El Nifio was already underway at the moment of the Pinatubo eruption
could be the reason why La Nifia was not observed after the eruption. With our current set of simulations,
we are unable to say whether with a stronger volcanic forcing Newtonian cooling would overwhelm any
impact due to changes in advection.

These results show that the inclusion of eruptions of magnitude up to Mt. Pinatubo produces statistical-
ly significant changes mainly at tropical latitudes in the GEOS-S2S seasonal forecast system. While some
significant changes are produced also in mid- and high-latitude temperature fields, the same is not true
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Figure 14. As Figure 13 but for P60. Corresponding global maps are included in Figure S7.
for precipitation, especially over land, at least with the current 10-member ensemble configuration. This
means that the additional cost of producing new forecasts in the event of a large eruption would not uni-
formly modify the predictions at a regional level. The results presented herein do not preclude significant
impacts of much larger eruptions, nor does it guide decisions on model configurations on the substantial
ash loading in the troposphere that arise from volcanic eruptions, where the impacts occur on much shorter
timescales and provide direct hazards for human health, the environment, and aviation safety.
Finally, although any seasonal prediction system cannot predict an explosive eruption beforehand, the
NASA Global Modeling Assimilation Office (GMAO) plants on re-running GEOS-S2S seasonal predictions
in case such an eruption should occur. The use of the GOCART interactive aerosol and the inclusion in
the model physics of the aerosol indirect effect, not included in any other near real-time seasonal predic-
tion systems, makes GEOS-S2S uniquely suited to studies of the impact of explosive eruptions on seasonal
forecasts. The inclusion of the Aquila et al. (2016) extensions to improve the radiative effects of large erup-
tions further enhances the suitability of GEOS-S2S for the assessment of the volcanic impact on seasonal
prediction.
Data Availability Statement
FAIR data standards data availability: our paper GEOS-S2S-2 coupled forecast output data for P24, P60, and
noP are presently available at: https://gmao.gsfc.nasa.gov/gmaoftp/gmaofcst/seasonal/GEOSS2S-2_1/, the
full background ocean reanalysis is available at https://gmao.gsfc.nasa.gov/gmaoftp/gmaofcst/seasonal/
GEOSS2S-2_1/0OCN_DIR.
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