Supplementary Material for Impact of
Regional Marine Cloud Brightening
Interventions on Climate Tipping Points

Section S1. Climate tipping point calculation

We assess the MCB impact on tipping points by computing the change in selected tipping point
metrics (TPMs) in our CESM2 simulations (Table S1), based on supplementary discussion from a
recent synthesis paper (McKay et al., 2022). These TPMs are not direct measures of tipping
point risk. However, they are proximal indicators of the tendency of climate change impacts on
each tipping point. We note that some of the tipping points considered herein are not possible
in CESM2 due to missing process representation (such as icesheet height changes).
Furthermore, CESM2 has substantial biases in key fields related to each tipping point, which
likely introduces errors in each, compounding with uncertainties in the large scale climate
response.

Arctic (a) and Barents (b) winter sea ice

We compute the Arctic (60N to 90N) and Barents (70N to 80N; 10E to 60E) Sea March April sea
ice area (the winter sea ice maximum), which may rapidly transition into a year-round ice free
state under sufficient warming (Drijfhout et al., 2015; Eisenman & Wettlaufer, 2009). Though
Arctic winter sea ice collapse is very unlikely under SSP2-4.5 warming, regional winter sea ice
collapse may occur in regions like the Barents Sea (McKay et al., 2022). However, we do not see
winter sea ice collapse either region in CESM2 (Fig. S2). Furthermore, CESM2 generally
underestimates present day Arctic sea ice extent (Danabasoglu et al., 2020), which may indicate
sea ice may be too sensitive to warming in the model (Kay et al., 2021; Massonnet et al., 2018).

Greenland warming (c)

We compute annual mean 2-metre temperature over Greenland (60N to 80ON; 60W to 20W) to
assess the possible MCB impact on the elevation feedback, wherein icesheet thinning due to
melt causes additional warming and further melt (Crowley & Baum, 1995; Robinson et al.,
2012). However, we do not use a CESM2 configuration with two-way coupling between the
Greenland ice sheet and atmosphere. Thus, the elevation feedback does not operate in our
simulations and the temperature changes in the model may be underestimated.

Atlantic Meridional Overturning (d) and North Atlantic Gyre (e)

We compute the Annual mean AMOC index (Cheng et al., 2013) as a measure of overturning
strength and North Atlantic (45N to 60N; 50W to 20W) area-mean annual maximum mixed
layer depth as a measure of ocean convection strength (Swingedouw et al., 2021). These are
two related tipping points associated with Atlantic Ocean circulation. CESM2 overestimates




present day AMOC strength by 2-3 Sv (Danabasoglu et al., 2020) and experiences a rapid, but
linear decline in AMOC index over the SSP2-4.5 simulation (Fig. S2). CESM2 has lower North
Atlantic subpolar gyre stratification than observed (Swingedouw et al., 2021), and thus may
have a too-sensitive convection response.

North American (f) and Eurasian (g) permafrost area

We compute the areal extent of North American (60N to 75N; 160W to 60W) and Eurasian (60N
to 80N; 65E to 180E) boreal permafrost, defined as land model grid points where the annual
minimum soil ice concentration > 0 at 3.5m for the present and prior year. This is the definition
of (Slater & Lawrence, 2013), except we use the land model’s soil ice concentration rather than
soil temperature < 0C, though this has little effect in the resulting permafrost area. Abrupt
regional permafrost thaw is hypothesized to be a result of localized feedback processes (Schuur
et al., 2015), which may occur across a region in a short period of time. However, such
processes are difficult to represent on ESM spatial scales (Lawrence et al., 2019) and CESM2
projects substantial but linear losses in permafrost area under SSP2-4.5.

Amazon water deficit (h) and Sahel rainfall (i)

CESM2 does not include dynamic vegetation biogeography (Lawrence et al., 2019). Thus, we
cannot directly assess vegetation change in the model. In the case of the Amazon, we therefore
estimate MCB effect of possible Amazon rainforest dieback using the area-mean (7S to 7S; 70W
to 45W) maximum climatological water deficit (MCWD) defined as the most negative value of
the cumulative precipitation minus evaporation over a year (Malhi et al., 2009). MCWD and
annual precipitation together can be used to classify vegetation type in the Amazon (Malhi et
al., 2009), and changes in the hydroclimate could trigger dieback of the rainforest. Additionally,
CESM2 has a substantial dry bias in the Amazon (Danabasoglu et al., 2020), which introduces
uncertainty in the precipitation response to forcing in the region.

In the case of the Sahel (10N to 20N; 15W to 35E), we simply assess the regional mean, annual
mean precipitation, which is an indicator of West African monsoon strength. It is thought that
vegetation-albedo feedback could rapidly increase monsoon strength and vegetation cover in
the region, as occurred in the Green Sahara period (Hopcroft & Valdes, 2021; Pausata et al.,
2020). There is substantial inter-model uncertainty regarding the greenhouse gas impact on the
Sahel (Monerie et al., 2020). Though we consider Sahel greening a risk of GHG/MCB forcing
here, some have argued for geoengineering via large-scale afforestation wherein greening is
considered desirable (Pausata et al., 2020).

Amundsen sea zonal wind speed (j)

For West Antarctic icesheet collapse, we assume marine ice sheet instability due to grounding
lines reaching retrograde slopes is the principle tipping point (e.g., Feldmann & Levermann,
2015). Marine ice sheet melt is principally driven by circumpolar deep water flow into the
vicinity of the ice sheets (Jenkins et al., 2018), which is correlated with wind stress and zonal
wind speed in the Amundsen sea off the coast of West Antarctica (Holland et al., 2019). Thus,
we use Pine Island/Thwaites Troughs (71.8S to 70.2S; 115W to 102W) area-mean annual mean
zonal wind speed to estimate the GHG/MCB effect on West Antarctic ice sheet melt (Holland et




al., 2019). Our CESM2 experiments do not include two-way coupling to ice sheet dynamics;
thus, we cannot directly assess ice sheet changes. Furthermore, the averaging box is derived
from observational conditions, and thus may not be suitable for CESM2, which is coarser
resolution and has different sea ice distribution in the region compared to observed.

Coral heat stress (k, |, m, n)

We consider the impact of GHG/MCB forcing on coral reefs in four regions (Caribbean Sea - 12N

to 25N; 85W to 65W, West Indian Ocean - 25S to 0; 35E to 60E, West Tropical Pacific Ocean -
10S to 10N; 100E to 150E, Coral Sea - 25S to 10S; 145E to 165E) by computing changes in the
area-mean annual maximum degree heating weeks (DHW) (Liu et al., 2003). DHW is the
cumulative weekly anomaly above a threshold equal to maximum monthly mean temperature
over a reference period (1990-1999) of historical CESM2 plus 1C in a twelve-week window.
Severe heat stress is considered to occur if DHW > 8 C-weeks (Latham et al., 2013; Liu et al.,
2003). Here we simply assess the change in annual maximum DHW as a measure of the mean
intensity of summertime hot conditions in a region.

Table S1. Summary of climate tipping point metrics assessed in Fig. 3
Fig. 3 | Tipping Point Metric Citation
Label
a Arctic winter sea ice | March-April sea ice area (60N to 90N) | (Drijfhout et al.,
2015)
b Barents Sea winter March-April sea ice area (70N to 80N; | (Drijfhout et al.,
seaice 10E to 60E) 2015)
c Greenland icesheet | Annual mean 2m temperature (land; (Crowley & Baum,
60N to 8ON; 60W to 20W) 1995; Robinson et
al., 2012)
d Atlantic Meridional Annual mean Atlantic meridional (Cheng et al., 2013;
Overturning streamfunction maximum at 30N Swingedouw et al.,
2021)
e North Atlantic Gyre | Annual maximum mixed layer depth (Sgubin et al., 2017;
(ocean; 45N to 60N; 50W to 20W) Swingedouw et al.,
2021)
f North American Land area where annual minimum (Lawrence et al.,
Permafrost soil ice concentration >0 at 3.5m for | 2012; Slater &
two consecutive years (land; 60N to Lawrence, 2013)
75N; 160W to 60W)
g Eurasian Permafrost | Land area where annual minimum (Lawrence et al.,
soil ice concentration \> 0 at 3.5m for | 2012; Slater &
two consecutive years (land; 60N to Lawrence, 2013)
80N; 65E to 180E)
h Amazon water Annual maximum water deficit (land; | (Malhi et al., 2009)
deficit 7S to 7S; 70W to 45W)




Sahel rainfall

Annual mean precipitation (land; 10N
to 20N; 15W to 35E)

(Hopcroft & Valdes,
2021; Pausata et al.,
2020)

Amundsen sea
windspeed

Annual mean Amundsen sea surface
zonal wind speed (ocean; 71.8S to
70.2S; 115W to 102W)

(Holland et al., 2019)

Caribbean Sea coral
heat stress

Annual maximum degree heating
weeks (ocean; 12N to 25N; 85W to
65W)

(Liu et al., 2003)

West Indian Ocean
coral heat stress

Annual maximum degree heating
weeks (ocean; 25S to 0; 35E to 60E)

(Liu et al., 2003)

West Tropical Pacific
coral heat stress

Annual maximum degree heating
weeks (ocean; 10S to 10N; 100E to
150E)

(Liu et al., 2003)

Coral Sea coral heat
stress

Annual maximum degree heating
weeks (ocean; 25S to 10S; 145E to
165E)

(Liu et al., 2003)
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Fig. S1. Time series of Tipping point metric changes for historical and SSP2-4.5 (red) and the
SSP2-4.5 + MCB simulations (blue shades). Solid red line indicates ensemble average and red
shading indicates 5 to 95 percentile range.
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