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Abstract Forcings and feedbacks controlling the seasonally sea ice‐free Arctic Ocean during the
mid‐Piacenzian Warm period (3.264–3.025 Ma, MPWP), a period when CO2 level, geography, and
topography were similar to present day, remain unclear given that many complex Earth SystemModels with
comparatively higher skills at simulating twentieth century Arctic sea ice tend to produce perennial
Arctic sea ice for this period. We demonstrate that explicitly simulating aerosol‐cloud interactions and
the exclusion of industrial pollutants from model forcing conditions is key to simulating seasonally sea
ice‐free Arctic Ocean of MPWP. The absence of industrial pollutants leads to fewer and larger cloud
droplets over the high‐latitude Northern Europe and North Pacific, which allows greater absorption of
solar radiation at the surface during the early summer. This enhanced absorption triggers the seasonally
runaway sea ice surface albedo feedback that gives rise to September sea ice‐free Arctic Ocean and
strongly amplified northern high‐latitude surface warmth.

1. Introduction

The mid‐Piacenzian warm period (MPWP), with global mean surface temperature between 1.9 and 3.6 °C
warmer than preindustrial (PI; Haywood & Valdes, 2004; Masson‐Delmotte et al., 2013), is widely
considered a potential analog for future climate change (Chandler et al., 1994; Haywood & Valdes, 2004)
due to similar geography, topography, and CO2 level as present day and near future (Dowsett et al., 2016;
Haywood et al., 2010, 2016). These conditions and the relatively stable MPWP climate, as evidenced by
low variability of δ18O in stacked benthic records (Lisiecki & Raymo, 2005), suggest that the MPWP may
provide insights into the equilibrium climate of Earth's future if the world follows a low (Representative
Concentration Pathway, RCP 2.6) to medium emission pathway (RCP 4.5; Solomon et al., 2009).

Despite a moderate global mean warming as opposed to PI, MPWP proxy records show strongly amplified
warmth across the northern high latitudes and Arctic Ocean relative to the global mean. These records sug-
gest that at multiple sites in the Canadian Arctic Archipelago, annual temperatures were well above freezing
(Ballantyne et al., 2010; Csank et al., 2011; Fletcher et al., 2017; Salzmann et al., 2013), with an active fluvial
and ecosystems (Rybczynski et al., 2013), and a seasonally sea ice‐free Arctic Ocean (Knies et al., 2014;
Naafs et al., 2010; Polyak et al., 2010). In contrast, the majority of Earth system models (ESMs) that
participated in the Pliocene Model Intercomparison Project phase 1 (PlioMIP1; Haywood et al., 2010)
simulate below freezing annual temperatures across the Canadian Arctic Archipelago and perennial
Arctic sea ice (Howell, Haywood, Otto‐Bliesner, et al., 2016). Half of the ESMs also feature perennial
Arctic sea ice condition even including the ones with higher skills at simulating historical Arctic sea ice
extent (Howell, Haywood, Otto‐Bliesner, et al., 2016). This apparent model‐proxy data mismatch cannot
be fully resolved by orbital‐forcing driven millennial scale climate variability (Feng et al., 2017; Prescott
et al., 2014; Salzmann et al., 2013), uncertainty in CO2 estimates (Feng et al., 2017; Howell, Haywood,
Dowsett, et al., 2016; Salzmann et al., 2013), changes in Arctic Ocean gateway configuration (Feng et al.,
2017; Otto‐Bliesner et al., 2017), or other changes in paleogeography and bathymetry (Hill, 2015;
Robinson et al., 2011).

This persistent model‐proxy data mismatch has led to the consideration of unconstrained climate forcings,
such as tropospheric aerosols. Recently, idealized studies have shown that changes in biogenic emissions
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of trace gases and aerosols, and atmospheric dust loading can enhance simulated MPWP warming globally
(Unger & Yue, 2014) and in the Arctic (Sagoo & Storelvmo, 2017). The majority of PlioMIP1 models were
unable to quantify the effects of aerosol‐cloud interactions (ACI). The only model that partially considers
ACI is the ModelE of National Aeronautics and Space Administration (Chandler et al., 2013). Simulations
of seasonal cycle of MPWP Arctic sea ice by this model is distinctively different from the others (Howell,
Haywood, Otto‐Bliesner, et al., 2016) in such a way that the winter sea ice is both extensive and thick, yet
the model reaches summer (August to September) sea ice‐free conditions. Among models using cloud
closure schemes derived from observations of relative humidity and temperature profiles of present day
(e.g., HadCM3 model, Smith, 1990) or models using prescribed modern background aerosol conditions for
cloud formation (e.g. CCSM4 model, Neale, Richter, et al., 2010), simulated clouds are affected by
statistics inherent to polluted troposphere and may not be representative for paleoclimate simulations
(Kiehl & Shields, 2013; Kump & Pollard, 2008). It is well known that industrial pollutants have substantially
altered the aerosol composition and concentration in the atmosphere (Andreae, 2007). Emissions of
industrial pollutants may have greatly affected Arctic temperature and sea ice loss (Gagné et al., 2015;
Navarro et al., 2016).

Here, by using a 1° horizontal resolution, state‐of‐the‐art coupled ESM, we demonstrate the importance of
explicitly simulating ACI in reproducing MPWP seasonally ice‐free Arctic Ocean. A greater sensitivity of
sea ice response to CO2 forcing through modifying ice albedo (Howell, Haywood, Dowsett, et al., 2016) or
an overall more sensitive ESM to CO2 forcing (Zheng et al., 2019) has been shown to ameliorate model‐proxy
data mismatch of Arctic for MPWP. By comparing PlioMIP1 simulations with and without industrial
pollutants, we provide an alternative explanation to improvements of PlioMIP simulations between
generations of ESMs.

2. Methods

We carried out four experiments using the Community Earth System Model (CESM1.2; Hurrell et al., 2013)
branched from an existing PlioMIP1 simulation using the parental model Community Climate System
Model version 4 (PlioMIP1‐CCSM4; Rosenbloom et al., 2013). CESM1.2 is configured with the atmospheric
model CAM5.3, which explicitly simulates indirect effects of aerosols on liquid and ice cloud formation and
albedo (Gettelman et al., 2010). For ice cloud, immersion freezing (ice nuclei formed by aerosols) is explicitly
treated for cirrus clouds but only implied for mixed phrase clouds (Neale, Gettelman, et al., 2010). The cap-
ability of CAM5 models in simulating present‐day clouds and aerosol‐cloud interactions are evaluated by
various studies (Gettelman, 2015; Gettelman et al., 2010; Kay et al., 2012). In general, CAM5 models demon-
strate fundamental improvements in simulating cloud and cloud radiative forcing compared to the previous
generations (Kay et al., 2012). Across the Arctic region, observed seasonal cycles of total and low clouds show
reasonable agreement with observations (Kay et al., 2012; Text S1 in the supporting information).

The four experiments conducted in our study include two atmosphere‐ocean‐land‐sea ice coupled simula-
tions (Plio‐Pristine and Plio‐Polluted) and two prescribed sea surface temperature (SST) and sea ice
simulations. Two aerosol emission scenarios are featured in these simulations, one with preindustrial emis-
sions (Plio‐Pristine) and the other with preindustrial emissions plus industrial pollutants of anthropogenic
SO2, sulfate, and organic compounds estimated for the 2000s (Lamarque et al., 2010; Plio‐Polluted). Both
Plio‐Pristine and Plio‐Polluted are run for over 300 model years branched from the 500 model year
PlioMIP1‐CCSM4, which only considers the direct effect (reflecting and scattering, no interactions with
clouds) of preindustrial aerosols (Rosenbloom et al., 2013). Quasi‐equilibrium is reached towards the end
of the runs (Text S1). Climate differences are estimated by differencing Plio‐Pristine and Plio‐Polluted.
Both climatologies and differences are calculated for the final 50 model years.

Two prescribed SST and sea ice simulations are carried out in order to estimate the effective radiative for-
cings (ERFs) from changing aerosol emissions excluding slow feedbacks from ocean dynamics and sea ice
(Myhre et al., 2013). These two simulations use the same atmosphere and land model configuration, and
boundary and CO2 conditions as the coupled CESM1.2 runs. Prescribed SST and sea ice are derived from
50‐year averages of PlioMIP1‐CCSM4 using the standard method (Hurrell et al., 2008), given that both
Plio‐Pristine and Plio‐Polluted are branched from the PlioMIP1‐CCSM4 with the same ocean and sea ice
initial state. Further, we exclude feedbacks due to changes in surface snow cover from calculations of ERF
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by removing the amount of change in planetary shortwave reflection that is attributable to changes in
surface albedo between two prescribed SST and sea ice runs. This adjustment removes 0.1 W/m2 forcing
from global mean and 0.9 W/m2 forcing from Arctic mean (Text S2). The results are referred to as
adjusted effective radiative forcing (aERF). A call to the radiation code prior to computation of aerosols is
also included in these experiments to estimate radiative forcing only pertaining to aerosol optical
properties without cloud changes, including scattering and absorption, which is termed as direct radiative
forcing (Fdir; Ghan et al., 2012). The indirect forcing, primarily from ACI, is estimated by subtracting Fdir
from the aERF.

3. Results
3.1. Simulated Climate Mean States

Global mean annual surface temperature (Ts) of Plio‐Pristine is 0.84 °C warmer than Plio‐Polluted. This
warming is amplified north of 70°N by an additional 1.5 °C with an annual Arctic sea ice reduction of
27% in volume and 14% in coverage. Both Plio‐Pristine and Plio‐Polluted are warmer than PlioMIP1‐
CCSM4, attributable to a ~1 °C increase in climate sensitivity of CESM1 per doubling of CO2 compared to
CCSM4 (Meehl et al., 2013). In particular, Plio‐Pristine features mean September Arctic sea ice‐free condi-
tions. In contrast, Arctic sea ice is perennial in both Plio‐Polluted and PlioMIP1‐CCSM4 (Figure 1a).

Compared to Plio‐Polluted, Plio‐Pristine simulates a positive aERF of 1.29 W/m2, which primarily arises
from changes in ACI (Table 1). aERF is only 0.75 W/m2 across the Arctic (north of 70°N) despite the ampli-
fied warming and strong response of sea ice. The global mean aERF estimated here is slightly higher than the
1.1 W/m2 estimated with present‐day SSTs and sea ice cover using the same model (Gettelman et al., 2015).
This small difference is likely a combined result of (1) constant black carbon (BC) emissions in the
Plio‐Pristine and Plio‐Polluted, whereas BC increases from PI to present day and contributes to a small

positive ERF (Myhre et al., 2013), and (2) potentially nonlinear cloud
responses to aerosol changes under different climate states.

3.2. Energy Balance Analysis Results

We decompose simulated annual mean temperature changes between
the Plio‐Pristine and Plio‐Polluted simulations (ΔTs) linearly into
contributions from changes in clear‐sky and cloudy‐sky planetary
emissivity; changes in planetary albedo from changes in clear sky, cloudy
sky (i.e., overcast), and surface reflection; and finally, changes in meridio-
nal heat convergence using a one‐dimensional energy balance model.
This analysis is adapted from previous publications (Heinemann et al.,
2009; Hill et al., 2014; Lunt et al., 2012) by Feng et al. (2017) to incorporate

Figure 1. Monthly climatology of simulated Arctic sea ice extent of different experiments, and energy balance analysis of zonal mean annual surface temperature
difference (ΔTs) between Plio‐Pristine and Plio‐Polluted (ΔTs‐model). (a) Arctic sea ice extent simulated by PlioMIP1‐CCSM4, Plio‐Pristine, and Plio‐Polluted.
Shaded areas in (a) are one standard deviations of monthly sea ice extent from 50 model year average. Sea ice‐free is defined as Arctic sea ice extent below 106 km2

(Jahn et al., 2016). (b) Model simulated ΔTs (ΔTs‐model) and ΔTs due to individual (solid lines) and all radiative components (ΔTs‐EBA). α = shortwave reflection, ε
= emissivity; H = heat convergence; srf = surface condition; clr = clear‐sky condition; cld = cloudy condition. Gray dashed line in (b) shows the 0° of ΔTs.

Table 1
Annual global and Arctic (70–90°N) Adjusted Effective Radiative Forcing
(aERF) Due to the Absence of Tropospheric Industrial Pollutants From
Plio‐Pristine. Fdir: Direct Radiative Forcing; FACI: Radiative Forcing Due to
Aerosol Cloud Interactions

Region aERF Fdir FACI

Global (annual) 1.29 0.18 1.11
Arctic (annual) 0.75 0.05 0.7

Note. Effective radiative forcing is adjusted to exclude the influence
from surface albedo changes between experiments (see Text S2 for
more details).
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the approximate partial radiative perturbation method in order to better
separate planetary albedo changes (Figure 1b). South of 60°N, surface
warming in Plio‐Pristine is primarily attributable to the reduction in
cloudy‐sky reflection (cld‐α) and is partially offset by reduction in
meridional heat convergence (H) and reduction in cloudy‐sky greenhouse
effect (cld‐ε). These changes reflect the overall reduction in cloud amount
as well as a slowing down of Atlantic Overturning Circulation (AMOC).
Plio‐Pristine features a mean freshening of the North Atlantic by 0.13
psu between 55 and 70°N and slowing down of the AMOC by 1.7
Sverdrup (Sv), measured by the maximum of the meridional stream func-
tion north of 30°N and below 500 m within the Atlantic Ocean basin. This
ocean dynamical response leads to a reduction in northward ocean heat
transport by 0.1 PW across 45°N, causing persistent cooling from changes
in ocean heat convergence north of 45°N (Figure S3). Yet an increase in
atmospheric heat transport mostly compensates this change (Figure S3).
The AMOC in our simulations is in quasi‐equilibrium state with small
trends of 3 × 10−3 and 1 × 10−3 Sv/century for Plio‐Pristine and
Plio‐Polluted. Yet thousands of years' model integration may show more
diversity in AMOC behavior (Burls et al., 2017).

North of 60°N, surface warming is mostly driven by a reduction in surface
reflection (srf‐α), followed by a small contribution from reduction in clear‐
sky planetary emissivity (clr‐ε). A small amount of this high‐latitude
warming is offset by an increase in cloud cover, causing an increase in
cloud reflection. Increase in cloud reflection, however, is partially attenu-
ated by an increase in cloudy‐sky greenhouse effect (cld‐ε). Contributions
from heat convergence to surface warming vary between latitudes.
Yet when integrated between 60°N and 90°N, the net contribution of
meridional heat transport to the mean warming is negligible.

3.3. Key forcing and Feedback Contributing to September Sea
Ice‐Free Arctic Ocean

Plio‐Pristine and Plio‐Polluted simulate two stable Arctic Ocean states:
seasonal sea ice and perennial sea ice (Eisenman &Wettlaufer, 2009) with
only a 0.75 W/m2 difference in net top of the atmosphere (TOA) radiative
forcing. In order to explore feedbacks leading to these two Arctic Ocean
states, we calculate mean strengths of various feedbacks and evolutions
of radiative fluxes north of 60°N using daily model outputs of the final
50 years. The choice of 60°N is based on our EBA results that north of
60°N; the net effect of meridional heat transport to annual surface warm-
ing is negligible. This result also holds at seasonal time scale (Figure S4),
which allows us to focus on radiation fluxes.

Planetary longwave feedback to surface temperature change (ΔnetLWTOA
ΔTs

;

Figure 2c) and surface albedo response to sea ice cover change (ΔαsrfΔAice
) show

strong interannual and daily variability, especially during the Arctic
summer and winter when sea ice retreats and expands (Figure 2b). Yet

the overlapping and similarity of calculated ΔnetLWTOA
ΔTs

and Δαsrf
ΔAice

between

experiments suggests that the strengths of longwave feedback and sea
ice surface albedo feedback are similar between Plio‐Pristine and Plio‐
Polluted. Major difference between two experiments occurs in the daily

rate of net TOA shortwave absorption (ΔnetSWTOA
Δt ). Plio‐Pristine features

faster increase in net TOA shortwave absorption from May to June

Figure 2. Feedback strengths and daily evolution of sea ice extent and radia-
tion fluxes. (a and e) Daily rates of change of Arctic sea ice cover (ΔAice

Δt ), and
net top of the atmosphere (TOA) shortwave absorption (ΔnetSWTOA

Δt Þ. The rate
of change is calculated by subtracting values of previous day from current
day. (b and c) Rates of surface albedo change as a function of sea ice cover
change (ΔαsrfΔAice

), and rates of changes of net planetary longwave emission as a
function of surface temperature change (ΔnetLWTOA

ΔTs
). (d and f) Daily clima-

tology of net planetary longwave emission (netLWTOA), and net planetary
shortwave absorption (netSWTOA). Shading shows one standard deviation
from daily mean of 50 model years.
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(Figures 2e and 2f). This enhanced shortwave absorption accelerates sea ice loss in Plio‐Pristine, which pre-
dates the major melting phase occurring in July (Figures 1a and 2a).

The enhanced TOA shortwave absorption in Plio‐Pristine can be explained by the attenuation of surface
shortwave cloud forcing across the northern Europe and North Pacific (Figures 3a and 3b), measured by sub-
tracting downwelling surface shortwave radiation of clear‐sky condition from the full condition to reduce
the contamination from ice masking (Hill et al., 2014). Shortwave cloud forcing is dependent on cloud

Figure 3. May to June average of (a) climatology of Plio‐Polluted and (b) difference in surface shortwave cloud forcing, and percent difference in optical properties
of clouds of Plio‐Pristineminus Plio‐Polluted. Optical properties include (c) cloud liquid water path, and (d) cloud droplet number concentration integrated through
the whole troposphere column. Bold solid line highlights the 60°N. Blue hatches show climatology of sea ice cover in Plio‐Pristine.
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optical depth (τ). The relative change in cloud optical depth of liquid clouds positively scales with the relative
change in cloud liquid water content (LWC) and negatively scales with the relative change in droplet
effective radius. The latter negatively scales with the relative change of droplet number concentration

(Nc), and hence, Δτ
τ ∝ ΔLWC

LWC ; ΔNc
Nc

� �
. This scaling is applicable to cloud ice crystals. The results are quite

similar to the results of cloud droplets (Figure S5). Thereby, we focus on cloud droplets here. In Plio‐
Pristine, the attenuation of surface shortwave cloud forcing shows good correspondence with the
reduction of cloud liquid water path across the northern Europe (Figure 3c) and reduction of cloud droplet
number concentration in both north Pacific and northern Europe (Figure 3d), suggesting a shorter cloud life
(second indirect effect) and lower cloud albedo (first indirect effect) due to the removal of pollutants.

Sea ice melting in Plio‐Pristine is even more accelerated during July compared to Plio‐Polluted, yet the evo-
lution and sensitivity of radiation fluxes to sea ice loss are quite similar between two experiments (Figure 2).
This accelerated melting, hence, is self‐sustaining, and largely reflects the seasonally runaway ice‐albedo
feedback (Figure 1a). Sea ice loss slows down in the Plio‐Pristine simulation during August due to increasing
amount of longwave loss from the open ocean (Figure 2d), and there is a southward shift of the hemispheric
insolation maxima (Figure 2f). Yet these radiation changes are insufficient to reverse the net sea ice loss
trend, allowing Plio‐Pristine to reach September sea ice‐free Arctic Ocean.

During the late fall, low sea ice extent and a warmer Arctic ocean in Plio‐Pristine initially slow down the sea
ice expansion (Figure 2a). Yet ice expands quickly during the winter due to greater heat loss from the open
ocean (Figure 2d; Eisenman & Wettlaufer, 2009). By the early spring, Arctic sea ice extent in Plio‐Pristine
reaches an annual maxima similar to Plio‐Polluted, sustaining a stable seasonal Arctic sea ice state.

Figure 4. Cluster patterns and medians of the model simulated and proxy estimated northern high latitude (>55°N) surface warmth of mid‐Piacenzian Warm
period relative to preindustrial (ΔT). (a) Patterns of simulated warmth by PlioMIP1‐CCSM4 (Rosenbloom et al., 2013), Plio‐Pristine, and Plio‐Polluted. In (a),
bubbles show locations of proxy records. Bubble sizes scale with confidence levels of the records (Feng et al., 2017). Colors show reconstruction method and proxy
source materials. (b) Medians of ΔT‐model (bars) and ΔT‐proxy (markers; ΔT‐proxy = terrestrial proxy temperature − mean surface temperature of 1901–1930,
Willmott, 2000). A vertical line on top of each bar spans the 5th and 95th percentiles of ΔT‐model within each cluster. A vertical bar of ΔT‐proxy shows the
maximum and minimum of ΔT‐proxy from the same proxy system. The calculated mean differences (Diff) between ΔT‐proxy and ΔT‐model based on cluster
medians are also shown in (b).
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3.4. Comparison With Proxy Records

Strongly amplified Northern high latitude warmth during the MPWP is well known from terrestrial records
north of 55°N (Fletcher et al., 2017; Salzmann et al., 2013) and relatively insensitive to Arctic Ocean gateway
changes (Feng et al., 2017). We compare mean annual surface temperatures from terrestrial proxies with our
model simulations north of 55°N based on cluster medians estimated separately from proxy and model data
(Figure 4). Cluster patterns are derived from annual surface temperature differences between individual
MPWP experiments and preindustrial experiments using the same version of the model (Figure 4a). The
proxy cluster median for each cluster is calculated using records geographically located within the same
cluster. The cluster analysis is conducted using Gaussian mixture model with five clusters determined by
maximizing Bayesian information criterion and minimizing the number of clusters. This analysis is carried
out with R “mclust” package (Scrucca et al., 2016). Details of the method are outlined in the previous study
(Feng et al., 2017; Figure 4)

The Plio‐Pristine simulation shows a large improvement in matching proxy records by an average of 3.1 °C
in addition to the warming simulated by PlioMIP1‐CCSM4 simulation. The latter shows a 9.6 °C gap
between proxy and model with the simulation being too cold. Comparing Plio‐Pristine with Plio‐Polluted,
1.7 °C difference comes from elimination of pollutants, which may explain some of the differences of
northern high latitude warmth between MPWP and present day.

4. Discussions and Conclusions

In our experiments, a small forcing induced by industrial pollutants is key to determining whether or
not CESM1.2 enters the seasonally Arctic ice‐free state of MPWP. This result suggests a nonlinear
responses of Pliocene Arctic sea ice to perturbations. As shown by the previous study (Eisenman &
Wettlaufer, 2009), the transition from a perennial to seasonal Arctic sea ice state as a function of increas-
ing radiative forcing does not demonstrate hysteresis, yet the evolution is nonlinear. This behavior is
supported by our atmosphere‐ocean coupled simulations. It may contribute to explain the discontinuity
in estimated global mean temperature response to CO2 forcing between the Quaternary and Pliocene
(Köhler et al., 2015). Nonlinear sea ice responses are also shown to occur in response to orbital forcing
changes (e.g., Tabor et al., 2015).

Although our simulations highlight the importance of not including industrial pollutants and the associated
aerosol indirect effects in paleoclimate simulations, pollutants are unlikely key to explaining the sea ice tran-
sition at the end of Pliocene (2.6 Ma; Knies et al., 2014). Perturbations to the MPWP Arctic radiation budget
from changes in tropospheric dust loading (Sagoo & Storelvmo, 2017) and biogenic and forest fire emissions
(Unger & Yue, 2014) may be plausible triggers in addition to declining CO2.

Compared to Quaternary, MPWP likely has a lower atmospheric dust loading (Sagoo & Storelvmo, 2017),
and enhanced emissions of greenhouse gases and particle precursors from vegetation and forest fire
(Unger & Yue, 2014) due to its warm, moist, and more vegetated environment. Dust can promote cloud
ice over cloud liquid formation (Shi & Liu, 2019) or a pure increase of cloud ice crystals (Sagoo &
Storelvmo, 2017) in the mixed phase clouds. The dominancy of either effect can lead to a net warming
(Shi & Liu, 2019) or cooling effect (Sagoo & Storelvmo, 2017) in response to increasing dust emission.
With warm, moist, and forested Northern high latitudes, the emission and formation of greenhouse gases
of methane, tropospheric ozone, and nitrous oxide are expected to increase (Unger & Yue, 2014), yet the
enhanced biogenic emissions of aerosol precursors and emergence of frequent boreal forest fire (Fletcher
et al., 2019) may create a constant flux of aerosols into the troposphere and hence promote cloud formation,
and reflection of sunlight (Tunved et al., 2006). The net effect of these biogeochemical feedbacks is unknown
and remains one of themost uncertain aspects of simulating past and future climate change at high latitudes.

On the other hand, different strengths of simulated Arctic feedbacks among models (Cronin et al., 2017;
Goosse et al., 2018) also play a key role in determining the amount of forcings responsible for the rapid
transition of Arctic sea ice state between perennial to seasonal. Our results indicate that the uncertainty
of simulating this nonlinear behavior of sea ice may explain the diverse predictions of future Arctic Sea
ice (Jahn et al., 2016; Stroeve et al., 2007; Stroeve et al., 2012).
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Finally, the global mean temperature simulated in our mid‐Piacenzian experiment free of tropospheric
pollutants (i.e., Plio‐Pristine) is 2.3 °C warmer than the preindustrial, and well within the proxy‐estimated
range for MPWP (Haywood & Valdes, 2004; Masson‐Delmotte et al., 2013). This result is qualitatively
consistent with recent findings suggesting high risk for seasonally sea ice‐free Arctic with 2 °C global mean
surface warming (Jahn, 2018; Sanderson et al., 2017). While current efforts to reduce industrial pollutants
are no doubt beneficial, these efforts may actually lead to accelerated Arctic sea ice loss, as we continue
approaching the forcing threshold for seasonally sea ice‐free Arctic Ocean. The potential influences on
weather and climate through complex interactions with radiation and atmospheric circulation may have
already been on the way (Xu et al., 2018).
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