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I. INTRODUCTION

In this deliverable we consider the impacts of passing two different climate tipping points, using a combination of
state-of-the-art climate modelling and impacts modelling. The first tipping point is a collapse of the Atlantic ocean’s
meridional overturning circulation (AMOC), which has global ramifications, including in the HELIX focal regions of
Europe, northern-hemisphere sub-Saharan Africa, and South Asia - which we examine in turn. The second tipping
point is a widespread loss of year-round Arctic sea-ice, which has more regional implications, including for the focal
region of Europe. In the AMOC collapse scenario we look at how this interacts globally with other tipping elements
in the climate system (Lenton et al., 2008) to either increase or decrease their likelihood and the corresponding
impacts, providing a first quantitative test of the suggested causal interactions between tipping points from a previous
expert elicitation (Kriegler et al., 2009). In the Arctic sea-ice loss scenario we concentrate on the effect on Northern
Hemisphere atmospheric circulation, providing a first high-resolution simulation of the impacts.
II. IMPACTS OF THE COLLAPSE OF THE ATLANTIC MERIDIONAL OVERTURNING CIRCULATION

The net transport of heat from the equator to higher northern latitudes in the Atlantic caused by the flow of upper
water layers in the Atlantic ocean, part of the Atlantic meridional overturning circulation (AMOC), is responsible for
the mild winters in western Europe. This net ocean flow is part of a larger ocean mode known as the thermohaline
circulation. Simple models of this circulation show tipping point like behaviour i.e. they can abruptly switch from one
mode to another when changes in climatic conditions are comparatively small and slow (Stommel, 1961; Rooth, 1982;
Marotzke and Willebrand, 1991). It has been shown that the Atlantic branch of this circulation can abruptly switch off
under certain conditions causing major changes in the climate not only in the North Atlantic but also globally (Vellinga
and Wood, 2002; Stouffer et al., 2006). It is thought that this has happened in the past Earth history (DansgardOeschger events and Heinrich stadials (Rahmstorf, 2002; Clement and Peterson, 2006)) and although present research
suggests a collapse of the Atlantic MOC is unlikely to occur in the 21st century under global warming scenarios
(Collins et al., 2013), the impacts of a shutdown are severe making it a low probability high impact event. Such a
scenario provided the inspiration for Hollywood blockbuster, The Day After Tomorrow. Even though a shutdown is
thought to be unlikely by the end of the 21st century, a weakening in AMOC was assessed to be very likely by the
IPCC making assessment of the impacts of this tipping point, both regional and global, a useful exercise.
In future climate model projections, emissions are prescribed causing a reduction or perhaps a shutdown of the
AMOC indirectly along with all the other impacts on the climate increasing emissions may have. The work reported
here differs in that only the impacts of AMOC shutdown are assessed. This is done by forcing a high resolution Earth
system model into a collapsed AMOC state directly and without changing anything else (such as emissions). This
simulation is then compared with a control, AMOC on run making the study a comparatively clean assessment of
the impacts of AMOC shutdown. The model used is a state of the art global climate model (HadGEM3). This is a
high resolution general circulation model with coupled ocean, atmosphere, sea ice and land surface, hydrology and
vegetation model. The vegetation is fixed in these runs, however the direction of the land carbon fluxes may still be
assessed.
Output from these simulations are also used to force a hydrodynamical model to compare storm surge levels
(SSLs) between control and AMOC off runs and their implications for coastal flooding and hence impacts on human
settlements and infrastructure. Storm surges, also referred to as meteorological residuals or meteorological tide,
constitute along with the waves and the tidal oscillations the main components of extreme water levels along the
coastal zone (Losada et al., 2013; Lowe et al., 2010). Storm surges are forced by wind driven water circulation
towards or away from the coast and by atmospheric pressure driven changes of the water level; i.e. the inverse
barometric effect (WMO, 2011). The magnitude of the storm surge depends on a number of factors including the
size, track, speed and intensity of the storm system, the nearshore local bathymetry (water depth) and the shape of
the coastline (Arns et al., 2015).
A. Methodology
1. Model description

The model used for these runs is the GC2 (Williams et al., 2015) configuration of the HadGEM3 model (Hewitt
et al., 2011). This consists of an atmosphere, ocean, sea-ice and land-surface models. A more detailed description of
the model configuration is available in (Jackson et al., 2014, 2015).
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Briefly, the atmosphere model is Global Atmosphere vn6.0 (Demory et al., 2013) of the Met Office unified model
at N216 horizontal resolution and 85 levels in the vertical. The ocean model is the Global Ocean 5 (Megann et al.,
2013) version of the ORCA025 configuration of the NEMO model (Madec, 2008) with a eddy permitting horizontal
resolution of 0.25o N and 75 vertical levels. The sea-ice model is version 4.1 of the Los Alamos National Laboratory
sea-ice model, CICE (Hunke and Lipscomb, 2010) and resolution is the same as that of the ocean model. The land
model used in GC2 is the GL6 configuration of the Joint UK Land Environment Simulator (JULES). The model
simulates the state of the soil and 5 vegetation types (broadleaf trees, needleleaf trees, C3 (temperate) grass, C4
(tropical) grass, and shrubs) in each land grid box. The distribution of these plant types is fixed throughout the
simulation and represent the world vegetation around 1980. For this reason the changes from one type of plant
to another that would naturally occur under changing climate are not possible here. However, the vegetation net
primary productivity (NPP) can be used as a measure of plant productivity and yield changes. NPP is calculated in
the model as the difference between the gross primary productivity and respiration rate and its changes do not affect
the atmospheric CO2 or other carbon stores since the model does not include a carbon cycle. Crops are represented
in the HadGEM3 model by the C3 and C4 grass vegetation types and their NPP is used as a crude indicator for
changes in crop yields.
Output from HadGEM3 is then used to force a hydrodynamical model so SSLs can be assessed. The hydrodynamic
numerical model used is the finite volume D-FLOW FM Flexible Mesh model (DFLOW-FM) (Carnacina et al., 2105;
Deltares, 2015; Jagers et al., 2014). The model solves the 2D non-linear shallow water equations for incompressible
fluids under the hydrostatic pressure approximation. The reader is referred to the manual of the DFLOW-FM model
(Deltares, 2015) for a detailed description of the model.
The numerical grid of the model is a structured grid with varying resolution ranging from (lon, lat) = (0.35, 0.35)
degrees at the area defined by the latitudes 31S to 31N, to (lon, lat) = (0.7, 0.35) at the rest of the world. The grid
resolution is further reduced close to the poles over the longitudinal dimension, while keeping constant the resolution
of the latitudes.

2. Experiment design

Two runs of the model are compared, an AMOC on steady state (control) run and an AMOC off steady state
run. To do this the model was initialised from climatology and spun up for over 36 years. The control run is then
integrated for a further 150 years. To collapse the AMOC the methodology of (Vellinga and Wood, 2002) is used
which involves perturbing the salinity in the upper layers of the North Atlantic to inhibit deep convection and hence
quickly shut down the AMOC. Although this method of collapsing the AMOC is unrealistic (freshwater addition
from melt of the Greenland ice sheet is the most likely cause of AMOC shutdown in global warming projections) it
is useful for investigating the impacts of a shutdown. The AMOC off run is initialised after 42 years of the control
run. Instantaneous salinity perturbations are applied to the upper 536m of the Atlantic and Arctic Ocean north of
20o N each December for the first 10 years. Each salinity perturbation is equivalent to continuously adding freshwater
at a rate of 1 Sv (1 Sv=106 m3 s−1 ) for 10 years (total of 10 SvYr). As is common practice in hosing experiments the
salinity in the rest of the ocean is also perturbed such that the total freshwater content of the global ocean remains
constant.
As the perturbations are applied, the AMOC decreases from the steady ∼ 15 Sv flow in the control run to approximately zero flow after 10 years. After the salinity perturbations cease the AMOC recovers slightly with an overshoot
to > 5 Sv before slowly declining to an approximately steady flow state of < 5 Sv 50 years after the perturbations
are first applied. The reduction in AMOC strength in the off run compared to the control is therefore about 10 Sv.
This reduction is responsible for a net Atlantic heat transport reduction of about 1 PW and at least a 4 o C surface
air temperature reduction in the North Atlantic.
In all of the runs the atmospheric CO2 concentration is also kept constant at 1980s levels. This means that
changes to the vegetation productivity are caused only by the climatic effects of the AMOC decrease (i.e. changes
in temperature, and the hydrological cycle) and not by the more direct effect that changes in CO2 levels have on
plant photosynthesis and transpiration (Wiltshire et al., 2013; Hemming et al., 2013). This is an important difference
between this experiment and future projections of plant productivity from increasing greenhouse gases, in which plants
are affected by both the changing climate and by the physiological CO2 effects. All averages presented are for years
60-90 after the start of the freshwater perturbations (50-80 years after the perturbations have ended). Anomalies are
presented relative to a 30 year average of the control, centred on the same period.
The hydrodynamic model used to assess SSL is fed with the daily near-surface wind and pressure fields from
the control and the AMOC off scenarios for the steady state period of years 60-70 after the start of the freshwater
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perturbations (50-60 years after the perturbations have ended) at resolution (lon, lat) = (0.83, 0.55) degrees. Following
the established approach for both operational (Zijl et al., 2013) as well as climatic studies (Vousdoukas et al., 2016)
and references therein) of SSL, for each of the considered scenarios the DFLOW-FM model was forced by the daily
model output for the 10 year period starting 1st Dec, 50 years after the salinity perturbations end and the SSL was
recorded every 6 hours along the global coastline at 5467 locations (Figure 1). It should be noted that as the pattern
of the tropical cyclones is not resolved by the HadGEM3 output the hydrodynamic model performance is poor and
the SSL estimation is not considered reliable.

B. Global impacts

The absence of the large net flow of heat into the North Atlantic in the AMOC off run has the direct impact of a
large cooling in temperatures in this region. Seasonal mean anomalies in surface air temperature (SAT) are plotted
in figure 2 and one can see the reduced AMOC has the largest cooling effect in the North Atlantic region, particularly
in the northern hemisphere winter months, of up to 12o C. Not only is there significant localised cooling but cooling
in the entire northern hemisphere. In the AMOC off run there is also a slight compensating warming in the South
Atlantic as the energy usually moved north by the AMOC has to go somewhere else.
Another of the direct effects of the cooling in the North Atlantic is the increase of sea-ice as shown in figure 3 with
sea-ice almost reaching Scotland in the winter. The compensating warming in the southern hemisphere results in a
small reduction in sea ice fraction in the Southern Ocean.
One of the more indirect effects of the reduced AMOC is the change in the global precipitation patterns as shown
in figure 4. Due to reduced temperature of the northern hemisphere a new balance in the energy transport between
the equator and the poles is reached, resulting in a southward shift in the intertropical convergence zone (ITCZ). This
is particularly sharp in the Atlantic and Pacific but also visible, although more diffusely, in the Indian ocean. The
ITCZ governs the large scale rainfall in the tropics due to the convergence and subsequent uplift and cooling of humid
air masses and so this shift significantly affects rainfall patterns as can be seen in the figure. There is also a general
reduction over the whole of Eurasia. The Amazon also experiences less rainfall in DJF and MAM although there is
more precipitation in JJA and SON. Australia and southern Africa experience an increase in precipitation.
Another of the indirect effects of AMOC shutdown is the influence on vegetation net primary productivity (NPP).
In figure 5 the total NPP seasonal anomaly from all of the vegetation types is plotted. There is a general decrease in
Eurasia, particularly during the MAM and JJA growing seasons probably linked to the lower SATs and precipitation.
There is also a decrease in the Amazon during these two seasons while sub Saharan Africa has a year round decrease
from the shift of the ITCZ. NPP increases around southern Africa and eastern equatorial South America due again
to the shift in the ITCZ.
Seasonal NPP anomalies from just the C3 and C4 grass plant types (surrogates for crops) are shown in figure 6.
Once again, a marked decrease in Eurasia in seen, particularly during the growing seasons of MAM and JJA. Sub
Saharan Africa and India also experience year round decreases. However, southern Africa and Australia experience
year round increases in crop productivity.
Differences in control and AMOC off scenarios is also evident in the magnitude of the SSL along the global coastlines.
In Figure 7 the 99.5th percentile of the SSL of the AMOC off scenario is presented. It is expected that with the
99.5th percentile of the SSL, the most energetic storm surge events are selected, potentially compensating for the
short period of simulations (∼10 years). Both of the scenarios indicate the same areas with high SSL (not shown),
although with different magnitude. The areas with the highest SSL are:
• the Bering Strait at the North Pacific,
• the southern and eastern part of the North Sea and the Skagerrak channel,
• the gulf of Carpentaria at the northern Australia.
To our knowledge the magnitude of the SSL for the two scenarios is moderate, an indication that the model may
underestimate the high storm surge events. The reason that the SSL is underestimated may be due to the lower
reference wind height (lower than 10 m above mean sea level, e.g. due to the near surface friction), or that the
baroclinic effect is not strong enough in order to trigger high energetic storm surge events.
In order to examine the difference and the variability between the two scenarios, the SSL anomaly ∆SSL and the
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percentage change %∆SSL of the SSL are estimated respectively:

%∆SSL

∆SSL = SSLAM OCof f − SSLAM OCon
SSLAM OCof f − SSLAM OCon
=
× 100
SSLAM OCon

(1)
(2)

As a direct consequence of the moderate SSL, at the majority of the coastal areas the SSL anomaly (Figure 8) is
not significant. Furthermore, the analysis of the %∆SSL (Figure 9) demonstrates that under the AMOC off scenario
∼ 57% of the coastal locations may experience an increase of the SSL. Notably, 10-15% increase of the SSL is
estimated at ∼ 14.6% of the coastal areas and 15-20% increase at ∼ 7% of the areas under the AMOC off scenario.
On the contrary, it is estimated that at ∼ 13% of the studied areas the SSL will decrease from 5% to 10% comparing
to the control run scenario, while minor decrease (up to 5%) of the SSL is estimated at ∼17% of the coastal areas.
Comparing to the control run scenario, the differences of the SSL are minor due to the moderate SSL values that
are estimated by the model. While the SSL anomalies do not show significant changes between the two scenarios,
the analysis of the SSL percentage change indicates that at the majority of the coastal areas under an interruption of
AMOC, the SSL is estimated to increase. Comparing to the control scenario, significant increase (up to 20%) of the
SSL is estimated at ∼ 7% of the studied areas.
It should be noted that the objective of this study is to assess the effect of a potential AMOC interruption on SSL.
However, an integrated coastal hazard analysis would require encompassing the complete spectrum of components
contributing to extreme water levels, such as sea level rise, tides and wind waves.
C. Impacts on HELIX focus regions
1. Europe

Due to the proximity of Europe to the North Atlantic, particularly western Europe, the changes in climatic variables
are some of the largest. The impacts on Europe were largely reported in (Jackson et al., 2014, 2015) and we briefly
summarize the main findings here. The extra heat the AMOC carries into the North Atlantic acts to buffer the
seasonal temperature changes that would be experienced in its absence resulting in milder winters particularly in
western Europe. In the AMOC off run SATs fall across all seasons but during European winters the cooling is
greatest as can be seen in figure 10. The lower temperatures are amplified by the expansion of sea-ice, especially
in winter (figure 11), potentially closing off the busy shipping channel connecting the North and Baltic seas, the
Skagerrak, in DJF and MAM. The large change in temperatures in the region also produce a strengthening in wind
speed particularly across the UK in winter due to the increased air pressure differences caused by the larger pole to
equator temperature differences. The storm tracks (and probably the jet stream) are shifted southward and intensified
resulting in much windier winters from the prevailing westerlies. Summers in western Europe in contrast tend to be
calmer. Wind speed anomalies are plotted in figure 12.
Crop production as diagnosed from C3 and C4 grass NPP decreases across all seasons (figure 6) due to the decrease
in SAT and precipitation although they are strongest in the summer growing season. Snowfall largely increases due to
the decrease in temperatures however snowfall in the Alps and Carpathian mountains and Scandinavia decreases in
DJF (figure 13). This is because these areas are already cold enough in the AMOC on run to have snowfall, however
total precipitation mostly decreases across all seasons in Europe (figure 14). There are a few areas that experience
more precipitation, particularly the western coast of the British Isles in winter.
2. Northern hemisphere sub-Saharan Africa

The changes in temperature on northern hemisphere sub-Saharan Africa due to the reduction in AMOC are not as
great as in Europe however the southward shift of the ITCZ does have a large change on the usual seasonal climate
since the West African Monsoon (WAM) follows the position of the ITCZ. The WAM is characterised by warm,
moist south-westerlies moving inland off the Gulf of Guinea during the summer months which are largely absent
in the AMOC off run. In particular, because of the shift of the ITCZ and the monsoon, the arid desert area of
the Sahara now extends further south because of the decreased precipitation (figure 15). Presumably reduced cloud
cover indirectly diagnosed from an increase in incoming short wave radiation, figure 16, causes an increase in SATs,
particularly in the summer monsoon season (JJA) over the western sub-Sahara (figure 17). The drying effect of the
ITCZ shift is visible in the relative humidity anomalies in figure 18 and causes a reduction in both crop and total
NPPs (regional not shown but global plots are shown in figures 6 and 5 respectively).
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3. South Asia

Even though South Asia is separated by a large distance from the North Atlantic, this region is still significantly
affected by the large scale energy transport reorganisation required to balance the absence of the heat flux in the
reduced AMOC run. The changes are not as sharp as in the Atlantic region but the monsoons are affected, particularly
the Indian summer monsoon (ISM), dubbed ‘the real finance minister of India’, the most anticipated and economically
important of them. The ISM is not entirely understood and there are many factors that influence its strength and
position including the position of the ITCZ and the land to sea temperature gradients amongst others. It is usually
characterised by moist south westerly winds coming off the Arabian sea into the Indian continental interior due to the
air pressure difference caused by the stronger land heating in JJA. In the reduced AMOC run the ISM is significantly
weakened as can be seen in figure 19 with precipitation being approximately reduced by a factor of two in JJA (figure
20). As a result crop NPP is also significantly affected as can be seen in figure 21. The large change in the intensity
of the ISM does not seem to be due to a change in surface wind patterns. These remain largely the same in direction
although are slightly reduced in magnitude. The reduced precipitation seems to result from the relatively drier south
westerlies blowing off the Arabian sea in the AMOC off run as can be seen from the seasonal mean relative humidity
anomalies in figure 22.

D. Impacts of AMOC shutdown on other tipping points in the climate system

Here we consider the impact of a collapse of the AMOC on other tipping points in the climate system, within the
model world of HadGEM3. This allows some comparison with the results of a previous expert elicitation (Kriegler
et al., 2009) which considered the potential causal interactions between five different tipping points, including AMOC
collapse (figure 23). The elicitation was necessarily somewhat subjective, whereas we are able to explore quantitative
impacts within a high resolution Earth system model. Furthermore, we can consider impacts of AMOC collapse on
some other tipping points not considered in the elicitation. We start with the other four tipping elements considered
by Kriegler et al. (GIS, WAIS, ENSO, Amazon), before moving on to some other tipping elements. The effects we
find are summarised in figure 24.
1. Greenland ice sheet (GIS)

Shutdown of the AMOC causes cooling (SAT decrease) over Greenland, which should reduce the likelihood of
Greenland ice sheet meltdown, in agreement with the previous elicitation (Kriegler et al., 2009). However, there is
also a decrease in net precipitation (precipitation - evaporation) suggesting reduced accumulation of ice and freshwater
storage on Greenland (figure 25). The net result is expected to be a reduced commitment to long-term sea-level rise
from Greenland, offset somewhat by reduced accumulation of ice.
2. West Antarctic ice sheet (WAIS)

Shutdown of the AMOC causes warming (increase in SAT) (figure 2) around the WAIS region, accompanied by
a slight increase in SSTs (figure 26). Sea ice fraction also decreases (figure 3), which could make ice shelves more
vulnerable to collapse, weakening the buttressing of the ice sheet. The temperature effect is in agreement with the
elicitation (Kriegler et al., 2009). The net result is expected to be an increased commitment to long-term sea-level rise
from West Antarctica. However, considering the much larger temperature decreases over Greenland than increases
over Antarctica, the overall effect of AMOC collapse seems likely to be to slow the contribution of ice sheet melting
to global sea-level rise.
3. El Niño Southern Oscillation (ENSO)

To evaluate the effect of AMOC collapse on ENSO in the model runs we look at the Nino3.4 index defined as the
average of sea surface temperature (SST) anomalies over the region boxed by 5o N - 5o S and 170 - 120o W. Applied
here, for each run we find the area weighted mean SST in the Nino3.4 region for each season of every year of the
30 year steady state period (that is 60-90 after the start of the freshwater perturbations or 50-80 years after the
perturbations have ended). We then subtract from this 30 year time series of seasonal mean SSTs the long term
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seasonal mean (the mean seasonal SST over these 30 years) to obtain a new time series of SST anomalies to construct
the Nino3.4 index. These time series are presented in figure 27. One of the first things to note is that ENSO amplitude
in this version of the model seems to be low, underestimating variability. The warm, El Niño phase is usually defined
if the SST anomaly is > 0.5 o C. If the SST anomaly is < −0.5 o C, the cold phase, La Niña, is said to be occurring.
These amplitudes are barely exceeded in the control run however one can clearly see multi-year hot and cold phases
although of a lower amplitude than observed in the real world. One can also see the amplitude is generally lower in
the AMOC off run. The oscillation in the AMOC off run has much more of a choppy, seasonal cycle whereas the
meanders into the hot and cold phases are more persistent and longer lasting in the AMOC on run. This is more
apparent in the time series of the mean SST over the Nino3.4 region in figure 28 (this is the same as fig 27 without
the 30 year seasonal means subtracted).
The frequency spectrum of the Nino3.4 index reveals the amplitudes of each frequency component in each of the
two runs (figure 29). Note the shift to smaller amplitude, higher frequency oscillations in the AMOC off runs. That
is, variability due to ENSO decreases in amplitude and increases in frequency. In the control run, the dominant ENSO
period is around 3 - 5 years. One explanation for the shift to a more seasonal signal in the AMOC off runs is probably
routed in the shift of the ITCZ in the Pacific. This could cause the main ENSO region to also shift south.
These results contrast with suggestions from the expert elicitation (Kriegler et al., 2009) that AMOC collapse would
contribute to a shift to a more persistent El Niño regime through cooling of the NE tropical Pacific, thermocline
shoaling, and weakening of the annual cycle in the Eastern equatorial Pacific.

4. Amazon rainforest

Shutdown of the AMOC causes drying in the Amazon that is likely to cause forest dieback. Precipitation anomalies
in this region are shown in figure 30. This drying can be diagnosed from the net precipitation (not shown but has
almost identical patterns and magnitudes as the precipitation anomalies in figure 30), particularly in DJF and MAM,
caused by the southward shift of the ITCZ. The likely dieback is diagnosed from the reduction in total NPP shown in
figure 31. The expert elicitation recognised that there would be a southward shift of the ITCZ but was unsure about
the sign of the effect on Amazon dieback (Kriegler et al., 2009). The HadGEM3 results show it is clearly detrimental
across most of the Amazon region.
The HadGEM3 results are partially consistent with the Amazon dieback seen in global warming simulations with
older versions of the Hadley Centre Model (HadCM3/HadCM3LC and variants), and with the lesser drying of the
region in more recent models. Previous studies have found that the cross-equatorial Atlantic SST gradient is negatively
correlated with southern Amazon precipitation in JJA (the dry season) (Good et al., 2013). Hence a marked increase
in the N-S SST gradient in HadCM3 was linked to marked drying of the southern Amazon in JJA and corresponding
widespread Amazon dieback. Here in HadGEM3 the cooling of the North Atlantic due to AMOC collapse leads to
wetting of the southern Amazon in JJA. However, here there is widespread drying of the Amazon in DJF and MAM
(when the N-S SST gradient is further increased), whereas previous studies with the HadCM3 generation of models
showed the largest effects on Amazon precipitation in JJA and SON (Harris et al., 2008).

5. Boreal forest

Shutdown of the AMOC causes a decline in total NPP in the boreal Eurasian and American regions in the summer
growing season of JJA (figure 5) probably due to reduced temperatures and precipitation in these months (figs 2 and
4). We expect cold-tolerant needle-leaf trees to do better than broadleaf ones in the areas of the boundary between
the two, the opposite of the effects of global warming.

6. Arctic sea-ice

Shutdown of the AMOC causes large increases in Arctic sea-ice due to North Atlantic cooling (see figs 3 and 11)
and must amplify that cooling by increasing the regional surface albedo. We do not expect AMOC collapse to cause
a runaway expansion of sea-ice (i.e. snowball Earth) as that requires the ice line to reach around 30 degrees. Instead
the simulations show the winter sea-ice stopping just north of the Atlantic storm track, which is predicted to be a
stable state in more idealised ‘aqua-planet’ model simulations (Rose and Marshall, 2009; Ferreira et al., 2011). If
we imagine overlaying AMOC collapse on a global warming scenario it could conceivably reverse the loss of summer
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Arctic sea-ice that is expected in the coming decades, and for high warming scenarios where winter sea-ice is lost
abruptly in the next century it could potentially reverse that.
7. Monsoon systems

Shutdown of the AMOC weakens the West African and Indian summer monsoon systems as discussed above.
III. THE CLIMATE RESPONSE TO ARCTIC SEA ICE DECLINE IN THE NORTHERN HEMISPHERE

In a separate set of experiments we consider the impacts of an alternative tipping point, the widespread loss of
Arctic sea-ice, in this case presuming that an AMOC collapse has not (or at least not yet) occurred.
Arctic sea ice decline has been observed since at least 1979. The Arctic sea ice decline and associated surface
warming have a profound influence on the northern hemisphere climate particularly over Europe and has received
a lot of scientific attention e.g. (Barnes, 2013; Screen, 2013; Screen and Simmonds, 2013). The risk of a collapse
or wide-spread decline of Arctic sea-ice becomes more likely in a warming climate. The main aim of this section
is to investigate the potential climate response of an extreme Arctic sea-ice decline in a warmer climate. For this
purpose we have selected a 4 degree global warming climate (SWL4) as our baseline and superimpose an Arctic sea-ice
climatology from a CMIP5 model in which not only summer but also winter Arctic sea-ice has more or less completely
disappeared.
A. Experiment setup

Four atmosphere-only simulations driven by prescribed SSTs and sea ice from observations over recent decades
have been carried out with EC-Earth 3.1 with spectral resolution of T255 (corresponds to ∼ 80 km resolution).
These simulations share the same methodology as the Atmospheric Model Intercomparison Project (AMIP) (Gates
et al., 1998) experiments with each experiment comprises 10 ensemble members of 11-year of integration forced
by various SST and sea-ice concentration (SIC) conditions enabling a statistical evaluation of the results. The
GHG and aerosol forcing in all experiments is taken from years 2080-2090 of RCP85 which corresponds to the time
period when the CMIP5 simulation with the EC-EARTH model is 4 degrees warmer than its pre-industrial reference
temperature (SWL4). The detailed descriptions of the SST and SIC forcings are listed in Table I. The annual cycle
of SIC averaged over Northern Hemisphere from HS21 (EC-EARTH(SWL4)), HS23 (CNRM-CM5(SWL4)) and HS24
(CNRM-CM5(2160-2180)) are shown in figure 32.
B. Climate response over Northern Hemisphere

The effects of Arctic sea ice decline include local and remote effects. The direct local response are strongly affected
by the reduced surface albedo, which will alter the turbulent fluxes, water vapor and other parameters between the
atmosphere and ocean. The response of the atmosphere depends on the season and region. Compared to the reference
run (HS21), the lower ice experiment (HS24) has much warmer SAT in winter (DJF) and spring (MAM) over high
latitude (60o N-90o N) ocean areas and no pronounced differences are observed in summer (JJA) and autumn (SON).
Similar variation is also detected over high-latitude land areas, but the magnitude is much weaker. No significant
differences are found in mid-latitudes (30o N-60o N). Vice versa, the higher ice experiment (HS23) has produced much
colder SATs over ocean and land (figure 33 and figure 34). Warmer surface temperatures have strengthened the
evaporation into the atmosphere accompanied by more precipitation over in high-latitude ocean areas and only minor
changes are produced on both high- and mid-latitudes land areas (Figure 35).
The local and remote responses over high and middle latitudes are strongly modulated by large circulation changes.
In all our experiments, there is extremely low sea ice cover in autumn (figure 32). This anonymously low sea
ice condition could lead to a negative North Atlantic Oscillation (NAO) - Arctic Oscillation (AO) patterns in the
following winter (Liu et al., 2012). To elucidate the impact of Arctic sea ice decline on the atmospheric circulation,
the sea level pressure (SLP) difference between low (HS24) and high sea ice (HS23) experiments is shown in figure
36. A positive SLP anomaly is produced over Greenland in winter and spring. In winter cyclonic SLP anomalies over
the central Arctic region and anticyclonic SLP anomalies over the North Pacific occur indicating a weaker Aleutian
low and a slightly intensified Siberian High. There is also a positive SLP anomaly over Eurasian continent (figure 36)
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leading to cold advection and more cold air over eastern Eurasia (Takaya and Nakamura, 2005). Similarly, much larger
positive SLP anomalies occur in spring. Figure 37 shows the geopotential height response at 500hPa. Large positive
anomalies are observed over all the seasons, particularly in winter and spring, which indicates a negative AO phase
geopotential height anomaly distribution (figure 37). Correspondingly, a robust Arctic surface warming is observed in
winter and spring (figure 33). To further investigate the 1000-500 hPa layer thickness variation due to warm surface
temperature anomaly, the zonal mean geopotential height vertical profile is calculated in figure 38. It illustrates that
the north-south gradient of 1000-500 hPa layer thickness decreases in all seasons. Following the thermal wind law,
these distributions result in weaker westerlies pushing the cold Arctic air further south into mid latitudes (figure 39)
and cause more cold weather in winter (DJF) and spring (MAM) over eastern Eurasia (figure 34). These impacts are
also supported by the temperature gradient. The north-south temperature gradient has significantly decreased near
the surface indicating the jet-stream has a strong shift toward the equator while a weaker increase at upper levels and
the magnitude of polar shift is much weaker (figure 40).

IV. SUMMARY

Our simulations have shown the profound global impacts that would occur if human activities triggered a collapse
of the Atlantic meridional overturning circulation (AMOC), and the significant regional impacts of year-round Arctic
sea-ice loss. These two tipping point scenarios are somewhat mutually exclusive in that AMOC collapse is expected to
trigger the expansion rather than loss of Arctic sea-ice cover. Projected impacts of AMOC collapse include damaging
reductions in plant productivity including crop yields over Europe, a marked drying across Northern Hemisphere
sub-Saharan Africa, and a collapse of the Indian Summer Monsoon negatively impacting agricultural production.
Thus all three HELIX focal regions are severely disrupted. In the Arctic sea-ice loss scenario impacts are restricted to
the Northern Hemisphere mid-high latitudes including Europe, with a key prediction being an equator-ward shift of
the jet stream and weakening of westerlies that allows outbreaks of Arctic air further south into the mid-latitudes. In
the AMOC collapse scenario there are other global effects including a potential reduction in amplitude and increase
in frequency of ENSO variability, potential dieback of the Amazon rainforest, possible dieback of some boreal forests,
and reduced melting of the Greenland ice sheet.
In the experiments shown these impacts are isolated from the impacts of an overall global warming scenario. A
task for future work is to consider the combined impacts and interactions of high-end climate change scenarios and
specific tipping points. These interactions will not always be linearly additive, for example, a collapse of the AMOC
in a warmer climate will likely have less of an impact on Arctic sea-ice cover because much of the sea-ice will already
have been lost.
There is still a long way to go in assessing the impacts of crossing different tipping points. Further work should
combine the impacts information which we start to gather here with information on the likelihood of tipping points
under different warming scenarios calculated previously (Deliverable 10.1). The product of the likelihood and the
impacts of each tipping point can then be combined as a simple measure of the risk that it poses, and the different
tipping points can be ranked in terms of the risks they pose. From the present study it is clear that an AMOC collapse
has greater impacts than the loss of year-round Arctic sea-ice. Previous work suggests that both require relatively
rapid and high magnitude warming to occur. Therefore AMOC collapse poses a considerably greater risk than Arctic
sea-ice loss.
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FIG. 1 Observation points around the global coastline used to evaluate storm surge levels in the impacts model.

FIG. 2 Mean seasonal surface air temperature anomaly (AMOC off - AMOC on). Generally there is cooling throughout the
northern hemisphere in all seasons when the AMOC shuts down. The cooling is strongest in the North Atlantic winters.
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FIG. 3 Mean seasonal sea-ice fraction anomaly (AMOC off - AMOC on). Because of the cooling from the AMOC shutdown
there is much more Arctic sea-ice present, particularly in the North Atlantic.

FIG. 4 Mean seasonal precipitation anomaly (AMOC off - AMOC on). The absence of the large heat flux into the North
Atlantic provided by the AMOC has caused a new balance in the pole equator energy transport resulting in a southern shift
in the Intertropical convergence zone (ITCZ) visible in the strong precipitation anomalies around the equator.
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FIG. 5 Mean seasonal net primary production anomaly for all vegetation types (AMOC off - AMOC on). A general decrease
across Eurasia is seen probably linked to the lower SATs and precipitation in the AMOC off run.

FIG. 6 Mean seasonal net primary production anomaly for C3 and C4 grasses representing crops (AMOC off - AMOC on).
Again, decreases are seen in Eurasia, northern hemisphere sub-Saharan Africa and India particularly during the growing seasons.
Southern Africa and Australia experience an increase however.
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FIG. 7 99.5 percentile of the SSL (m) under the AMOC off scenario.

FIG. 8 SSL anomaly (m) between the two scenarios considered in this study.
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FIG. 9 Percentage change of the SSL between the AMOC off and the control runs.
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FIG. 10 Mean seasonal surface air temperature anomaly over Europe (AMOC off - AMOC on). The largest SAT changes when
the AMOC is shutdown are experienced in the North Atlantic and surrounding regions such as western Europe.

FIG. 11 Mean seasonal sea-ice thickness anomaly over Europe (AMOC off - AMOC on). The lower temperatures from the
absence of the AMOC allow more sea-ice growth potentially closing off the busy shipping channel between the Baltic and North
Seas in DJF and MAM.
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FIG. 12 Mean seasonal wind speed anomaly over Europe (AMOC off - AMOC on). In the AMOC off run North Atlantic storm
tracks are shifted southward (along with the ITCZ) and intensified, particularly in winter, from the increased temperature
gradients.

FIG. 13 Mean seasonal snowfall anomaly over Europe (AMOC off - AMOC on). Even though precipitation decreases across
Europe in the AMOC off runs, a much higher proportion falls as snow, giving an actual increase in snowfall apart from a few
areas which were already cold enough in the control runs (Alps, Carpathian mountains, parts of Scandinavia) to have significant
snowfall.
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FIG. 14 Mean seasonal precipitation anomaly over Europe (AMOC off - AMOC on). Total precipitation (including snowfall)
decreases over Europe when AMOC shuts down.
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FIG. 15 Mean seasonal precipitation anomaly over sub-Saharan Africa (AMOC off - AMOC on). The southward shift of the
ITCZ results in a reduction in precipitation and a likely southward shift of the Sahara’s southern extent.

FIG. 16 Mean seasonal incoming surface short wave radiation flux anomaly over sub-Saharan Africa (AMOC off - AMOC on).
Increased SATs in summer in the west of this region, even though the northern hemisphere cools, seem to be due to a local
decrease in cloud cover (drying) indirectly diagnosed from an increase in the net surface SW flux.
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FIG. 17 Mean seasonal surface air temperature anomaly over sub-Saharan Africa (AMOC off - AMOC on). There is a general
cooling in the AMOC off run however the sub-Sahara region may get slightly warmer during the monsoon season likely due to
decreased cloud cover.

FIG. 18 Mean seasonal relative humidity anomaly over sub-Saharan Africa (AMOC off - AMOC on). Reduced relative humidity,
decreased cloud cover and decreased precipitation all indicate drying in the region.
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FIG. 19 Mean seasonal precipitation anomaly over south Asia (AMOC off - AMOC on). There is a reduction in precipitation
particularly over the important growing seasons due to a reduction in the Indian summer monsoon (ISM).

FIG. 20 Mean relative precipitation anomaly (AMOC off - AMOC on)/AMOC on over south Asia in JJA. Precipitation from
the ISM is reduced by a factor of two in the AMOC off run potentially having severe consequences on crop productivity.
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FIG. 21 Mean seasonal net primary productivity anomaly of C3 and C4 plant types over south Asia (AMOC off - AMOC on).
The reduction in the ISM causes a decrease in crop growth in the region.

FIG. 22 Mean seasonal relative humidity anomaly over south Asia (AMOC off - AMOC on). The decrease in the ISM amplitude
seems to be due to a large scale drying of surface air masses rather than a change in wind patterns.
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FIG. 23 Climate tipping point interactions in the Earth system from (Kriegler et al., 2009).

FIG. 24 Climate tipping point interactions due to AMOC collapse in this study.
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FIG. 25 Mean seasonal net precipitation anomaly (precipitation - evaporation) over Greenland (AMOC off - AMOC on). A
reduction in accumulation of water on the Greenland ice sheet from net precipitation is seen in the AMOC off run. However,
the GIS may still grow due to decreased temperatures reducing ice loss from melting.

FIG. 26 Mean seasonal global sea surface temperature (AMOC off - AMOC on). There is an increase in SST in the Southern
Ocean when the AMOC is off possibly destabilising ice shelves such as the West Antarctic ice shelf (WAIS).
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FIG. 27 Nino3.4 index for the AMOC off (red line) and the AMOC on (control, blue line) runs for the 30 year steady state
period of each run (60-90 after the start of the freshwater perturbations or 50-80 years after the perturbations have ended). In
the control run one sees more persistent longer period, higher amplitude cold and warm episodes compared the the AMOC off
run. The AMOC off ENSO has reduced amplitude, higher frequency oscillations with a much choppier, seasonal signal visible.

FIG. 28 Area weighted mean seasonal sea surface temperature over the Nino3.4 region for the AMOC off (red line) and the
AMOC on (control, blue line) runs for the 30 year steady state period of each run (60-90 after the start of the freshwater
perturbations or 50-80 years after the perturbations have ended). The choppier, higher frequency oscillation is more visible in
the AMOC off run SST record.
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FIG. 29 Frequency spectrum of the Nino3.4 index for the AMOC off (red line) and the AMOC on (control, blue line) runs.
One sees more formally the shift to lower amplitude, higher frequency ENSO oscillations in the AMOC off run.

FIG. 30 Mean seasonal precipitation anomalies over the Amazon (AMOC off - AMOC on). There is a reduction in precipitation
DJF and MAM over the Amazon and an increase in SON.
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FIG. 31 Mean seasonal total net primary productivity over the Amazon (AMOC off - AMOC on). A general decrease in seen
in the AMOC off run suggesting an Amazon dieback.
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FIG. 32 Annual cycle of sea ice cover averaged over the northern hemisphere used in the Arctic sea-ice experiments.

FIG. 33 Annual cycle of surface air temperature (SAT) averaged over high-latitudes (60o N-90o N) and lower-latitudes (30o N60o N) in the Arctic sea-ice experiments (unit: o C).
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FIG. 34 Surface air temperature (SAT) differences (HS24 - HS23) between experiments HS24 and HS23 for MAM, JJA, SON
and DJF. The hatched area denotes significant values except 95% confidence level based on a Student’s t-test. (unit: o C)
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FIG. 35 Annual cycle of precipitation averaged over the high-latitudes (60o N-90o N) and lower-latitudes (30o N-60o N) (unit:
mm/day).

Experiment SST forcing
HS21
Seasonal cycle
from EC-Earth
simulation for
4o C global warming
HS22
Actual SST from
EC-Earth
simulation for
4o C global warming
HS23
Seasonal cycle
from EC-Earth
simulation for
4o C global warming
HS24
Seasonal cycle
from EC-Earth
simulation for
4o C global warming

Sea-ice forcing
Seasonal cycle
from EC-Earth
simulation for
4o C global warming
Actual sec-ice
extent from ECEarth simulation
for 4o C global warming
Seasonal cycle
sea-ice from CNRMCM5 for the
4o C global warming
Seasonal cycle
sea-ice from CNRMCM5 for a late
period of the
CMIP5 simulation
when there is
almost no sea-ice left
during winter

Ensemble number Analysis period Remark
10
11
Reference run
consecutive years

10

11
consecutive years

10

11
High ice run
consecutive years

10

11
Low ice run
consecutive years

TABLE I Summary of the sea-ice loss sensitivity experiments described in section III
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FIG. 36 Sea level pressure (SLP) differences (HS24 - HS23) between experiments HS24 and HS23 for MAM, JJA, SON and
DJF. The hatched area denotes significant values except 95% confidence level based on a Student’s t-test. (unit: hPa)
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FIG. 37 Geopotential height differences (HS24 - HS23) between experiments HS24 and HS23 for MAM, JJA, SON and DJF.
The hatched area denotes significant values except 95% confidence level based on a Student’s t-test. (unit: meter)
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FIG. 38 Vertical pattern of zonal-mean geopotential height differences between low (HS24) and high ice (HS23) experiments.
(unit: meter)

FIG. 39 Vertical pattern of zonal-mean zonal wind differences between low (HS24) and high ice (HS23) experiments. (unit:
m/s)
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FIG. 40 Vertical pattern of zonal-mean air temperature differences between low (HS24) and high ice (HS23) experiments.
(unit: o C)

