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Abstract. It has been suggested that increased stratospheric
sulfate aerosol loadings following large, low latitude vol-
canic eruptions can lead to wintertime warming over Eurasia
through dynamical stratosphere–troposphere coupling. We
here investigate the proposed connection in the context of
hypothetical future stratospheric sulfate geoengineering in
the Geoengineering Large Ensemble simulations. In those
geoengineering simulations, we find that stratospheric cir-
culation anomalies that resemble the positive phase of the
Northern Annular Mode in winter are a distinguishing cli-
mate response which is absent when increasing greenhouse
gases alone are prescribed. This stratospheric dynamical re-
sponse projects onto the positive phase of the North Atlantic
Oscillation, leading to associated side effects of this climate
intervention strategy, such as continental Eurasian warming
and precipitation changes. Seasonality is a key signature of
the dynamically driven surface response. We find an opposite
response of the North Atlantic Oscillation in summer, when
no dynamical role of the stratosphere is expected. The ro-
bustness of the wintertime forced response stands in contrast
to previously proposed volcanic responses.

1 Introduction

Mitigation of greenhouse gas emissions remains of utmost
importance in counteracting anthropogenic climate change.
However, given the challenges of meeting temperature tar-

gets such as 1.5 or 2 ◦C above preindustrial levels under
current commitments to the Paris Agreement (Rogelj et al.,
2016), methods of climate intervention – or geoengineering –
are increasingly gaining attention as potential means to sup-
plement, albeit not replace, climate mitigation and adapta-
tion strategies (National Research Council, 2015). Albedo
modification, also known as solar radiation management, de-
scribes one set of approaches which proposes to cool the
planet by reflecting sunlight to space. Among these ap-
proaches, confidence is highest in stratospheric sulfate injec-
tions resulting in a net negative radiative forcing and, conse-
quently, a cooling of the planet (Crutzen, 2006; MacMartin
et al., 2018) through the scattering effect of sulfate aerosols.
Compelling observational evidence for the global cooling ef-
fects of stratospheric sulfate aerosol is offered by large, low
latitude volcanic eruptions which, to some extent, provide a
natural analog for sulfate geoengineering. For example, the
widely observed eruption of Mount Pinatubo in June 1991
injected around 18 Tg SO2 into the stratosphere (Guo et al.,
2004) and reduced global and annual average surface temper-
atures by 0.5 ◦C for 2 years following the eruption (Soden et
al., 2002), while other large, explosive eruptions of the past
century reduced global average temperatures by 0.1–0.2 ◦C
(Robock and Mao, 1994). A key limitation of the analogy to
geoengineering is the transient nature of volcanic perturba-
tions compared to the hypothetically continuous deployment
of sulfate geoengineering (Duan et al., 2019; Robock et al.,
2008, 2013). Differences between the impacts of volcanic
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eruptions and sulfate geoengineering could also arise from
the choice of material injected in the latter (sulfur dioxide,
SO2, versus sulfate directly) and the choice of injection loca-
tions, both of which could result in different aerosol distribu-
tions. In addition, geoengineering would be applied within a
background atmosphere that contains higher greenhouse gas
concentrations than were present at the time of historic vol-
canic analogs.

Despite these limitations, volcanic eruptions might pro-
vide some insight into the potential side effects of sul-
fate geoengineering of which we remain poorly informed
(Robock et al., 2013). Of interest in this study is the sug-
gestion that low latitude volcanic eruptions cause warming
over the Northern Hemisphere (NH) continents, specifically
Eurasia, in the first or second winters following the erup-
tion (Fischer et al., 2007; Robock, 2002; Robock and Mao,
1992; Shindell et al., 2004; Zambri and Robock, 2016). The
proposed mechanism for the surface warming essentially in-
volves dynamical coupling of the stratosphere and tropo-
sphere (Graf et al., 1993, 2007; Kodera, 1994; Robock and
Mao, 1992). Injection of volcanic SO2 into the tropical lower
stratosphere leads to the formation of sulfate aerosols. These
aerosols can be globally dispersed via the stratospheric cir-
culation and are strong scatterers of shortwave radiation,
causing global cooling of the troposphere. In addition, the
aerosols locally warm the tropical lower stratosphere primar-
ily through the absorption of longwave radiation. A variety of
mechanisms for stratosphere–troposphere coupling, follow-
ing diabatic heating of the tropical lower stratosphere such
as that resulting from volcanic aerosols, have been proposed.
In thermal wind balance with tropical lower stratospheric
warming, the extratropical stratospheric westerly mean flow
strengthens, and this is accompanied by altered stratospheric
wave driving and residual mean circulation anomalies due to
balanced flow constraints (Haynes et al., 1991). The mecha-
nism for linking temperature or wind anomalies in the low-
ermost stratosphere to the tropospheric jet stream and sur-
face weather is less clear (Kidston et al., 2015) but likely in-
volves tropospheric eddy feedbacks with both planetary- and
synoptic-scale waves, as well as potentially a direct influence
of altered meridional circulation accompanying anomalies in
stratospheric wave driving (Domeisen et al., 2013; Hitchcock
and Simpson, 2016; Kushner and Polvani, 2004; Polvani and
Kushner, 2002; Simpson et al., 2009; Song and Robinson,
2004; Wittman et al., 2007). A strengthened polar vortex is
typically associated with a tropospheric circulation pattern
that projects onto the positive phase of the Arctic Oscillation
(AO) and the North Atlantic Oscillation (NAO), which is its
regional manifestation (e.g., Baldwin and Dunkerton, 2001;
Hitchcock and Simpson, 2014).

However, the detectability of a volcanically forced re-
sponse at the extratropical surface has recently been dis-
puted by Polvani et al. (2019). That study separated the ef-
fects of external forcing from internal variability using en-
sembles of simulations from the Community Earth System

Model containing the Whole Atmosphere Community Cli-
mate Model (CESM-WACCM), CESM containing the Com-
munity Atmosphere Model (CESM-CAM5) and the Cana-
dian Earth System Model (CanESM2). They concluded that
the Eurasian winter warming following the 1991 eruption of
Mount Pinatubo, which averaged around 1 ◦C, was largely
a result of internal variability. Polvani and Camargo (2020)
reach the same conclusion for the 1883 Krakatau erup-
tion. These studies do not deny the theoretical existence of
the sulfate-aerosol-forced stratosphere–troposphere coupling
mechanism, only that a forcing much larger than the one from
those (already large) volcanic eruptions would be needed to
cause a detectable surface warming over internal variabil-
ity. Or, alternatively, the impacts of a comparable magnitude
forcing would have to be present for longer to allow the influ-
ence to be seen over internal variability. This suggestion pro-
vides the following motivation for our study: do large, con-
tinuous sulfate-forcing geoengineering scenarios force sig-
nificant warming effects on the wintertime surface tempera-
ture over Eurasia through stratosphere–troposphere dynami-
cal coupling?

Here, we investigate this question using the Geoengineer-
ing Large Ensemble (GLENS) simulations (Tilmes et al.,
2018a). In those simulations, SO2 is injected into the trop-
ical and subtropical lower stratosphere in an attempt to sta-
bilize the following three surface temperature metrics: the
global mean temperature, the interhemispheric temperature
gradient and the Equator-to-pole temperature gradient over
the course of the 21st century. A robust strengthening of
the stratospheric polar jets has indeed been found under sul-
fate geoengineering scenarios (Ferraro et al., 2015; Richter
et al., 2018; Tilmes et al., 2018b), and the GLENS simula-
tions do show warmer winters over several high latitude loca-
tions by the end of the century (2075–2095 average) relative
to a baseline with no artificial SO2 injections (2010–2030
average; Jiang et al., 2019). Our aim here is to link these
two aspects of the geoengineering response. The contribu-
tion of stratospheric dynamics to a dampened seasonal cycle
in temperatures, in addition to seasonal insolation variations,
has been suggested by Jiang et al. (2019). We here explore
in more depth the existence of a stratosphere–troposphere
dynamical coupling pathway and quantify its relevance for
near-surface patterns of variability, temperature and hydrol-
ogy over the North Atlantic and Eurasia. As for the recent
assessment of the undetectable forced response to volcanic
eruptions (Polvani et al., 2019; Polvani and Camargo, 2020),
the GLENS single model ensemble approach allows for a
clean determination of the forced response against a back-
drop of internal variability.
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2 Methods

2.1 Simulations

The simulations used here were performed with the Com-
munity Earth System Model version 1 (CESM1), containing
atmosphere, ocean, sea ice and land components. We briefly
describe the atmospheric component of the model, WACCM
(Mills et al., 2017). The WACCM resolution is 0.9◦ (lati-
tude) by 1.25◦ (longitude), with 70 vertical levels up to a
model top of 140 km. The model comprehensively represents
stratospheric processes. The inclusion of interactive chem-
istry is one key improvement upon previous generations of
models used to study sulfate geoengineering (e.g., Ferraro et
al., 2015). Feedbacks from changing ozone concentrations
have significant effects on the large-scale stratospheric cir-
culation, especially on the quasi-biennial oscillation, in the
geoengineering scenario of this study (Richter et al., 2017),
and it has been shown that these feedbacks can considerably
reduce the midlatitude jet shift response to increased CO2
(Chiodo and Polvani, 2017, 2019). Interactive chemistry is
also important for sulfate aerosol concentrations, which are
prognostically determined by oxidation of SO2 by OH to
H2SO4 and subsequent microphysics within a modal aerosol
scheme, the Modal Aerosol Module (MAM3; Mills et al.,
2017). The simulated perturbation to radiative forcing fol-
lowing the eruption of Mount Pinatubo compares well to ob-
served estimates, providing validation for the model’s radia-
tive effects of sulfate aerosol (Mills et al., 2017).

We analyze the GLENS simulations, which are fully de-
scribed by Tilmes et al. (2018a). We consider three scenarios,
all of which were performed under the following Representa-
tive Concentration Pathway 8.5 (RCP8.5) emissions scenario
for greenhouse gases: (i) Base – 20 ensemble members per-
formed between 2010–2030; (ii) RCP8.5 – three members
of Base that were extended out to 2097; and (iii) GEO8.5 –
20 ensemble members with added stratospheric geoengineer-
ing performed between 2020–2099, which were branched off
from the 20 Base members; this experiment is named “Geo-
engineering” in Tilmes et al. (2018a) and “GLENS” in a few
other studies (e.g., Jiang et al., 2019; Simpson et al., 2019).

Geoengineering in the GEO8.5 runs is implemented as
SO2 injections at four locations (15◦ N and 15◦ S at 25 km
and 30◦ N and 30◦ S at 22.8 km, at 180◦ longitude). A pri-
mary aim of the experimental design was to limit the side ef-
fects of geoengineering. To this end, the GEO8.5 simulations
aimed to maintain three annual mean surface temperature
metrics at 2020 levels – the global mean temperature, the in-
terhemispheric temperature gradient and the Equator-to-pole
temperature gradient – using a feedback algorithm that an-
nually adjusted SO2 injection amounts (Kravitz et al., 2017).
By the end of the GEO8.5 simulations, the total SO2 injec-
tion rate is 52 Tg yr−1, which is around five times the one-
time injection used for WACCM simulations of the Mount
Pinatubo eruption. The ensemble approach is a strength of

these geoengineering simulations, which allows us to sep-
arate the forced geoengineering response (given by ensem-
ble means) from the noise due to internal variability (deter-
mined from the spread across ensemble members; Deser et
al., 2012).

To supplement GEO8.5, we analyze an additional set of
simulations, namely the GEOHEAT_S runs described in
Simpson et al. (2019), which we label GEOHEAT for sim-
plicity. These aim to isolate the impact of stratospheric heat-
ing by the additional sulfate aerosols present in the GEO8.5
simulations from other factors, such as the longwave effects
of increasing greenhouse gases and the shortwave effects of
sulfate aerosols. The GEOHEAT runs were performed under
Base conditions (average radiative forcing over 2010–2030)
but with additional stratospheric heating rates derived from
the last 20 years (2075–2095) of the GEO8.5 simulations.
The GEOHEAT ensemble contains four members, each with
a 20 year length1. Essentially, the GEOHEAT response rel-
ative to Base will be compared to trends within GEO8.5, as
described in the next subsection, in order to identify which
GEO8.5 trends ultimately arise from stratospheric heating by
the additional sulfate aerosols.

2.2 Trends and indices of dynamical variability

We compare trends within the RCP8.5, GEO8.5 and GEO-
HEAT simulations in order to apply regression methods
which elucidate the coupling between stratospheric and tro-
pospheric climate responses. Linear trends are appropriate
since the climate responses under sulfate geoengineering an-
alyzed here are approximately linear in time and in SO2
injection rate, as noted in previous studies for temperature
(global mean) and precipitation (Simpson et al., 2019; Tilmes
et al., 2018a). There are some exceptions such as drying over
the Mediterranean in winter, which mostly occurs later in the
simulations (Simpson et al., 2019). Fields are seasonally av-
eraged before trends are computed. We primarily analyze the
NH wintertime (December–February; DJF) and, for compar-
ison, the NH summertime (June–August; JJA). Trends within
RCP8.5 and GEO8.5 are taken for the 75-year period be-
tween 2020 and 2095. For GEOHEAT, its difference with
the Base climatology gives the 65-year response between av-
erage 2020 and 2085 conditions. An equivalent trend is cal-
culated by dividing this response by 65 for comparison with

1Each year of this simulation is, in fact, a spin-up run, initial-
ized from 1 January of each year of the first four Base simulations,
and these 1-year runs are combined to give a 20-year length for
each member. We use these runs in preference to other continuously
forced runs in Simpson et al. (2019), since the short lengths of the
spin-up runs limit, by design, the surface warming from increasing
stratospheric water vapor (Richter et al., 2017; Tilmes et al., 2018b).
This would otherwise be a confounding influence on the surface cli-
mate responses of interest in this study, which is not present in the
corresponding GEO8.5 simulations.
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RCP8.5 and GEO8.5 trends. In all cases, trends are shown
per 30 years.

We compute the following two indices of NH variability:

1. The Northern Annular Mode (NAM) is used to quantify
stratosphere–troposphere coupling. We adopt its com-
mon definition as the leading empirical orthogonal func-
tion (EOF) of geopotential height anomalies (Baldwin
and Thompson, 2009; Gerber et al., 2010). The EOF
is computed within Base, with concatenated geopoten-
tial height fields (20 years in 20 runs) in order to give
the best available representation of model variability.
The calculation is then performed independently at each
pressure level as follows: the global mean is removed,
the monthly mean climatology is removed, the seasonal
average is taken over DJF and the EOF pattern is calcu-
lated over the region 20–90◦ N using a square root of cos
(latitude) weighting. We next perform a projection onto
the leading EOF in each GEO8.5 simulation. Again, the
global mean is removed, the Base monthly mean cli-
matology is removed and the seasonal average is taken
over DJF. The principal component (PC) time series is
calculated by projecting these anomalies onto the lead-
ing EOF and standardizing with the corresponding Base
PC standard deviation. We select the NAM at 50 hPa
(NAM50), which is a common lower stratospheric met-
ric for investigating stratosphere–troposphere coupling.

2. The North Atlantic Oscillation (NAO) is used to diag-
nose atmospheric circulation changes over the North At-
lantic. The NAO index is computed over the North At-
lantic region of 20–80◦ N, 90◦W–40◦ E in the follow-
ing two ways: (a) from the leading EOF of sea level
pressure (SLP) anomalies to show its surface behavior
and (b) from the leading EOF of zonal mean zonal wind
anomalies at each pressure level over the North Atlantic
region to diagnose stratosphere–troposphere coupling.
Other details of the calculation are the same as for the
NAM, with the exception that the global mean is not
removed from the raw fields.

3 Results

3.1 Surface air temperature and precipitation
responses

The main goal of this paper is to explain the forced winter-
time warming trends over Eurasia, Greenland and the North
Atlantic which are simulated under sulfate geoengineering
over the period between 2020–2095, as shown in Fig. 1a.
This winter warming is found despite stabilization of the an-
nual mean Equator-to-pole surface temperature gradient by
the feedback control algorithm and contributes to a damp-
ened seasonal cycle in temperature (Jiang et al., 2019). Con-
tinental warming is largely absent in summer (Fig. 1b) – this

seasonality by itself suggests a dynamical influence of the
stratosphere in winter. Furthermore, we show, in Fig. 1d,
a distinct dipole response in Eurasian precipitation under
geoengineering. There is statistically significant drying over
the Mediterranean and southern Europe and wetting to the
north over Scandinavia and above 50◦ N in the North At-
lantic (Fig. 1d; see also Simpson et al., 2019). Precipitation
trends in summer are reversed over Eurasia relative to winter
(Fig. 1e), which is again suggestive of a stratospheric dynam-
ical influence in winter.

To place these geoengineering responses into the broader
context of other anthropogenic forcings, we emphasize that
the magnitude of the winter warming in the GEO8.5 sim-
ulations amounts to approximately one-third of the forced
warming under RCP8.5 (Fig. 1c). This makes clear that a
feedback control algorithm that only maintains large-scale,
zonal mean and annual mean temperatures does not success-
fully alleviate seasonal and local changes in surface temper-
ature, as shown in previous studies for the GEO8.5 simu-
lations (Jiang et al., 2019; Kravitz et al., 2017; Tilmes et al.,
2018a). As for precipitation, trends under geoengineering are
largely a cancellation, or slight reversal, of wetting trends in
winter over the northern latitudes under rising greenhouse
gases in RCP8.5 (Fig. 1f).

It is also of interest to contrast the winter warming un-
der the geoengineering scenario to the potential response of
midlatitude surface temperatures to large, low latitude vol-
canic eruptions. Consider, first, the signal-to-noise ratio by
the end of the century in GEO8.5 (shown in Fig. 2a). Here,
the signal is defined as the ensemble mean difference be-
tween GEO8.5 (2075–2095 average) and Base (2010–2030
average), and the noise is defined as interannual variability
(computed as the standard deviation of DJF annual averages
in Base across 20 years in 20 members). We find that the
signal-to-noise ratio lies just around or below 1 in north-
ern Eurasia, which means the signal is about 1σ of inter-
annual variability (Fig. 2a). While a 1σ anomaly would be
small in the context of observing the response in the first
or second years after a volcanic eruption, here, the statisti-
cal significance of the forced response (ensemble mean rel-
ative to standard error in mean) is robust. We demonstrate
this in Fig. 2b by showing the year in which ensemble mean
trends beginning in 2020 become statistically significant (and
remain significant) at the 95 % confidence level, i.e., with
X/{σ/(

√
(N−1))}>2, whereX is the ensemble mean trend,

σ is the spread across ensemble members, and N is the num-
ber of ensemble members (20) (following Deser et al., 2012).
We find that trends become significant around mid-century
over Eurasia (Fig. 2b). The robustness of the forced response
in the GEO8.5 simulations is also illustrated by the strong
agreement across all 20 ensemble members for 2020–2095
trends, as shown in the Supplement Fig. S1 (the same is true
for precipitation; see Fig. S2). Of course, for an individual
realization, like we would observe in the real world, it would
take much longer than the timescales shown in Fig. 2b to
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Figure 1. Trends in near-surface air temperature and precipitation. Ensemble mean linear trends in (a, b, c) temperature (in degrees Celsius
per 30 years) and (d, e, f) precipitation (millimeters per day per 30 years) in different seasons and experiments. (a, d) GEO8.5 for DJF
(December, January and February), (b, e) GEO8.5 for JJA (June, July and August) and (c, f) RCP8.5 for DJF. Stippling indicates a lack
of statistical significance at the 95 % confidence level under a one sample, two-sided Student’s t test using the standard deviation across
ensemble members.

detect a significant trend. The robustness of the forced re-
sponse to sulfate aerosol injections stands in stark contrast
to the lack of a simulated forced response in the winter fol-
lowing the eruptions of Pinatubo and Krakatau (Polvani et
al., 2019; Polvani and Camargo, 2020), and is a result of the
sustained2 and continuously increasing sulfate forcing in this
scenario of geoengineering.

3.2 Stratosphere–troposphere dynamical coupling

We here argue for the existence of a dynamical stratosphere–
troposphere coupling pathway under geoengineering in the
NH winter. We begin by showing ensemble mean DJF av-
erage trends in zonal mean temperature and zonal wind for
GEO8.5, GEOHEAT and RCP8.5 in Fig. 3. Zonal wind
trends in individual members are shown in Fig. S3.

Figure 3a shows that the heating caused by additional sul-
fate aerosols in GEO8.5 peaks at just over 4 ◦C per 30 years
around 50 hPa, while greenhouse-gas-induced cooling trends

2The sulfate injections in the GEO8.5 simulations are equivalent
to several eruptions comparable to the 1991 Pinatubo eruption per
year and are continuously applied for many decades.

occur at the same pressures over the North Pole. The ensem-
ble mean tropical average (30◦ S–30◦ N) temperature trend
minus the NH polar cap average (60–90◦ N) trend at 50 hPa
is 5.2 ◦C per 30 years in this experiment. Consistent with a
thermal wind balance response to this change in temperature
gradient, there is a forced strengthening of the NH winter-
time polar vortex (up to 5 m s−1 per 30 years around 10 hPa)
(Fig. 3d). Richter et al. (2018) found the same result for the
first GEO8.5 ensemble member, and we here confirm the
robustness of the forced zonal wind response across 20 en-
semble members, particularly below 10 hPa (Fig. S3). The
GEOHEAT experiment confirms the link between the tropi-
cal lower stratospheric warming and strengthening of the po-
lar vortex, as also discussed in Simpson et al. (2019). The
tropical lower stratospheric warming is broadly similar to
GEO8.5 but with no polar cooling, since greenhouse gas con-
centrations are kept at Base levels in GEOHEAT (Fig. 3b).
The smaller change in the meridional temperature gradient
(3.5 ◦C per 30 years) explains the weaker strengthening of
the NH polar vortex (Fig. 3e) in GEOHEAT compared to
GEO8.5.
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Figure 2. Significance of the DJF near-surface air temperature response under geoengineering. (a) The signal-to-noise ratio of the end-
of-century ensemble mean response in GEO8.5 (2075–2095) relative to Base (2010–2030). (b) The endpoint year in which the GEO8.5
ensemble mean trends beginning in 2020 become statistically significant from zero, and remain significant, at the 95 % confidence level.

Figure 3. Trends in DJF zonal mean temperature and zonal winds. Shown are ensemble mean linear trends in temperature (a–c; shading;
degrees Celsius per 30 years) and zonal wind (d–f; shading; meters per second per 30 years). Responses are shown for (a, d) GEO8.5,
(b, e) GEOHEAT and (c, f) RCP8.5. Contours show the Base climatology (2010–2030). Stippling indicates trends that are not statistically
significant at the 95 % confidence level under a one sample, two-sided Student’s t test using the standard deviation across ensemble members.
1T50 values for each experiment give the ensemble mean and tropical average temperature trend (30◦ S–30◦ N) minus the NH polar cap
average trend (60–90◦ N) at 50 hPa.

Atmos. Chem. Phys., 21, 6985–6997, 2021 https://doi.org/10.5194/acp-21-6985-2021
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In contrast, under climate change alone (RCP8.5), the
most notable zonal wind response is a strengthening of the
upper flanks of the subtropical jets (Fig. 3f), which is a ro-
bustly simulated response to increased greenhouse gas radia-
tive forcing and the resulting enhanced warming of the up-
per troposphere (Fig. 3c; Lorenz and DeWeaver, 2007; Shep-
herd and McLandress, 2011; Manzini et al., 2014). We find
no statistically significant trend in the NH stratospheric po-
lar vortex (Fig. 3f). The lack of a polar vortex response is
consistent with large intermodel spreads found by previous
studies, with model responses differing in sign even under
large greenhouse gas forcing scenarios such as RCP8.5 and
4xCO2 (Ayarzagüena et al., 2018, 2020; Manzini et al., 2014;
Simpson et al., 2018). With the caveat of the single model na-
ture of our study, the stronger NH polar vortex under sulfate
geoengineering is therefore a robust and key difference in the
forced climate response compared to increasing greenhouse
gases alone.

While Fig. 3d and e show a clear strengthening of the NH
stratospheric polar vortex under geoengineering, the tropo-
spheric response appears weaker. However, the zonal mean
view masks zonal asymmetries in the troposphere. So, we
now focus on the region of interest, the North Atlantic. Fig-
ure 4 shows ensemble mean trends in the NAO index, com-
puted as the leading principal component of zonal wind as a
function of height in the 20–80◦ N, 90◦W–40◦ E region (see
Sect. 2.2). When focusing on the NAO, what becomes ap-
parent is a downward extension of the forced dynamical sig-
nal, i.e., positive ensemble mean NAO trends from the strato-
sphere to the troposphere under geoengineering in GEO8.5
(Fig. 4a). The connection of this response to tropical lower
stratospheric heating is supported, once again, by the simi-
lar response in GEOHEAT (Fig. 4b). That this stratosphere–
troposphere response is forced by sulfate geoengineering
is further underscored by the negligible or negative trends
found under RCP8.5 (Fig. 4c).

Since we are ultimately interested in the surface circula-
tion response and the associated impacts, we show, in Fig. 5,
ensemble mean trends in SLP and the surface NAO time se-
ries (based on SLP; see Sect. 2.2). Winter trends under geo-
engineering in GEO8.5 show a band of increasing SLP over
Eurasia, with a reduction over the North Pole (Fig. 5a); the
general pattern is found in almost every ensemble member
(Fig. S4). These SLP trends project strongly onto the posi-
tive phase of the surface NAO index. We see that the index
is generally positive and increases at a rate of 0.17± 0.07
per 30 years (Fig. 5d). Consistently, the GEOHEAT ensem-
ble mean response is significantly above zero at 0.55± 0.27
(Fig. 5d, magenta bar; see Simpson et al., 2019, for further
comparison of the zonal wind responses between GEOHEAT
and GEO8.5 in the North Atlantic sector).

Once more, we highlight the unique feature of the winter-
time geoengineering response as compared to the response
in RCP8.5, where no simulated trend is seen (0.02± 0.20
per 30 years) in the DJF NAO index (Fig. 5c, f). There is

again also a distinct seasonality, with an opposite response
under geoengineering in the summer, when the NAO in-
dex in fact decreases throughout the century with a trend of
−0.28± 0.07 per 30 years (Fig. 5b, e). In the absence of the
stratospheric polar vortex, the JJA response is likely related
to ocean circulation changes in this model (Fasullo et al.,
2018), although its robustness across other models remains
to be determined.

3.3 Quantifying the impact of stratospheric dynamics
on surface climate responses

Having shown substantial evidence connecting the strato-
spheric, tropospheric and surface wintertime circulation re-
sponses under geoengineering, we complete our analysis by
determining what fraction of the surface temperature and
precipitation responses, which we are ultimately interested
in, this dynamical coupling can explain. First, within the
GEO8.5 simulations, we regress, on a grid-cell-by-grid-cell
basis, the DJF time series of each surface field against that of
NAM50 (following Thompson et al., 2000). The regression
coefficient, multiplied by the trend in NAM50, yields the part
of the surface climate trend that is congruent with NAM50.
The residual is then the NAM50-congruent trend subtracted
from the total trend in the surface field. Second, to con-
firm which responses are ultimately caused by stratospheric
heating from additional sulfate aerosols, we investigate the
GEOHEAT responses. Under the proposed mechanism con-
necting tropical lower stratospheric heating, a strengthen-
ing of the NH polar vortex, downward dynamical coupling
and circulation-driven climate changes, the GEOHEAT and
NAM50-congruent responses should be the same. Indeed, we
will show that they are, to a reasonable extent.

Performing this analysis for the surface circulation re-
sponse, we find, in Fig. 6a, that NAM50-congruent trends in
SLP indicate a more positive shift of the NAO than the full
trend (compare to Fig. 5a), as seen in the deeper low over
the Arctic and the high shifted towards the North Atlantic.
Consistently, the NAM50-congruent temperature and precip-
itation trends both depict dynamically driven responses to
a positive NAO phase. There is warming over the Eurasian
continent (Fig. 6d), which explains most of the full trend
(Fig. 1a; upwards of 60 %). The dipole response of dry-
ing over southern Europe and wetting over northern Europe
(Fig. 6g) is similar in pattern, but larger in magnitude, than
the full trend (Fig. 1d). Furthermore, the SLP pattern, north-
ern Eurasian warming and the dipole response in precip-
itation over western Europe in GEOHEAT (Fig. 6b, e, h)
is very similar to NAM50-congruent trends within GEO8.5
(Fig. 6a, d, g). We therefore conclude that downward dynam-
ical stratosphere–troposphere coupling, which is ultimately
driven by tropical lower stratospheric heating from sulfate
aerosols, is the major driver of Eurasian winter warming, and
associated changes in precipitation, in this particular scenario
of sulfate geoengineering.
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Figure 4. Vertical profile of trends in DJF zonal wind characterizing the NAO. Shown are ensemble mean linear trends in (a) GEO8.5, (b)
GEOHEAT and (c) RCP8.5, with error bars showing the 95 % confidence interval (±2σ/

√
N , whereN is the number of ensemble members).

The 5th–95th percentile range is shown by horizontal black lines. In (b) GEOHEAT and (c) RCP8.5, the confidence interval and range are
essentially the same.

Figure 5. Trends in SLP and the surface (SLP-based) NAO time series. (a, b, c) Ensemble mean linear trends in sea level pressure (hectopas-
cals per 30 years). (d, e, f) Ensemble mean time series of the NAO. Responses are shown for (a, d) GEO8.5 (DJF), (b, e) GEO8.5 (JJA) and
(c, f) RCP8.5 (DJF). The magenta point in (d) shows the ensemble mean response in GEOHEAT and its 95 % confidence interval. Stippling
in (a, b, c) indicates lack of statistical significance at the 95 % confidence interval under a one sample, two-sided Student’s t test using the
standard deviation across ensemble members. The gray shading in (d, e, f) indicates the 95 % confidence interval (±2σ/

√
N , where N is the

number of ensemble members). The vertical scales for the NAO index are different in order to clearly illustrate the respective time series and
confidence intervals.

Some large residuals from the NAM50 regressions remain
in the surface climate responses, which, therefore, cannot
be explained by dynamical stratosphere–troposphere cou-
pling. Residual SLP trends are large and oppositely signed to
the NAM50-congruent portion (compare Fig. 6a and c) and,
thus, diminish the full response (Fig. 5a). There are resid-
uals of around 1–2 ◦C per 30 years in temperature trends

over the Barents–Kara Sea, Greenland and the North Atlantic
(Fig. 6f). The literature offer some explanation for these tem-
perature residuals, as follows: annual mean forced warming
around Greenland has been linked to changes in the hydro-
logical cycle over the North Atlantic and an acceleration of
the Atlantic Meridional Overturning Circulation (AMOC),
although this might be a model-dependent feature (Fasullo et
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Figure 6. Results from regressions of DJF surface climate responses against the stratospheric NAM in GEO8.5 and the responses in GEO-
HEAT. Ensemble mean linear trends in (a, b, c) sea level pressure (hectopascals per 30 years), (d, e, f) near-surface air temperature (degrees
Celsius per 30 years) and (g, h, i) precipitation (millimeters per day per 30 years). Shown are trends in GEO8.5 that are congruent with
NAM50 (a, d, g), equivalent trends in GEOHEAT (b, e, h), and the difference between total GEO8.5 trends and NAM50-congruent trends (c,
f, i). Stippling indicates lack of statistical significance at the 95 % confidence interval under a one sample, two-sided Student’s t test using
the standard deviation across ensemble members.

al., 2018). The warming over the Barents–Kara Sea is associ-
ated with sea ice losses in midwinter and spring (Jiang et al.,
2019), but the feedbacks remain to be investigated. For pre-
cipitation, the residual is a drying over northwestern Europe
and a wetting to the south (Fig. 6i), which also diminishes the
full response (Fig. 1d) compared to the NAM50-congruent
response alone (Fig. 6g). The circulation residual (Fig. 6c)
could be contributing to the precipitation residual, and there

is also a possible role of an overall weakening of storm track
activity under the combined influence of geoengineering and
increasing greenhouse gases (Simpson et al., 2019).

Unlike for the North Atlantic and Eurasia, the strato-
spheric NAM cannot explain most of the climate responses
to geoengineering over the Pacific Ocean and North America.
The residual from the NAM50 regression analysis shows re-
ductions in North Pacific SLP (Fig. 6c), which combine with
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the opposing NAM50-congruent portion (Fig. 6a) to cause a
dipole pattern in the full GEO8.5 trend (Fig. 5a). There are
also residual warming trends over North America (Fig. 6f)
and a dipole response in precipitation over the North Pa-
cific (Fig. 6i) that mostly explain the full trends (Fig. 1a, d).
The deepening of the Aleutian low in the residual could sig-
nal long-term changes to the El Niño–Southern Oscillation
(ENSO). As shown in Simpson et al. (2019), there are some
enhancements in tropical East Pacific sea surface tempera-
tures and reductions in the tropical West Pacific in GEO8.5,
which are only partially explained by stratospheric heating.
Changes in ENSO variability have also been reported in a
solar dimming experiment (Malik et al., 2020) and follow-
ing volcanic eruptions (Khodri et al., 2017). The Pacific cli-
mate response in GEO8.5 and under sulfate geoengineering
in general merits future study.

We return to the main point that stratospheric dynamics
are a key influence on the Eurasian surface climate in this
scenario of geoengineering with a prominent seasonal win-
tertime signature. Without its influence, the residual from the
NAM50 regression suggests a negative NAO response under
sulfate geoengineering in this particular model (Fig. 6c). In-
deed, in the absence of the polar vortex in the NH summer,
we have instead revealed a shift towards the opposite NAO
phase (Fig. 5b, e).

4 Conclusions

We have investigated the role of stratospheric dynamics for
Northern Hemisphere regional climate changes under con-
tinuous and steadily increasing stratospheric sulfate injec-
tions to meet multiple annual mean surface temperature tar-
gets (of global mean temperature and Equator-to-pole and in-
terhemispheric temperature and gradients) under the RCP8.5
scenario in the Geoengineering Large Ensemble (GLENS)
simulations. This geoengineering approach avoids many of
the large surface climate impacts of greenhouse gas forc-
ing under RCP8.5, for example in temperature and precip-
itation, but there are residual impacts on the high latitude,
wintertime NH which we have studied here. Sulfate-aerosol-
driven warming of the tropical lower stratosphere and the
consequent strengthening of the stratospheric polar vortex is
a key difference in the climate response under geoengineer-
ing compared to a non-geoengineered climate in this model
and adds to the robustness of this finding in previous studies.
The strengthening NH polar vortex, as reflected in the strato-
spheric Northern Annular Mode, correlates well in time with
surface climate responses; regression analysis suggests that
an increasing NAM at 50 hPa leads to a positive trend in the
wintertime North Atlantic Oscillation and is consequently
the main cause of Eurasian continental winter warming and
a dipole response in precipitation. Experiments forced with
just stratospheric heating from aerosols further cement the
major role of dynamical stratosphere–troposphere coupling

over other effects such as seasonal changes in insolation, as
suggested by Kravitz et al. (2017), in leading to the NH win-
tertime surface climate changes (see also Jiang et al., 2019,
and Simpson et al., 2019). Trends in North Atlantic sea level
pressure congruent with the stratospheric NAM are, however,
offset by a negatively signed component that also dominates
in the summer season; the causes of this need to be inves-
tigated further. Since these are results from a single model
and a unique geoengineering strategy, the robustness of the
dynamically driven winter warming simulated here needs to
be ascertained from other models and other sulfate injection
strategies. A recent study also finds winter warming, and ar-
gues similarly for stratosphere–troposphere coupling, under
the sulfur injection scenario (G6sulfur) of the GeoMIP ex-
periments with the UKESM1 and CESM2-WACCM6 mod-
els (Jones et al., 2021).

The role of volcanic forcing in causing the observed win-
tertime warming following the large Pinatubo and Krakatau
eruptions has recently been questioned in the face of large in-
ternal variability (Polvani et al., 2019; Polvani and Camargo,
2020). The findings of this paper add further evidence to
those studies. The forced warming in the GLENS simula-
tions by the end of the century, when sulfate emissions have
reached around 50 Tg (SO2) yr−1, equivalent to several erup-
tions like Mount Pinatubo each year and sustained for many
decades, is found to be within the 1σ spread of unforced
extratropical wintertime interannual variability, suggesting
that a single large eruption is very unlikely to be detectable.
Nonetheless, the forced response in the GLENS simulations
is robustly demonstrated with the ensemble approach. The
side effects of smaller and perhaps more plausible sulfate
injections on the Eurasian continent would be smaller than
shown here, with longer timescales needed for detection, un-
derscoring the need for mitigation of greenhouse gas emis-
sions.

Code and data availability. The code used to perform this analysis
is available at https://doi.org/10.5281/zenodo.4713591 (Banerjee,
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