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5 millionin 1960 to 22 million in 2008). Koutroulis et al. (2016) reported that only 6% out of the total 18% decrease inwater availability

projected for Crete under 2°C of global warming at the end of the

21st century would be due to decreased precipitation, with the

remaining 12% due to an increase in evapotranspiration. This study and others like it confirm an important risk of extreme drought

conditions for the Middle East under 1.5°C of global warming {Jacob

etal, 2018}, with risks being even higher in continental locations.

than on islands; these projections are consistent with current observed changes (Saction 3.3.4; Greve et al,, 2014). Risks of drying in the
Meditsrransan regicn could be substantially reduced if global warming is limited to 1.5°C compared to 2°C or higher lavels of warming
(Section 3.4.3; Guiot and Cramer, 2016). Higher warming levels may induce high levels of vulnerability exacerbated by large changes

in demagraphy.

335  Runoffand Fluvial Flooding
3.35.1 Obsenved and attributed changes in runoff and river
floading

There has been progress since ARS in identifying historical changes
in streamflovs and continental runofi. Using the available streamflow
data, Dai (2016) showed that long-term {1948-2012) flow trends
are statistically significant only for 27.5% of the world's 200 major
rivers, with negative trends outnurnbering the positive ones. Although
streamflow trends are mostly not statistically significant, they are
consistent with observed regional precipitation changes. From 1950 to
2012, precipitation and runoff have increased over southeastern South
America, central and northem Australia, the central and northeastem
United States, central and northern Europe, and most of Russia, and
they have decreased over most of Africa, East and South Asia, eastemn
coastal Australia, the southeastern and northwestern United States,
western and eastern Canada, the Mediterranean region and some
regions of Brazil (Daj, 2016),

A large part of the observed regional trends in streamflow and runoff
might have resulted from internal multi-decadal and multi-year climate
variations, especially the Pacific decadal variability (PDV), the Atlantic
Multi-Decadal Oscillation (AMO) and the El Nifio~Southern Oscillation
(ENSO), although the effect of anthropogenic greenhouse gases
and aerosols could also be important (Hidalgo et al., 2009; Gu and
Adler, 2013, 2015; Chiew et al, 2014; Luo et al, 2016; Gudmundsson
et al, 2017). Additionally, other hurman activities can influence the
hydrological cycle, such as land-use/land-cover change, modifications
in river morphology and water table depth, construction and
operation of hydropower plants, dikes and weirs, wetland drainage,
and agricultural practices such as water withdrawal for irrigation. All
of these activities can also have a large impact on runoff at the river
hasin scale, although there is less agreement over their influence on
global mean runoff {Gerten et al,, 2008; Sterling et al, 201 2; Hall etal.,
2014; Betts et al,, 2015; Arheimer et al, 2017), Some studies suggest
that increases in g\obal runuﬁ resulting from changes in land cover
or land use (pred ) are c balanced by
decreases resulting from irrigation (Gerten et al,, 2008; Sterling et al,
2012). Likewise, forest and grassland fires can modify the hydrological
response at the watershed scale when the burned area is significant
(Versini et al, 2013; Springer et al, 2015; Wine and Cadol, 2016).

Fewv studies have explored observed changes in extreme streamflow
and river flooding since the IPCC ARS. Mallakpour and Villarini (2015)

analysed changes of flood magnitude and frequency in the central
United States by considering strear gauge daily records with at least
50 years of data ending no earlier than 2011, They showed that flood
frequency has increased, whereas there was limited evidence of a
decrease in flood magnitude in this region. Stevens et al. (2016) found
arise in the number of reported flooads in the United Kingdom during
the period 1884-2013, with fload events appearing more frequently
towards the end of the 20th century. A peak was identified in 2012,
when annual rainfall was the second highest in over 100 years. Doetal.
(201 7) computed the trends in annual maximum daily streamflow data
across the globe aver the 1966-2005 pericd. They found decreasing
trends for a large number of stations in western North America and
Australia, and increasing trends in parts of Europe, eastern North
America, parts of South America, and southem Africa.

In surmary, streamflows trends since 1950 are not statistically
significant in most of the world's largest rivers {(high confidence),
while flood frequency and extreme sreamflow have increased in some
regions (righ confidence).

3.3.5.2  Projected changes in runoff and river flooding at 1.5°C
versus 2°C of global warming

Global-scale assessments of projected changes in freshwater systems
generally suggest that areas with either positive or negative changes
in mean annual streamflow are smaller for 1.5°C than for 2°C of
global warming (Betts et al.,, 2018; Déll et al,, 2018). Doll et al. (2018)
found that only 11% of the global land area {excluding Greenland and
Antarctica) shows a statistically significantly larger hazard at 2°C than
at 1.5°C. Significant decreases are found for 13% of the global land
area for both global warming levels, while significant increases are
projected to occur for 21% of the global land area at 1.5°C, and rise
1o between 26% (D8Il et al., 2018) and approximately 50% (Betts &t
al, 2018) at2°C.

At the regional scale, projectzd runoff changes generally follow the
spatial extent of projected changes in precipitation (see Section 3.3.3).
Ermerging literature includes runaff projections for different warming
levels For 2°C of global wamming, an increase in runaff is projected
for much of the high northern latitudes, Southeast Asia, East Africa,
northeastern Europe, India, and parts of, Austria, China, Hungary,
Norway, Sweden, the nortmwest Balkans and Sahel {Schleussner et
al., 2018b; Donnelly et al., 2017; Déll et al, 2018; Zhai et al, 2018).
Additionally, decreases are projected in the Mediterranean region,
southern Australia, Central America, and central and southern South
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America (Schleussrer et al, 2016k; Donnelly et al, 2017, Déll et al,
2018). Differences betweeen 1.57C and 2°C wiould be most prominent
in the Mediterranean, where the median reduction in annual runoft
is expected to be about 8% Qlikely range 4.5-15.5%) at 1.5°C,
while at 2°C of waming runoff could decrease by 17% (lkely range
8-25%] (Sehleussner et al, 2018h). Consistent with these projections,
Dall et al. (2018 found that statistically insignificant changes in the
mean annual streamflow around the Mediterranean region became
significant when the global waming scenariowas changedfrom 1.5°C
0 2%C, with decreases of 10-30% between these two waming levels
Donnelly et al. (2017) found an interse decrease in runoff along bath
the Iberian and Balkan coasts with an increase inwaming level

Basirescale projections of river runoff at different warming levels
are available for many regions. Betts et al. {2018} assessed mnoff
changes in 21 of the weorld's major river basins at 1.5%C and 2°C of
globsal wearming (Figure 2.15). They found 2 general tendency towards
increased nunoff except inthe Amazon, Orange, Danube and Guadiana
basing where the range of projections indicate decreased mean flows
(Figure 3.13]. In the case of the Amazon, mean flows are projected
to decline by up to 25% at 2°C global waming (Betts et al, 2018)
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Gosling et al. (2017) analysed the impact of globalwaming of 1°C, 2°C
and 3°C above pre-industrial lewels on river runoff at the catehment
scale, focusing on eight major rivers in different cortinents: Upper
Amazan, Darling, Ganges, Lena, Upper Mississippi, Upper Niger, Rhine
and Tagus. Their results shows that the sign and magnitude of change
wiith global warming for the Upper Amazon Daring Ganges, Lpper
Wiger and Upper Mississippi is unclear while the Rhine and Tagus may
experience decreases in projected runoff and the Lena m ay experience
increases. Donnelly et al. (2017) analysed the mean flow response to
different warming levels for six major European rivers: Glomma, Wisla,
Lule, Ebro, Rhine and Danube. Consistent with the increases in mean
runoff projected forlarge parts of narthern Europe, the Glomm s, Wida
and Lule rivers could experience increased discharges with global
wiaming while discharges fram the Ebro could decrease in part due
to a decrease in runoff in southern Europe. In the case of the Rhine
and Danube rivers, Donnelly et al. (2017) did not find clear results.
Mean annual runoff of the Yilua River catchmert in northern China
is projected to decrease by 22% at 1.5°C and by 31% at 2°C, wrhile
the mean annual runoff for the Beijiang River catchment in southern
China is projected to increase by less than 1% at 1.5°C and 3% at
2°C in comparison to the studied baseline period (L. Liu et al, 2017).
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Figura 2,15 | Runaff changes in twerty-one of thewarkd's major ver basins 3t 1.5°C {blua)and 2% (omnge) of globa lwarming, simukted by the Jaint UK Land Enimnment
Simulator] IULES ) ecosste mehydmiogy ode | undzrthe ense mble of sixclimate pmjections. Bowes show the 25thand 75th permz il changes, whiskers show the mnge, citles
showe the four pmjections that do not define the endsofthe mnge, andcmsses show the ersemble means. NMumbers in squam brckets show the e nserrble-mean flow in the
basalife (rrillimetres of min equbslent] (Sours: Batrs o al, 20118)
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Chen et al. (2017) assessed the future changes in water resources in
the Upper Yangtze River basin for the same warming levels and found
aslight decrease in the annual discharge at 1.5°C but a slight increass
at 2°C. Montroull et al. (2018) studied the hydrological impacts of the
main rivers {Paraguay, Paran, Iguazi and Uruguay} in La Plata basin
in South America under 1.5°C and 2°C of global warming and for two
emissions scenarios. The Uruguay basin shows increases in
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in contrast, they are projectsd to decrease at higher latitudes (eg.,
in most of Finland, northwestemn Russia and northem Sweden], with
the exception of southern Sweden and some coastal areas in Norway
where flood magnitudes may increase (Roudier et al, 2016). At the
basin scale, Mohammed etal. 2017} found that floods are projected to
be more frequent and flood magnitudes greater at 2°C than at 1.5°C

for all scenarioshwarming targets except for the combination of
RCP8.5/1.55C of warming. The increase is approximately 15% above
the 1981-2000 reference period for 2°C of global warming and the
RCP4.5 scenaria, For the other three rivers the sign of the change in
mean streamflow depends strongly on the RCP and GCM used.

Manx et al. (2018) analysed how hydrological low flows in Europe are
affected under different global warming levels (1.5°C, 2°C and 3°C).
The Alpine region showed the strongest low flow increase, from 22%
at 1.5%C to 30% at 2°C, because of the relatively large snow melt
contribution, while in the Medi low flows are expected to
decrease because of the decreases in annual precipitation projected
for that region. Doll et al. (2018) found that extreme low flows in the
tropical Amazon, Congo and Indonesian basins could decrease by 10%
at 1.5°C, whereas they could increase by 30% in the southwestern part
of Russia under the same warming level. At 2°C, projected increases in
extreme low flows are exacerbated in the higher northern latitudes and
in eastern Africa, India and Southeast Asia, while projected decreases
intensify in the Amazon hasin, westemn United States, central Canada,
and southern and western Europe, afthough not in the Congo basin or
Indonesia, where models show less agreement.

Recent analyses of projections in river flooding and extreme runoff and
flows are available for different global warming levels. At the global
scale, Alfieri etal. {2017} assessed the frequency and magnitude of river
floods and their impacts under 1.5°C, 2°C and 4°C global warming
scenarios. They found that flood events with an occurrence interval
longer than the return period of present-day flood protections are
projected to increase in all continents under all considered warming
levels, leading to a widespread increment in the flood hazard. Dol et al
(2018) found that high flows are projected to increase significantly on
11% and 21% of the global land area at 1.5°C and 2°C, respectively.
Significantly increased high flows are expected to occur in South and
SoutheastAsia and Central Africa at1.5°C, with this effectintensifying
and including parts of South America at 2°C.

Regarding the continental scale, Donnelly et al. (2017) and Thoher et
al. {2018} explored climate change impacts on European high flows
and/or floods under 1.5°C, 2°C and 3°C of global warming. Thober et
al. (2018} identified the Mediterranean region as a hotspot of change,
with significant decreases in high flows of —1 19 and —1 3% at 1,5°C
and 2°C, respactively, mainly resulting from reduced precipitation (Box
3.2). In northern regions, high flows are projected to rise by 1% and
5% at 1.5°C and 2°C, respectively, owing to increasing precipitation,
although floods could decrease by 6% in both scenarios because of
less snowmelt Donnelly et al (2017) found that high runcff levels
could rise in intensity, robustness and spatial extent over large parts
of continental Europe with an increasing warming level. At 2°C, flood
magnitudes are expected to increase significantly in Europe south of
60N, except for same regions (Bulgaria, Poland and southern Spain);

in the River in 1. In coastal regions, increases
in heavy precipitation associated with tropical cyclones {Section
3.3.6) combined with increased sea levels (Section 3.3.9) may lead to
increased flooding (Section 3.4.5).

In summary, there is medium confidence that global warming of 2°C
ahove the pre-industrial period would lead to an expansion of the
area with significant increases in runoff, as well as the area affected
by flood hazard, compared to conditions at 1.5°C of global warrning.
Aglobal warming of 1.5°C would alsolead to an expansion of the global
land area with significant increases in runoff {medium confidence) and
1o an increase in flood hazard in some regions {medium confidence)
compared to present-day conditions.

3.36  Tropical Cyclones and Extratropical Storms

Maost recent studies on ohserved trends in the attributes of tropical
cyclones have focused on the satellite era starting in 1979 (Rienecker
et al,, 2011}, but the study of chserved trends is complicated hy the
heterogeneity of constantly advancing remots sensing techniques and
instrumentation during this period {e.g., Landsea, 2006; Walsh et al,,
2016). Numerous studies leading up to and after ARS have reported
a decreasing trend in the global number of tropical cyclones andior
the globally accurnulated cyclonic energy (Emanuel, 2005; Elsner et al,,
2008; Knutson et al, 2010; Holland and Bruyére, 2014; Klotzbach and
Landsea, 2015: Walsh et al, 2016). A theoretical physical basis for such
a decrease to occur under global warming was recently provided by
Kang and Elsner (2015). However, using a relatively short {20 year)
and relatively hamogeneous remately sensed recard, Klatzbach (2006)
reported no significant trends in global cyclonic activity, consistent
with more recent findings of Holland and Bruyére (2014). Such
contradictions, in combination with the fact that the almost four-
decade-long period of remotely sensed observations remains relatively
short to distinguish anthropogenically induced trends from decadal
and multi-decadal variahility, implies that there is only fow cenfidence
regarding changes in global tropical cyclone numbers under global
waming over the last four decades.

Studies in the detection of trends in the occurrence of very intense
tropical cyclones (category 4 and 5 hurricanes on the Saffir-Simpson
scale) over recent decades have yielded contradicting results. Mast
studies have reported increases in these systems {Emanuel, 2005;
Wiehster et al,, 2005; Klotzhach, 2006; Elsner et al, 2008: Knutson etal,
2010; Holland and Bruyére, 2014;Walsh etal, 2016}, in particular for the
North Atlantic, Morth Indian and South Indian Ocean basins {.q., Singh
etal, 2000; Singh, 201 C; Kossin etal, 2013; Holland and Bruyére, 2014;
Walsh etal, 2016). In the North Indian Ocean over the Arabian Sea, an
increase in the frequency of extremely severe cyclonic storms has been
reported and attributed to anthropogenic warming (Murakami et al.,
2017}, However, o the east over the Bay of Bengal, tropical cyclones
and severe tropical cyclones have exhibited decreasing trends aver
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the period 19612010, although the ratio between severe tropical
cyclones and all tropical cyclones is increasing (Mohapatra et al,
2017}, Moreover, studies that have used more hemogeneous records,
butwere consequently limited to rather short periods of 20 o 25 years,
have reported no statistically significant trends or decreases in the
global number of these systems (Kamahori et al., 2006; Klotzbach and
Landsea, 2015). Likewise, CMIPS model simulations of the historical
period have not produced anthropogenically induced trends in very
intense tropical cyclones (Bender et al, 2010; Knutson et al, 2010,
2013; Camarge, 2013; Christensen et al. 2013), consistent with the
findings of Klotzbach and Landsea (2015). There is consequently fow
confidence in the conclusion that the number of very intense cyclones
s Increasing globally

General circulation model (GCM) projections of the changing
attributes of tropical cyclones under high levels of greenhouse gas
forcing {3°C to 4°C of global warming) consistently indicate decreases
in the global number of tropical cyclones (Knutson et al, 2010, 2015;
Sugi and Yoshimura, 2012; Christensen et al,, 2013; Yoshida et al,
2017). A smaller number of studies based on statistical downscaling
methodologies contradict these findings, however, and indicate
increases in the global number of tropical cyclones under climate
change (Emanuel, 2017). Mast studies also indicate increases in the
glcbal number of very intense tropical cyclones under high levels of
global warming {Knutson et al,, 2015; Sugi et al, 2017), consistent
with dynamic theory {Kang and Elsner, 2015}, although a few studies
contradict this finding (e.g., Yoshida et al,, 2017). Hence, it is assessed
that under 3°C to 4°C of warming that the global number of tropical
cyclones would decrease whilst the number of very Intense cyclones
would increase (medium confidence).

To date, only two studies have directly explered the changing tropical
cyclone atfributes under 1.5°C versus 2°C of global warming. Using
a high resolution global atmospheric model, Wehner et al. (2018a)
concluded that the differences in tropical cyclone statistics under 1.5°C
versus 2°C stabilization scenarios, as defined by the HAPPI protocols
(Mitchell et al, 2017) are small. Consistent with the majority of studies
performed for higher degrees of global warming, the total number
of tropical cyclones is projected to decrease under global warming,
whilst the most intense (categories 4 and 5) cyclones are projected
to occur mare frequently. These very intense storms are projected
1o be associated with higher peak wind speeds and lower central
pressures under 2°C versus 1.5°C of global warming. The accumulated
cyclonic energy is projected to decrease globally from 1.5°C to 2°C, in
assoclation with a decrease in the global number of wopical cyclones
under progressively higher levels of global warming. It is also noted
that heavy rainfall associated with tropical cyclones was assessed in
the IPCC SREX as Jikely to increase under increasing global warming
(Seneviratne et al, 2012). Two recent articles suggest that there is
high confidence that the current level of global warming {ie, about
1°C, see Section 3.3.1) increased the heavy precipitation associated
with the 2017 Hurricane Harvey by about 15% or more (Risser and
Wehner, 2017; van Oldenborgh et al, 2017}. Hence, it can be inferred,
under the assumption of linear dynamics, that further increases in
heavy precipitation would occur under 1.5°C, 2°C and higher levels of
glcbal warming {medium confidence). Using a high resolution regional
cimate model, Muthige et al. (2018) explored the effects of different
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degrees of global warming on tropical cyclones over the southwest
Indian Ocean, using transient simulations that downscaled a number of
RCP8.5 GCM projections. Decreases in tropical cyclone frequencies are
projected under bath 1.5°C and 2°C of global warming. The decreases
in cyclone frequencies under 2°C of global warming are semewhat
larger than under 1.5°C, but no further decreases are projected under
3°C. This suggests that 2°C of warming, at least in these downscaling

i p atypeof on level in terms of tropical
cyclone formation over the southwest Indian Ocean and landfall over
southem Africa (Muthige et al,, 2018). There is thus /imited evidence
that the global number of tropical cyclones will be lower under 2°C
compared ta 1.5°C of global warming, but with an increase in the
number of very intense cyclones (low confidence).

The global response of the mid-latitude atrmospheric circulation to
1.5°C and 2°C of warming was investigated using the HAPPI ensemble
with a focus on the winter season (Li et al, 2018). Under 1.5°C of
global warming a weakening of storm activity over North America,
an equatorward shift of the North Pacific jet exit and an equatorward
intensification of the South Pacific jet are projected. Under an additional
0.5°C of warming a poleward shift of the North Atlantic jet exit and
an intensification on the flanks of the Southern Hemisphere storm
track are projected to become more pronounced. The weakening of
the Mediterranean storm track that is projectad under low mitigation
emerges in the 2°C warmer world iLi et al, 2018, ARS assessed that
under high greenhouse gas forcing (3°C or 4°C of global warming)
there is low confidence in projections of poleward shifts of the
Northern Hemisphere starm tracks, while there Is fgh confidence that
there would be a small poleward shift of the Southern Hemisphere
storm tracks (Stocker et al, 2013). In the context of this report, the
assessment is that there is /imited evidence and /ow confidence in
whether any projected signal for higher levels of warming would be
clearly manifested under 2°C of global warming.

337  Ocean Circulation and Temperature

It is virtually certainr that the temperature of the upper layers of the
acean (0-700 m in depth) has been increasing, and that the global
mean for sea surface temperature {SST) has heen changing at a rate
just behind that of GMST. The surfaces of three ocean basins has
warmed over the period 1950-2016 {by 0.11°C, 0.07°C and 0.05°C
per decade for the Indian, Atlantic and Pacific Oceans, respectively:
Hoegh-Guldberg et al, 2014}, with the greatest changes occurring
at the highest |atitudes. Isotherms (ie., lines of equal temperature) of
sea surfaca temperatura (SST) are shifting to higher latitudes at rates
of up to 40 km per year (Burrows et al, 2014; Garcia Molinos et al,,
2015). Long-term patterns of variability make detecting signals due to
climate change complex, although the recent acceleration of changes
to the temperature of the surface layers of the ocean has made the
climate signal more distinct (Hoegh-Guldberg et al, 2014). There is alsa
evidence of significant increases in the frequency of marine heatwaves
in the observational record {Oliver et al, 2018), consistent with
changes in mean ocean temperatures (high confidence). Increasing
climate exiremes in the ocean are associated with the general rise in
global average surface temperature, as well as more intense patterns
of climate variability {e.g., climate change intensification of ENSO}
(Section 3.5.2.5). Increased heat in the upper layers of the ocean is
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also driving more intense storms and greater rates of inundation in
some regions, which, together with sea level rise, are already driving
significant impacts to sensitive coastal and low-lying areas (Section
3.3.6).

Increasing land-sea temperature gradients have the potential to
strengthen upwelling systems associated with the eastern boundarny
currents (Benguela, Canary, Humbeldt and Californian Currents;
Bakun, 1990). Observed trends suppert the conclusion that a general
strengthening of longshore winds has accurred (Sydeman etal, 20145,
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Eisenrman, 2017) and anthropogenic CO, emissions (Notz and Stroeve,
2016). This mismatch hetween the chserved and modelled sensitivity
of Arctic sea ice implies that the multi-model-mean responses of future
sea ice evolution probably underestimates the sea ice loss for a given
amount of global wamming. To address this issue, studies estimating
the future evolution of Arctic sea ice tend to bias correct the model
simulations based on the ohserved evolution of Arctic sea ice in
response to global warming. Based on such bias carrection, pre-ARS
and post-ARS studies generally agree that for 1.5°C of global warming
relative to pre-industrial levels, the Arctic Ocean will maintain asea ice

but theimplications of trends detected in upwelling currents

are unclear (Lluch-Cota etal, 2014). Prajections of the scale of changes
between 1°C and 1.5°C of global warming and between 1.5°C and
2°Care anly informed by the changes during the pastincrease in GMST
of 0.5°C {fow confidence). However, evidence frorn GCM projections
of future climate change indicates that a general strengthening of the
Benguela, Canary and Humboldt upwelling systems under enhanced
anthropogenic forcing (D. Wang et al, 2015) is projected to occur
(medium confidence). This strengthening is projected to be stronger
at higher latitudes. In fact, evidence from regional climate modelling
is supportive of an increase in long-shore winds at higher latitudes,
whereas long-shore winds may decrease at lower latitudes as a
consequence of the poleward displacement of the subtropical highs
under climate change {Christensen et al, 2007: Engelbrecht et al,
2009).

It is more fikely than not that the Atlantic Meridional Overturning
Circulation (AMOC} has been weakening in recent decades, given
the detection of the cocling of surface waters in the North Atlantic
and evidence that the Gulf Stream has slowed since the late 1950s
{Rahmstorf et al, 2015h; Srokosz and Bryden, 2015; Caesar et al,
2018). There is only fimited evidence linking the current anomalously
weak state of AMOC to anthropogenic warming (Caesar et al., 2018). It
is very likely that the AMOC will weaken over the 21 st century. The best
estimates and ranges for the reduction based on CMIPS simulations
are 11% (1= 24%) in RCP2.6 and 34% (12— 54%) in RCP8.5 {ARS).
There is no evidence indicating significantly different amplitudes of
AMOC weakening for 1.5°C wersus 2°C of global warming.

338 Sealce

Summer sea ice in the Arctic has been retreating rapidly in recent
decades. During the period 1997 to 2014, for example, the monthly
mean sea ice extent during September (summer) decreased on average
by 130,000 km? per year {Serreze and Stroews, 2015} This is about four
times as fast as the September sea ice loss during the period 1979
to 1996. Sea ice thickness has also decreased substantially, with an
estimated decrease in ice thickness of more than 50% in the central
Arctic {Lindsay and Schweiger, 2015]. Sea ice coverage and thickness
also decrease in CMIPS simulations of the recent past, and are
projected to decrease in the future (Collins et al, 2013). However,
the modelled sea ice loss in most CMIPS models is ruch smaller
than observed losses. Compared to obsenvations, the simulations are
less sensitive to both global mean rise and

cover gl ummer in most years (Cellins et al, 2013; Netz and
Stroeve, 2016; Screen and Williamson, 2017; Jahn, 2018; Miederdrenk
and Notz, 2018; Sigmond et al, 2018}, For 2°C of global warming,
chances of a sea ice-free Arctic during surmmer are substantially higher
(Screen and Williamson, 2017; Jahn, 2018; Niederdrenk and Notz,
2018; Screen et al, 2018; Sigmond et al,, 2018). Model simulations
suggest that there will be at least one sea ice-free Arctic™ summer after
appraximately 10 years of stabilized warming at 2°C, as compared
1o one sea ice-free summer after 100 years of stabilized warming at
1.5°C above pre-industrial temperatures {Jahn, 2018; Screen et al,
2018; Sigmond et al,, 2018). For a spacific given year under stahilized
warming of 2°C, studies based on large ensembles of simulations with
a single model estimate the likelihood of ice-free conditions as 35%
without a bias correction of the underlying model {Sanderson et al.
2017; Jahn, 2018); as hetween 10% and >-39% depending on the
observational record used to correct the sensitivity of sea ice decline
10 global warming in the underlying model {Niederdrenk and Notz,
2018); and as 19% hased on a procedure to correct for hiases in the
climatological sea ice caverage in the underlying madel {Sigmond et
al,, 2018). The uncertainty of the first year of the occurrence of an ice-
free Arctic Ocean arising from internal variability is estimatsd to be
about 20years {Netz, 2015; Jahn et al, 2018).

The more recent estimatas of the warming necessary to produce an ice-
free Arctic Ocean during sumimer are lower than the anes given in ARS
(about 2.6°C-3.1°C of global warming relative to pre-industrial levels
or 1.6°C-2.1°C relative to present-day conditions), which were similar
1o the estimate of 3°C of global warming relative to pre-industrial
levels (or 2°C relative to present-day conditions) by Mahlstein and
Knutti (2012) based on bias-comected CMIP3 models. Rosenblum and
Eisenman (2016) explained why the sensitivity estimated by Mahlstein
and Knutti {2012) might be too low, estimating instead that September
sea ice in the Arctic would disappear at 2°C of global warming
relative to pre-industrial levels {or about 1°C relative to present-day
conditions), in line with the other recent estimates. Notz and Stroeve
(2016) used the ohserved correlation between September sea ice
extent and cumulative CO, emissions to estimate that the Arctic Ocean
would become nearly free of sea ice during Septerber with a further
1000 Gt of emissions, which alse implies a sea ice loss atahout 2°C of
global warming. Some of the uncertainty in these numbers stems from
the possible impact of aeroscls (Gagne et al, 2017} and of volcanic
forcing {Rosenblum and Eisenman, 2016). During winter, little Arctic
seaice is projected to be lost for either 1.5°C or 2°C of global warming

cefree iz defined for the aswhen the seaice extent s les:
a7 practical purposes 03 ios

an 106 k', e coverzge less than this i

and Notz, 2018).

redlto be equyvalent 10 anice-fee Arctiz Dcean
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A substantial number of pre-ARS studies found that there is no
indication of hysteresis behaviour of Arctic sea ice under decreasing
temperatures following a possible owershoot of a long-term
temperature target (Holland et al,, 2006; Schriider and Connalley, 2007;
Amour etal, 2011; Sedlacek etal, 2011; Tietsche et al.. 2011; Boucher
etal, 2012; Ridley etal, 2012). In particular, the relationship between
Arctic sea ice coverage and GMST was found to be indistinguishable
betwaen a warming scenaric and a cooling scenario. These results have
been confirmed by post-ARS studies {Li et al,, 2013; Jahn, 2018], which
implies high confidence that an i i overshoot
has no leng-term consequences for Arctic sea ice coverage

In the Antarctic, sea ice shaws regionally contrasting trends, such as a
strong decrease in sea ice coverage near the Antarctic peninsula but
increased sea ice coverage in the Amundsen Sea (Hobbs et al, 2016).
Averaged over these contrasting regional trends, there has been a slow
long-term increase in overall sea ice coverage in the Southern Ocean,
although with comparably low ice coverage from September 2016
omwards. Collins et al. (2013) assessed Jow confidence in Antarctic
sea ice projections because of the wide range of madel projections
and an inability of almost all models to reproduce observations such
as the seasonal cycle, interannual variability and the long-term slow
increase. Mo existing studies have robustly assessed the possible future
evolution of Antarctic sea ice under low-warming scanarios,

In surnmary, the probability of a sea-ice-free Arctic Ocean during
summer is substantially higher at 2°C compared to 1.5°C of global
warming relative to pre-industrial levels, and there is medium
confidence that there will be at least one sea ice-free Arctic summer
after about 10 years of stabilized warming at 2°C, while about
100 years are required at 1.5°C. There is high confidence that an
intermediate temperature overshoot has ne long-term consegquences
for Arctic sea ice coverage with regrowth on decadal time scales.

339  Sealevel

Sea level varies aver awide range of temporal and spatial scales, which
can be divided inta three broad categaries. These are global mean sea
level {GMSL), regional variation about this mean, and the occurrence of
sea-level extremes associated with storm surges and tides. GMSL has
heen rising since the late 19th century from the low rates of change that
characterized the previous two millennia {Church et al., 2013} Slowing
in the reported rate over the last two decades (Cazenave et al,, 2014)
may be attributable to instrumental drift in the ohserving satellite
system (Watson et al, 2015} and increased volcanic activity {Fasullo
et al,, 2016). Accounting for the former results in rates (1993 to mid-
2014) between 2.6and 2.9 mm yr (Watsen et al, 2015}, The relative
contributions from thermal expansion, glacier and ice-sheet mass loss,
and freshwater storage on land are relatively well understood (Church
etal, 2013; Watson et al, 2015) and their attribution is dominated by
anthropogenic forcing since 1970 (15 = 55% before 1950, 69 = 31%
after 1970} {Slangen etal, 2016).

There has been a significant advance in the literature since ARS, wihich
has included the development of semi-empirical madels (SEMs) into a
broader emulation-based approach (Kopp et al, 2014; Mengel et al,,
2016; Nauels et al.,, 2017) that is partially based on the results from
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more detailed, pracess-based modelling Church et al. (2013) assigned
low confidence to SEMs because these models assume that the
relation between climate fercing and GMSL is the same in the past
[calibraticn} and future {projection). Probable future changes in the
relative contributions of thermal expansion, glaciers and {in particular}
ice sheets invalidate this assumption. However, recent emulation-
based studies owercame this shortcoming by considering individual
GMWSL contributors separately, and they are therefore employed in
this assessment. In this subsection, the process-based literature of
individual contributors to GMSL is considered for scenarios close to
1.5°C and 2°C of global warming before emulation-based approaches
are assessed.

A limited number of processes-based studies are relevant ta GMSL in
1.5°Cand 2°C worlds. Marzeion etal. (2018) used a global glacier model
with temperature-scaled scenarios based on RCP2.6 to investigate
the difference hetween 1.5°C and 2°C of glabal warming and found
little difference between scenarios in the glacier contribution to GMSL
for the year 2100 (54-97 mm relative to present-day levels for 1.5°C
and 63112 mm for 2°C, using a 30% confidence interval). This arises
because glacier melt during the remainder of the century is dominated
by the response to warming from pre-industrial to present<day levels,
which isin turn a reflection of the slow response times of glaciers. Filrst
etal. {2015) made projections of the Greenland ice sheet's cantribution
to GMSL using an ice-flow model forced by the regional climate
model Modéle Atmosphérique Régional (MAR: considered by Church
et al (2013) to be the ‘most realistic” such model). They projected an
RCP2.6 range of 24-60 mm {1 standard deviation) by the end of the
century {relative to the year 2000 and consistant with the assessment
of Church et al. (2013); however, their projections do not allow the
difference between 1.5°C and 2°C worlds to be evaluated.

The Antarctic ice sheet can contribute bath positively, through increases
in outflow {solid ice lost directly to the ocean), and negatively, through
increases in snowfall {owing to the increased maisture-bearing capacity
of a warmer atmosphere), to future GMSL rise. Frieler et al. (2015}
sugnested a range of 3.5-8.7% °C-" for this effect, which is consistent
with ARS. Observations from the Amundsen Sea sector of Antarctica
suggest an increase in outflow {Mouginot et al., 2014) over recent
decades associated with grounding line retreat (Rignot et al, 2014)
and the influx of relatively warm Circumpolar Deepwater Uacobs etal.,
2011). Literature on the attribution of these changes to anthropogenic
forcing s still in its infancy (Goddard et al, 2017; Turner et al, 2017a).
RCP2.6-based projections of Antarctic outflow (Levermann et al,
2014; Golledge et al, 2015; DeConto and Pollard, 2016, who include
snowfall changes) are consistent with the ARS assessment of Church
et al (2013) for end-of-century GMSL for RCP2.6, and do not support
substantial additional GMSL rise by Marine Ice Sheet Instakility or
associated instahilities {see Section 3.6). While agreement is relatively
good, concerns about the numerical fidelity of these models still exist,
and this may affect the quality of their projections {Drouet et al,, 2013;
Durand and Pattyn, 2015). An assessment of Antarctic contributions
beyond the end of the century, in particular related to the Marine Ice
Sheet Instability, can be found in Section 3.6.

While some literature on process-based projections of GMSL for the
period up to 2100 is available, it is insufficient for distinguishing
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between emissions scenarios associated with 1.5°C and 2°C warmer
worlds. This literature is, however, consistent with the assessment by
Church et al. (2013) of a ikely range of 0.28-0.61 m in 2100 {relative
to 1986-2005), suggesting that the ARS assessment is still appropriate,

Chapter 3

Recent emulation-based studies show convergence towards this
ARS assessment (Table 3.1) and offer the advantage of allowing a
comparison between 1.5°C and 2°C warmer worlds. Table 3.1 features
a compilation of recent emulation-based and SEM studies.

Table 3.1 | Cormpilaton ol resenl projectons Tursea leuel at 2100 (in ] for Representalive Corcantiztion Paltway (RCPIZ 6, ane 1.5°C and 2°C scenarivs Upper and lower
Imis ane s 1or the 17-84% and 5-35% confidence intemvals quaied I Ine orgine! pasers
RCP2.6 1.5°C 2°C
Study Baseline
67% 90% 67% 0% 67% 0%
1386-2005 551
755
Kopp et 2L (2016)
Mergel et (2015)
Hevels e =l (2017)
Gonevin et al
efferetal (2012) 188
Sthhussreretal (2016k) 553 356
Biterman ez al. |
sachyon o Q0ED 05
-1

Sandeson € 8. RO

19862005

200 3564 39-7€
1986-2003 20-63

There Is little consensus between the reported ranges of GMSL rise
(Table 3.1). Projections vary in the range 0.26-0.77 mand 0.35-0.93
m for 1.5°C and 2°C respectively for the 17-84% confidence interval
(0.20-0.99 m and 0.24-1.17 m for the 5-95% confidence interval},
There is, however, medium agreement that GMSL in 2100 would be
0.04-0.16 m higher in a 2°C warmer world compared to a 1.5°C
warmer world based on the 17-84% confidence interval {0.00-0.24
m based on 5-95% confidence interval) with a value of around 0.1
m. There is medium confidence in this assessment because of issues
associated with projections of the Antarctic contribution to GMSL
that are employed in emulation-based studies (see above) and the
issues previously identified with SEMs (Church etal., 2013).

Translating projections of GMSL to the scale of coastlines and
islands requires two further steps. The first step accounts for regional
changes associated with changing water and ice loads (such as
Earth’s gravitational field and rotation, and vertical land movement),
as well as spatial differences in ocean heat uptake and circulation
The second step maps regional sea level to changes in the retum
periods of particular flood events to account for effects not included
in glabal climate models, such as tides, storm surges, and wave setup
and runup. Kopp et al. {2014} presented a framework to do this and
gave an example application for nine sites located in the US, Japan,
northern Europe and Chile. Of these sites, seven (all except those in
northern Europe) were found to experience at least a quadrupling
in the number of years in the 21st century with 1-in-100-year floods
under RCP2.6 compared to under no future sea level rise. Rasmussen

et al (2018) used this approach to investigate the difference
between 1.5°C and 2°C warmer woerlds up to 2200. They found that
the reduction in the frequency of 1-in-100-year floods in a 1.5°C
compared te a 2°C warmer world would be greatest in the eastern
USA and Europe, with ESL event frequency amplification being
reduced by about a half and with smaller reductions for small island
developing states (SIDS). This last result contrasts with the finding
of Vitousek et al, (2017) that regions with low variability in extreme
water levels (such as SIDS in the tropics) are particularly sensitive to
GMSL rise, such that a doubling of frequency may be expected for
even small (0.1-0.2 m) rises, Schleussner et al. (2011) emulated the
AMOC hased on a subset of CMIP-class climate models. When forced
using global temperatures appropriate far the CP3-PD scenario (1°C
of warming in 2100 relative to 2000 or about 2°C of warming relative
to pre-industrial} the emulation suggests an 11% median reduction
in AMOC strength at 2100 (relative to 2000) with an associated
0.04 m dynamic sea level rise alang the New York City coastline.

In summary, there is medium confidence that GMSL rise will be about
0.1 m {within a 0.00-0.20 m range hased on 17-84% confidence-
interval projections} less by the end of the 21st century in a 1.5°C
compared to a 2°C warmer world. Projections for 1.5°C and 2°C
global warming caver the ranges 0.2-0.8 m and 0.3-1.00 m relative
o 1986-2005, respectively (medivin confidence). Sea level rise
beyond 2100 is discussed in Section 3.6; however, recent literature
strongly supports the assessment by Church et al. (2013) that sea
level rise will continue well beyond 2100 (high confidence).
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Box 3.3 | Lessons from Past Warm Climate Episodes

Climate projections and assaciated risk assessments for a future warmer world are based on climate model simulations. However,
Coupled Model Intercomparison Project Phase 5 (CMIPS) climate models do not include all existing Earth system feedhacks and
may therefore underestimate both rates and extents of changes (Knutti and Sedlééek, 2012). Evidence from natural archives of three
moderately warmer (1.5°C-2°C) climate episodes in Earth’s past help to assess such long-term feedbacks (Fischer et al, 2018)

While evidence over the last 2000 years and during the Last Glacial Maximum ({LGM) was discussed in detail in the IPCC Fifth
Assessment Report (Masson-Delmotte et al., 2013), the climate system respense during past warm intervals was the focus of a recent
review paper (Fischer et al, 201 ) summarized in this Box. Examples of past warmer conditions with essentially medern physical
geography include the Holocene Thermal Maximurm (HTM; broadly defined as about 10-5 kyr before present (BP), where present
is defined as 1950), the Last Interglacial {LIG; about 128-116 kyr BF) and the Mid Pliacene Warm Period (MPWP; 3.3-3.0 Myr BF).

Changes in insolation forcing during the HTM {Marcott et al,, 2013) and the LIG (Hoffman et al., 2017} led to a glohal temperature
up to 1°C higher than thatin the pre-industrial period {1 850-1900); high-|atitude warming was 2°C-4°C (Capron etal,, 2017}, while
temperature in the tropics changed little (Marcott et al., 2013). Both HTM and LIG experienced atmospheric CO, levels similar to
pre-industrial conditions (Masson-Delmotte et al. 2013}, During the MPWP, the most recent time period when CO, concentrations
were similar to present-day levels, the global temperature was >1°C and Arctic bout §°C warmer than pre-industrial
(Brigham-Grette etal., 2013).

Althaugh imperfect as analogues for the future, these regional changes can inform risk assessments such as the potential for
crossing irreversible thresholds ar amplifying anthropogenic changes (Box 3.3, Figure 1). For example, HTM and LIG greenhouse gas
{GHG} concentrations show na evidence of runaway greenhouse gas releases under limited global warming. Transient releases of
€0, and CH, may follow permafrost melting, but these occumences may be compensated by peat growth over longer time scales (Yu
et al, 2010} Warming may release CO, by enhancing soil respiration, counteracting €0, fertiization of plant growth (Frank et al.,
2010). Evidence of a collapse of the Atlantic Meridional Overtuming Circulation {AMOC) during these past events of limited global
warming could not be found (Galaasen et al,, 2014).

The distribution of ecosystems and biomes (major ecosystem types) changed significantly during past warming events, both in
the ocean and cn land. For example, some tropical and temperate forests retreated because of increased aridity, while savannas
expanded (Dowsett et al., 2016). Further, poleward shifts of marine and terrestrial ecosystems, upward shifts in alpine regions, and
reorganizations of marine productivity during past warming events are recorded in natural archives (Williams et al., 2009; Haywood
etal, 2016). Finally, past warming events are associated with partial sea ice loss in the Arctic. The limited amount of data collected
50 far on Antarctic sea ice precludes firm conclusions about Scuthem Hemisphere sea ice losses {de Viernal et al,, 2013).

Reconstructed global sea level rise of 6-9 m during the LIG and possibly =6 m during the MPWP requires a retreat of either the
Greenland or Antarctic ice sheets or both {Dutton et al,, 2015). While ice sheet and climate models suggest a substantial retreat
of the West Antarctic ice sheet (WAIS) and parts of the East Antarctic ice sheet {DeConto and Pollard, 2016) during these periods,
direct observational evidence is still lacking. Evidence for ice retreat in Greenland is stronger, although a complete ccllapse of the
Greenland ice sheet during the LIG can be excluded (Dutton et al., 2015). Rates of past sea level rises under modest warming were
similar to or up to two times larger than rises ohserved ower the past two decades (Kopp et al, 2013). Given the long time scales
required to reach equilibrium in a warmer world, sea level rise will likely continue for millennia even if warming is limited to 24C.

Finally, temperature raconstructions from these past warm intervals suggest that current climate models underestimate regional
warming at high latitudes {polar amplification) and long-term {multi-millennial} global warming. None of these past warm climate
episodes involved the high rate of changein ic CO, and thatwe are ing today {Fischer etal., 2018).

5.2 Organizations
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Box 3.3 (continued)

Chapter 3

Arcticsea kce:
HTW:reduced
UIG: reduced
MPWP: reduced £
HTN g e
LIG: partialvetreat
MPWP: smaller boraal forasts:
HTH: northwrard expansion
UG expansion
MPW: northward expansion
Savanna;
HTNG expansion
LIG: expansion ikely
marne ecosystems: MR exparsion
HTH: rather unchanged
LIG: paleward shift
MPWP: poleward hift
marine ecosystems:
HTME rather unchanged
LIG: polewardshift
ANGRH e NPAWP: polewsar dshift
HTH Bt vidence
LG reduced
MPWP: roduced

WAl

HiM: celocial reequisibyrtion
LIG: partial retreat likely
MPUFP: ratreat likely

fbradon
LIG: partial retreat possible
NPAP: partial rstraat possible

Box 3.3, Figure 1| Impacis anc respanses of comporents of the Earth System. Summary of typica’ changes found for warmer pariocs in the palecrecard, as discusser

iy Flscher et al (2018) All statemants are relativa 1o
significant spatial variability and uncerainty exsts in 1 sssment of each com|
udlication 1 detzil HTM: Holucere Thermal Maximum, LIG: Lest

3.3.10 Ocean Chemistry

Ocean chemistry includes pH, salinity, oxygen, CO, and a range of other
ions and gases, which are in turn affected by precipitation, evaporation,
stormms, river runoff, coastal erosion, up-welling, ice formation, and the
activities of organisms and ecasystams (Stocker et al, 2013). Ocean
chemistry is changing alongside increasing global temperature, with
impacts projected at 1.5°C and, more so, at 2°C of global warming
{Doney etal, 2014) {medium to high confidence). Projected changes in
the upper layers of the acean include altered pH, axygen content and
sea level Despite its many component processes, ocean chemistry has
been relatively stable for long periods of time prior to the industrial
period {Hanisch et al, 2012). Ocean chemistry is changing under the
influence of human activities and rising gresnhouse gases {virtually
certain; Rhein et al, 2013; Stocker et al, 2013}. About 30% of co,
emitted by human activities, for example, has been abscrbed by
the upper layers of the acean, where it has combined with water o
produce a dilute acid that dissociates and drives ocean acidification

Imerglzeizl, PP kg Pliscene Werm Perio

eorditians Stataments in italics reficate that no conclusians can be drawn fo- the future. Hate that

ponent, and this figuie thersiore should not be referred ta withaut reading the

o (Adepled fram Ficher st al, 2018)

(high confidence) (Cao et al,, 2007, Stocker et al,, 2013). Ocean pH has
decreased by 0.1 pH units since the pre-industrial period, a shift that
is unprecedented in the last 65 Ma (high confidence) (Ridgwell and
Schrridt, 2010) or even 300 Ma of Earth’s history (medium confidence)
{Hénisch etal, 2012).

Ocean acidification is a result of increasing CO, in the atmosphere
(very high confidence) and is mest pronounced where temperatures
arz lowest (eg., polar regions} or where CO.-rich water is brought to
the acean surface by upwelling (Feely et al, 2008). Acidification can
alse be influenced by effluents from natural or disturbed coastal land
use {Salisbury et al, 2008), plankton blooms {Cal et al, 2011), and
the atmospheric deposition of acidic materials {Omstedt et al, 2015}
These sources may not be directly attributable to climate change,
but they may amplify the impacts of ocean acidification (Bates and
Peters, 2007; Duarte et al., 2013}, Ocean acidification also influences
the ionic composition of seawater by changing the organic and
inorganic speciation of trace metals (e.g., 20-fold increases in free ion
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<one ions of metals such as - with changes expected
to have impacts although they are currently poorly documented and
understoad {ow confidence) (Stockdale et al, 2016),

Qxygen varies regionally and with depth; it is highest in polar regions
and lowestin the eastern basins of the Atlantic and Pacific Oceans and
in the northern Indian Ocean (Doney et al, 2014; Karstensen et al,
2015; Schmidtko et al.,, 2017). Increasing surface water temperatures
have reduced oxygen in the ocean by 2% since 1960, with other
variables such as ocean acidification, sea level rise, precipitation, wind
and storm patterns playing roles {Schmidtko et al, 2017). Changes
1o ocean mixing and metabolic rates, due to increased ternperature
and greater supply of organic carbon to deep areas, has increased the
frequency of ‘dead zones’, areas where oxygen levels are so low that
they no longer suppart axygen dependent life (Diaz and Rosenherg,
2008). The changes are complex and include both climate change and
ather variables (Altieri and Gedan, 2015), and areincreasing in tropical
as well as temperate regions (Altieri et al.,, 2017).
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Ocean salinity is changing in directions that are consistent with
surface temperatures and the global water cycle (ie., precipitation
versus evaporation). Some regions, such as northern oceans and the
Arctic, have decreased in salinity, owing to melting glaciers and ice
sheets, while others have increased in salinity, owing to higher sea
surface temperatures and evaporation {Durack et al, 2012}, These
changes in salinity {i.e., density} are also potentially contributing to
large-scale changes in water movement (Section 3.3.8).

2.3.11  Global Synthesis

Table 3.2 features a summary of the assessments of glabal and
regional climate changes and associated hazards described in this
chapter, based on the existing literature. For more details about
observation and attribution in ocean and cryosphere systems,
please refer to the upcoming IPCC Special Report on the Ocean and
Cryosphere in a Changing Climate {SROCC) due to be released in
208,
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Table 3.2 {contnuied)
Attribution of observed Projected change Projected change
Observed change change to human- at 1.5°C of global at 2°C of global Differences between
(recent past versus induced forcing warming compared warming compared 2°Cand 1.5°C of
pre-industrial) (present-day versus to pre-industrial to pre-industrial global warming
pre-industrial) {1.5°C versus 0°C) (2°C versus 0°C)
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3.4  Observed Impacts and Projected Risks
in Natural and Human Systems
3.4.1  Introduction

In Section 3.4, new literature is explored and the assessment of impacts
and projected risks Is updated for a large number of natural and

tegions (IPCC, 20144, b). The comprehensive assessment undertaken
by ARS evaluated the evidence of changes to natural systems, and
the impact on human communities and industry. While impacts varied
substantially amang systems, sectors and regions, many changes
over the past 50 years could be attributed to human driven climate
change and its impacts. In particular, ARS attributed observed impacts
in natural ecosystems to anthropogenic climate change, including

human systems. This section also includes an exploration of ad
opportunities that could be important steps towards reducing climate
change, thereby laying the ground for later discussions on opportunities
to tackle hoth mitigation and adaptation while at the same time
tecognising the importance of sustainable development and reducing
the inequities among people and societies facing climate change.

Working Group Il (WGII) of the IPCC Fifth Assessment Report (ARS)
provided an assessment of the literature on the climate risk for natural

changes in phenol phic and altitudinal range shifts in flora
and fauna, regime sh\fts and increased tree mortality, all of which can
reduce ecosystem functioning and services therehy impacting people.
ARS also reparted increasing evidence of changing pattems of disease
and invasive species, as well as growing risks for communities and
industry, which are especially important with respect to sea level rise
and human vulnerability.

One of the important themes that emergad from ARS is that previcus

and human systems across a wide range of sectors
and greenhouse gas scenarios, as well as for particular geographic
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have under-estimated the sensitivity of natural and
hurman systems to climate change. A more recent analysis of attribution
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to greenhouse gas forcing at the global scale (Hansen and Stone,
2016) confirmed that many impacts related to changes in regicnal
atmospheric and ocean temperature can be confidently attributed to
anthropogenic forcing, while attribution to anthropogenic forcing of
changes related to precipitation are by comparison less clear. Moreover,
there is no strong direct relationship between the robustness of climate
attribution and that of impact attribution {Hansen and Stone, 2016}
The observed changes in human systams are amplified by the loss
of ecosystem services {e.g., reduced access to safe water) that are
supported by biodiversity (Oppenheimer et al,, 2014). Limited research
on the risks of wamming of 1.5°C and 2°C was conducted following
ARS for most key economic sectors and services, for livelihaods and
poverty, and for rural areas. For these systems, climate Is one of many
drivers that result in adverse outcomes. Other factars include patterns
of derographic change, socio-economic development, trade and
tourism. Further, consequences of climate change for infrastructure,
tourism, migration, crop yields and other impacts interact with
underlying vulnerabilities, such as for individuals and communities
engaged in pastoralism, mountain farming and artisanal fisheries, o
affect livelihoods and poverty (Dasgupta et al.,, 2014).

Incomplete data and understanding of these lowerend climate
scenarios have increased the need for more data and an improved
understanding of the projected risks of warming of 1.5°C and 2°C for
reference. In this section, the available literature on the projected risks,
impacts and adaptation options is explored, supported by additional
information and background provided in Supplementary Material
3.5M.3.1,3.5M.3.2, 3.5M.3.4, and 3.5M.3.5. A description of the main
assessment methods of this chapter is given in Section 3.2.2

3.4.2  Freshwater Resources {Quantity and Quality)

3421 Water availability

Working Group Il of ARS concluded that about 80% of the world's
population already suffers from serious threats to its water security, as
measured by indicators including water availability, water demand and
pollution (Jiménez Cisneros et al, 2014). UNESCO (2011} concluded
that climate change can alter the availability of water and threaten
water security.

Although physical changes in streamflow and continental runoff that
are consistent with climate change have been identified (Section
3.3.5), water scarcity in the past is still less well understood because
the scarcity assessment needs to take into account various factors, such
as the operations of water supply infrastructure and human water use
behaviour {Mehran etal., 2017), as well as green water, water quality
and environmental flow requirements {1, Liu etal, 2017}, Over the past
century, substantial growth in populations, industrial and agricultural
activities, and living standards have exacerbated water stress in many
parts of the world, especially in semi-arid and arid regions such as
California in the USA {AghaKouchak et al, 2015; Mehran etal, 2015}
Owing to changes in climate and water consumption behaviour, and
particularly effects of the spatial distribution of population growth
relative to water resources, the population under water scarcity
increased from 0.24 billion {14% of the global population) in the
1900s to 3.8 billion {58%) in the 2000s. In that last period {2000s), 1.1
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billion peaple (17% of the global population) who mostly live in South
and East Asia, North Africa and the Middle East faced serious water
shortage and high water stress (Kummu <t al,, 2016},

Qver the next few decades, and for increases in global mean
temperature less than about 2°C, AR5 concluded that changes in
population will generally have a greater effect on water resource
availability than changes in climate. Climate change, however, will
regionally exacerbate or offset the effects of population pressure
{liménez Cisneros et al,, 2014),

The differences in projected changes to levels of runaff under 1.5%C
and 2°C of global warming, particularly those that are regional, are
described in Section 3.3.5. Constraining warming to 1.5°C instead
of 2°C might mitigate the risks for water availability, although
socio-economic drivers could affect water availahility more than the
risks posed by variation in warming levels, while the risks are not
homogeneous among regions (medium confidence) (Gerten et al,
2013: Hanasaki et al. 2013; Arnell and Lloyd-Hughes, 2014; Schewe et
al, 2014; Karnauskas et al,, 2018). Assuming a constant population in
the models used in his study, Gerten et al. (2013} determined that an
additional 8% of the warld population in 2000 would be exposed to
new ar aggravated water scarcity at 2°C of glohal warming. This value
was almost halved — with 50% greater reliakility - when warming was
constrained to 1.5°C. People inhabiting river basins, particularly in the
Middle East and Near East, are projected to hecome newly exposed
1o chronic water scarcity even if global warming is constrained to
less than 2°C. Many regions, especially those in Europe, Australia
and southern Africa, appear to be affected at 1.5°C if the reduction
in water availability is computed for non-water-scarce basins as well
as for water-scarce regions. Qut of a contemporary population of
approximately 1.2 billion exposed to water scarcity, about 3% (North
America) to % (Europe) are expected to be prone to aggravated
scarcity at 2°C of global warming (Gerten et al, 2013). Under the
Shared Socio-Economic Pathway (SSP)2 population scenario, about 8%
of the global population is projected to experience a severe reduction
in water resources under warming of 1.7°C in 2021-2040, increasing
10 14% of the population under 2.7°C in 2043-2071, based on the
criteria of discharge reduction of either »20% ar=-1 standard deviation
(Schewe et al, 2014}, Depending on the scenarios of SSP1-5, expesure
1o the increase in water scarcity in 2050 will be globally reduced by
184-270 million people at ahout 1.5°C of warming compared to the
impacts at ahout 2°C. However, the variation between socio-economic
levels is larger than the variation between warming levels (Amell and
Lloyd-Hughes, 2014]).

On many small islands fe.g., those constituting SIDS), freshwiater stress
is expected to occur as a result of projected aridity change, Constraining
waming to 1.5°C, however, could avoid a substantial fraction of
water stress compared to 2°C, especially across the Caribbean region,
particularly on the island of Hispaniola (Dominican Republic and Haiti)
(Karnauskas et al., 2018). Hanasaki et al. {2013) concluded that the
projected range of changes in global irrigation water withdrawal
(relative to the baseline of 1971-2000), using human configuration
fixing non-meteorological variables for the period around 2000, are
1.1-2.3% and 0.6-2.0% lower at 1.5°C and 2°C, respectively. In the
same study, Hanasaki etal. (2013) highlighted the importance of water
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use scenarios in water scarcity assessments, but neither quantitative
nar qualitative information regarding water use is available,

When the impacts on hydropower production at 1.5°C and 2°C are
compared, it is found that mean gross potential increases in northern,
eastem and western Europe, and decreases in southern Europe {Jaceb
et al, 2018; Tobin et al, 2018). The Baltic and Scandinavian countries
are projected to experience the most positive impacts on hydropower
preduction. Greece, Spain and Portugal are expected to be the most
negatively impacted countries, although the impacts could be reduced
by limiting warming to 1.5°C (Tobin et al, 2018). In Greece, Spain and
Portugal, warming of 2°C s projected to decrease hydrapowser potential
below 10%, while limiting global warming to 1.5°C would keep the
reduction 10 5% or less. There is, however, substantial uncertainty
associated with these results due to a large spread between the
climate medels (Tebin et al, 2018)

Due to a combination of higher water temperatures and reduced
summer river flows, the usable capacity of thermoelectric power plants
using river weater for cooling is expected to reduce in all European
countries {Jaceb et al, 2018; Tokin et al, 2018), with the magnitude
of decreases being ahout 5% for 1.5°C and 10% for 2°C of global
warrring for most European countries (Tohin et al, 2018). Greece,
Spain and Bulgaria are projected to have the largest reduction at 2°C
of warming (Tobin et al,, 2018).

Fricko et al {2016) assessed the direct water use of the global energy
sector across a broad range of energy system transformation pathways
in order to identify the water impacts of a 2°C ¢limate policy. This
study revealed that there would be substantial divergence in water
withdrawal for thermal power plant cooling under conditions in which
the distribution of future cooling technolegy for energy generatien is
fixed, whereas adopting alternative cooling technologies and water
resources would make the divergence considerably smaller.

3.4.2.2  Extreme hydrological events (flaods and droughts)
Working Group Il of ARS concluded that socio-economic lesses from
flooding since the mid-20th century have increased mainly because
of greater exposure and vulnerability (high confidence) (Jiménez
Cisneros et al, 2014). There was fow confidence due to limited
evidence, however, that anthropogenic climate change has affected
the frequency and magnitude of floods. WGII ARS also concluded that
there is na evidence that surface water and groundwater drought
frequency has changed over the last few decades, although impacts
of drought have increased mostly owing to increased water demand
{liménez Cisneros etal,, 2014),

Since ARS, the number of studies related to fluvial flooding and
meteorological drought based on long-term observed data has been
gradually increasing. There has also been progress since ARS in
identifying historical changes in streamflow and continental runoff
(Section 3.3.5). As a result of population and econcmic growth,
increased exposure of people and assets has caused mere damage
due to flooding. Howsver, differences in flood risks among regions
teflect the balance among the magnitude of the fleod, the populations,
their vulnerabiliies, the value of assets affected by flooding, and the
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capacity to cope with flood risks, all of which depend on socio-econarmic
devel nt conditi as well as and hydro-climatic
conditions {Tanoue et al, 2016). AR5 concluded that there was low
confidence in the attribution of global changes in droughts (Bindoff et
al. 2013k). However, recent publications based on observational and
modelling evidence assessed that human emissions have substantially
increased the prohahility of drought years in the Mediterranean region
(Section 33.4).

WGl ARS assessed that global flood risk will increase in the futura,
partly owing fo climate change {low to medium confidence), with
projected changes in the frequency of droughts longer than 12 manths
being more uncertain because of their dependence on accumulated
precipitation over long periods {Jiménez Cisneros et al,, 2014).

Increases in the risks associated with runoff at the global scale
(medium coniidence), and in flood hazard in some regions (medium
confidence), can be expected at glohal warming of 1.5°C, with an
overall increase in the area affected by flood hazard at 2°C (medium
confidence) {Section 3.3.5). There are studies, however, that indicate
that socio-economic conditions will exacerbate flood impacts
mare than global climate change, and that the magnitude of these
impacts could be larger in some regions (Amell and Lloyd-Hughes,
2014; Winsemius et al, 2016; Alfieri et al,, 2017; Amell et al, 2018;
Kinoshita et al., 2018). Assuming constant population sizes, countries
representing 73% of the world population will experience increasing
flood risk, with an average increase of 580% at 4°C compared to the
impact simulated over the baseline period 1976-2005. This impact
is projected to be reduced to a 100% increase at 1.5%C and a 170%
increase at 2°C (Alfieri et al, 2017). Alfieri et al (2017) additionally
concluded that the largest increases in flood risks would be found in
the US, Asia, and Eurape in general, while decreases would be found in
only a few countries in eastern Europe and Africa. Overall, Alfieri et al.
(2017) reported that the projected changes are not homogeneously
distributed across the world land surface Alfieri et al. {2018) studied
the population affected by flood events using three case studies in
European states, specifically central and western Europe, and found
that the population affected could be limited to 86% at 1.5°C of
warming compared to 93% at 2°C. Under the SSP2 population
scenario, Amell et al. (2018} found that 3% (range 36-46%) of
impacts on populations exposed to river floeding globally could be
avoided at1.5°C compared to 2°C of warming.

Under scenarios SSP1-5, Amell and Lloyd-Hughes (2014} found
that the number of people exposed to increased flooding in 2050
under waming of about 1.5°C could be reduced by 26-34 million
compared to the number exposed to increased flooding associated
with 2°C of warming. Variation between socio-economic levels,
havvever, is projected to be larger than variation between the two
levels of global warming. Kinoshita et al {2018} found that a serious
increase in potential flood fatality (5.7%) is projected without any
adaptation if global warming increases from 1.5°C to 2°C, whereas
the projected increase in potential economic loss (0.9%) is relatively
small. Nevertheless, their study indicates that socio-economic changes
make a larger contribution to the potentially increased consequences
of future floods, and about half of the increase in potential economic
lasses could be mitigated by autanomous adaptation
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There is limited information about the global and regional
projected risks posed by droughts at 1.5°C and 2°C of global
warming. However, hazards by droughts at 1.5°C ceuld be reduced
compared to the hazards at 2°C in some regions, in particular in the
Mediterranean region and southern Africa {Section 3.3.4). Under
constant socio-economic conditions, the population exposed to
drought at 2°C of warming is projected to he larger than at 1.5°C
{low to medium confidence) {Smirnov et al, 2016; Sun et al, 2017;
Arnell et al, 2018; Liu et al,, 2018). Under the same scenario, the
global mean monthly number of paople expected to be exposed to
extreme drought at 1.5°C in 2021-2040 is projected to be 114.3
million, compared to 190.4 million at 2°Cin 20412060 (Smirnav et
al, 2016). Under the SSP2 population scenario, Arnell et al (2018)
projected that 39% (range 36-51%) of impacts on populations
exposed to drought could be globally avoided at 1.5°C compared
to 2°C warming

Liu et al. (2018) studied the changes in population expasure to severe
droughts in 27 regions around the globe for 1.5°C and 2°C of warming
using the SSP1 population scenario compared to the haseline period
of 1986-2005 based on the Palmer Drought Severity Index (PDSI}
They concluded that the drought exposure of urban populations in
most regions would be decreased at 1.5°C (350.2 = 158.8 million
people) compared to 2°C (4107 = 2135 million people). Liu et al
(2018) also suggested that more urban populations would he exposed
to severe droughts at 1.5°C in central Europe, southem Europe, the
Mediterranean, West Africa, East and West Asia, and Southeast Asia,
and that number of affected people would increase further in these
regions at 2°C. However, it should be noted that the PDSI is known
to have limitations (IPCC SREX, Senevirame et al, 2012), and drought
projections strongly depend on considered indices (Section 3.3.4); thus
anly medium confidence is assigned to these prejections. In the Haihe
River basin in China, a study has suggested that the proportion of the
population exposed te droughts is projected to be reduced by 304%
at 1.5°C butincreased by 74.8% at 2°C relative to the baseline value
of 339.65 million people in the 1986-2005 period, when assessing
changes in droughts using the Standardized Precipitation-Evaporation
Index, using a Penman-Monteith estimate of potential evaporation
(Sun etal, 2017).

Alfieri et al, (2018) estimated damage from flooding in Europe for
the haseline period (1976-2005) at 5 billion euro of losses annually,
with projections of relative changes in flood impacts that will rise with
wamming levels, from 116% at1.5°C to 137% at 2°C

Kinoshita et al. (2018) studied the increase of potential economic loss
under SSP3 and projected that the smaller loss at 1.5°C compared
to 2°C (0.9%) is marginal, regardless of whether the vulnerability is
fixed at the cument level or not. By analysing the differences in results
with and without flood protection standards, Winsemius et al. 2016}
showed that adaptation measures have the potential to greatly reduce
present-day and future flood damage. They concluded that increases in
flood-induced ecanomic impacts (% gross domestic product, GDP) in
African countries are mainly driven by climate change and that Africa’s
growing assets would become increasingly exposed to floods. Hence,
there is an increasing need for long-term and sustainable investments
in adaptation in Africa
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3.4.23  Groundwater

Working Group Il of AR5 concluded that the detection of changss in
groundwater systems, and attribution of those changes to climatic
changes, are rare, awing to a lack of appropriate observation wells
and an overall small nurber of studies (Jiménez Cisneros et al., 2014).

Since ARS, the number of studies based n lang-term observed data
continues to be limited. The groundwater-fed lakes in northeastern
central Europe have been affected by climate and land-use changes,
and they showed a predominantly negative lake-level trend in 1999
2008 (Kaiser et al, 2014).

WGl ARS concluded that climate change is projected to reduce
groundwater resources significantly in most dry subtropical regions
(high confidence) (Jiménez Cisneros et al., 2014).

In some regians, groundwater is often intensively used to supplement
the excess demand, often leading to groundwater depletion. Climate
change adds further pressure on water resources and exaggerates
human water demands by increasing temperatures over agricultural
lands (Wada et al.,, 2017). Viery few studies have projected the risks of
groundwater depletion under 1.5°C and 2°C of global warming. Under
2°C of warming, impacts posed on groundwater are projected to be
greater than at 1.5°C {fow confidence) (Portmann et al, 2013; Salem
etal, 2017).

Portmann et al. {2013} indicated that 2% (range 1.1-2.6%) of the
global land area is projected to suffer from an extreme decrease in
renewable groundwater resources of more than 70% at 2°C, with a
clear mitigation at 1.5°C. These authors also projected that 20% of
the global land surface would be affected by a groundwater reduction
of more than 10% at 1.5°C of warming, with the percentage of land
impacted increasing at 2°C. In a groundwater-dependent irrigated
tegion in northwest Bangladesh, the average groundwater level during
the major irrigation period (January=April) is projected to decrease in
accordance with temperature rise (Salem etal, 2017).

3.4.2.4  Water quality

Working Group 1l of ARS concluded that most observed changes to
water quality from climate change are from isolated studies, mostly
of rivers or lakes in high-income countries, using a small number of
variahles {Jiménez Cisneros et al., 2014). ARS assessed that climate
change is projected to reduce raw water quality, posing risks to
drinking water quality with conventional treatment (medium o high
confidence) (liménez Cisnercs et al., 2014).

Since AR5, studies have detected climate change impacts on several
indices of water quality in lakes, watersheds and regions (e.g., Patifio
et al, 2014; Aguilera et al, 2015; Watts et al, 2015; Marszelewski
and Pius, 2016; Capo et al, 2017). The number of studies utilising
RCP scenarios at the regional or watershed scale have gradually
increased since ARS ie.g., Boehlert et al,, 2015; Teshager et al,, 2016;
Marcinkowski et al., 2017}, Few studies, have explored projected
impacts on water quality under 1.5°C versus 2°C of warming,
hawever, the differences are unclear {fow confidence) (Bonte and
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Zwolsman, 2010; Hosseini et al, 2017). The daily probability of
exceeding the chloride standard for drinking water taken from Lake
lsselmeer {Andijk, the Netherlands) is projected to increase by
a factor of about five at 2°C relative to the present-day warming
level of 1°C since 1990 (Bonte and Zwolsman, 2010). Mean monthly
dissolved oxygen concentrations and nutrient concentrations in
the upper Qu'Appelle River {Canada) in 2050-2055 are projected
to decrease less at about 1.5°C of warming (RCP2 6} compared to
concentrations at about 2°C (RCP4.5) (Hosseini et al, 2017). In three
river basins in Southeast Asia (Sekong, Sesan and Srepok), about 2°C
of warming {corresponding to a 1.05°C increase in the 2030s relative
to the baseline period 1981-2008, RCP8.5), impacts posed by land-
use change on water quality are projected to be greater than at1,5°C
(corresponding to a 0.8%°C increase in the 2030s relative to the
baseline period 1981-2008, RCP4.5) (Trang et al., 2017). Under the
same warming scenarios, Trang et al. {2017) projected changes in the
annual nitrogen (N) and phosphorus (P) yields in the 2030s, as well as
with combinations of two land-use change scenarios: (i) conversion
of forest to grassland, and (ji) conversion of forest to agricultural
land. The projected changes in N (P} yield are +7.3% (+5.1%) under
a 1.5°C scenario and —6.6% {-3.6%) under 2°C, whereas changes
under the combination of land-use scenarios are (i) +5.2% (+12.6%)
at 1.5°C and +8.8% (+11.7%) at 2°C, and {ii) +7.5% i(+14.9%) at
1.5°C and +3.7% {+8.8%) at 2°C (Trang et al., 2017).

3425 Soil erosion and sediment load

Working Group Il of ARS concluded that there is litle or no
obseniational evidence that soil erosion and sediment load have been
altered significantly by climate change fow to medium confidence)
{Jiménez Cisneros et al, 2014}, As the number of studies on climate
change impacts on soil erosion has increased where rainfall is an
important driver (Luetal., 201 3), studies have increasingly considered
ather factors, such as rainfall intensity {e.g., Shi and Wang, 2015;
Li and Fang, 2016), snow melt, and change in vegetation cover
resulting from temperature rise (Potemkina and Potemkin, 2015),
as well as crop management practices (Mullan et al, 2012). WG
AR5 concluded that increases in heavy rainfall and temperature are
projected to change soil erosion and sediment yield, although the
extent of these changes is highly uncertain and depends on rainfall
seasonality, land cover, and scil management practices (Jiménez
Cisneros et al, 2014).

While the number of published studies of climate change impacts on
soil erosion have increased globally since 2000 {Li and Fang, 2016},
few articles have addressed impacts at 1.5°C and 2°C of global
warming. The existing studies have found few differences in projected
tisks posed on sediment load under 1.5°C and 2°C {Jow confidence)
{Cousino et al., 2015; Shrestha et al., 20161, The differences hetween
average annual sediment load under 1.5°C and 2°C of warming are
nat clear, owing to cormplex interactions among climate change, land
coverfsurface and soil management {Cousina et al., 2015; Shrestha
et al, 2016). Averages of annual sediment loads are projected to
be similar under 1.5°C and 2°C of warming, in particular in the
Great Lakes region in the USA and in the Lower Mekong region in
Southeast Asia (Cross-Chapter Box & in this chapter, Cousino et al.,
2015; Shrestha et al,, 2018).
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343  Terrestrial and Wetland Ecosystems

3431 Biome shifts

Latitudinal and elevational shifts of biomes {major ecosystem
types) in boreal, temperate and tropical regions have been detected
(Settele et al, 2014) and new studies confirm these changes (e.0.,
shrub encroachment on tundra; Larsen et al, 2014). Atwibution
studies indicate that anthropogenic climate change has made a
greater contribution to these changes than any other factor imedium
confidenice} (Settele etal, 2014)

An ensemble of seven Dynamic Vegetation Models driven by projected
climates from 19 alternative general circulation models (GCMs)
(Warszawski et al, 2013) shows 13% (range 8-20%) of biomes
transforming at 2°C of glohal warming, but only 4% (range 2-7%)
doing so at 1°C, suggesting that about 6.5% may be transformed at
1.5°C; these estimates indicate a doubling of the areal extent of biome
shifts between 1.5°C and 2°C of warming {mediumn confidence} (Figure
3.16a). A study using the single ecosystem model LPJmL {Gerten et
al,, 2013) illustrated that biome shifts in the Arctic, Tibet, Himalayas,
southem Africa and Australia would be awoided by constraining
warming to 1.5°C compared with 2°C (Figure 3.16h). Seddon et al.
(2018) guantitatively identified ecologically sensitive regions to climate
change in most of the continents from tundra to tropical rainforest.
Biome transformation may in some cases be associated with nowel
climates and ecological communities (Prober et al, 2012)

3432 Changes in phenology

Advancement in spring phenology of 2.8 + 0.35 days per decade has
been cbservedin plants and animals in recent decades in most Morthern
Hemisphere ecosystems {between 30°N and 72°N), and these shifts
hawe been attributed to changes in climate ifigh confidence) (Settele
et al, 2014). The rates of change are particularly high in the Arctic
zone owing to the stronger local warming (Oberbauer et al, 2013),
whereas phenology in tropical forests appears to be mare responsive
to moisture stress (Zhou et al., 2014). While a full review cannot be
included here, trends consistent with this earlier finding continue to
be detected, including in the flowering times of plants (Parmesan
and Hanley, 2015), in the dates of egg laying and migration in hirds
(newly reported in China; Wy and Shi, 2016), in the emergence dates
of butterflies (Roy et al, 2015}, and in the seasonal greening-up of
vegetation as detected by satellites (ie, in the normalized difference
vegetation index, NDVI; Piao etal., 2015).

The potential for decoupling species—species interactions cwing to
differing phenological responses to climate change is well established
(Settele et al, 2014), for example for plants and their insect pollinators
(Willmer, 2012; Scaven and Rafferty, 2013), Mid<century projections
of plant and animal phenophases in the UK clearly indicate that
the timing of phenological events could change mare for primary
consumers (6.2 days earier on average) than for higher trophic
levels 2.5-2.9 days earlier on average) (Thackeray et al, 2016}, This
indicates the potential for phenclogical mismatch and associated
risks for ecosystem functionality in the future under global warming
of 2.1°C-2.7°C above pre-industrial levels. Further, differing responses
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could alter community structure in temperate forests (Roberts et al,
2015). Specifically, temperate forest phenology is projected to advance
by 143 days in the near term (2010-2039) and 24.6 days in the
medium term (2040-2068), 5o as a first appraximation the difference
between 2°C and 1.5°C of global waming is about 10 days {Roberts et
al, 2015). This phenclogical plasticity s not always adaptive and must
be interpreted cautiously {Duputié et al, 2015}, and considered in the
context of accompanying changes in climate variability {eg., increased
risk of frest damage for plants or earlier emergence of insects resulting in
mertality during cold spells). Anather adaptive response of some plants is
1ange expansion with increased vigour and altered herbivore resisiance
in their new range, analogous to invasive plants (Macel etal, 2017).

In summary, limiting wamming to 1.5°C compared with 2°C may avoid
advance in spring phenology ihigh confidence) by perhaps a few days
{medium confidence) and hence decrease the risks of loss of ecosystem
functionality due to phenological mismatch between trophic levels,
and also of maladaptation coming from the sensitivity of many species
1o increased climate variability. Nevertheless, this difference between
1.5C and 2°C of warming might be limited for plants that are able to
expand their range.

3.4.3.3 (Changes in species range, abundance and extinction

ARS (Settele et al, 2014) condluded that the geographical ranges of
many terrestrial and freshwater plant and animal species have moved
over the last several decades in response to warming: approximately 17
km poleveard and 11 m up in altitude per decade. Recent trends confirm
this finding; for exarnple, the spatial and interspecific variance in bird
populations in Europe and North America since 1980 were found to be
well predicted by trends in climate suitability {Stephens et al, 2016).
Further, a recent meta-analysis of 27 studies conceming a total of 976
species (Wiens, 2016) found that 47% of local extinctions (extipations)
reported across the globe during the 20th century could be attributed to
dimate change, with significantly more extinctions occurring in tropical
tegions, in freshwater habitats and for animals. IUCN (2018) lists 305
terrestrial animal and plant species from Pacific Island developing nations
as being threatened by climate change and sewera weather Owing
to lags in the responses of some species to climate change, shifts in
insect pollinator ranges may result in novel assemblages with unknown
implications for biodiversity and ecosystem function (Rafferty, 2017).

Wamen et al. (2013) simulated dimatically determined geographic range
loss under 2°C and 4°C of global warming for 50,000 plant and animal
species, accounting for uncertainty in climate projections and for the
potential ahility of species to disperse naturally in an atternpt to track their
geographically shifting climate envelope. This earlier study has now been
updated and expanded to incorporate 105,501 spacies, including 19,848
insects, and new findings indicate that warming of 2°C by 2100 would
lead to projected bioclimatic range losses of »50% in 18% (6-35%; of
the 19,848 insects species, B% (4-16%) of the 12,429 vertebrate species,
and 16% {3-28%) of the 73,224 plant species studied (Warren et al,
2018a). At 1.5°C of warming, these values fall to 6% {1-18%) of the
insects, 4% (2-9%] of the vertebrates and 8% (4-15%) of the plants
studied. Hence, the numker of insect spacies projected to lose over half
of their geographic range is reduced by two-thirds when warming is
limited to 1.5°C compared with 2°C, while the nurber of vertzbrate
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and plant species projected to lose over half of their geographic range
s halved (Warren et al, 2018a) {medium confidence). These findings are
consistent with estimates made from an earlier study suggesting that
1ange losses at 1.5°C were significantly lower for plants than those at
2°C of warming (Smith et al, 2018). It should be noted that at 1.5°C
of warming, and if species” ability to disperse naturally to track their
preferred climate geographically is inhibited by natural or anthropogenic
obstacles, there would still remain 10% of the amphibians, 8% of the
reptiles, 6% of the mammals, 5% of the birds, 10% of the insects and
8% of the plants which are projected to lose over half their range, while
species on average lose 20-27% of their range Warren et al, 2018a).
Given that bird and mammal species can disperse more easily than
amphibians and reptiles, a small proportion can expand their range
as climate changes, but even at 1.5°C of warming the total range lass
integrated over all birds and mammals greatly exceeds the integrated
range gain (Warren et al, 2018a).

A nurmber of caveats are noted for studies prejecting changes to climatic
range. This approach, for example, does not incorporate the effects of
extreme weather events and the role of interactions between species.
As well, trophic interactions may locally counteract the range expansion
of species towards higher altitudes (Brathen et al, 2018). There is also
the potential for highly invasive species to become estahlished in new
areas as the climate changes (Murphy and Romanuk, 2014), but there is
no literature that guantifies this possibility for 1.5°C of global warming,

Pecl et al. (2017} summarized at the global level the consequences
of climate-change-induced species redistribution for econormic
dewelopment, livelihoods, food security, human health and culture.
These authors concluded that even if anthropagenic greenhouse gas
emissions stopped today, the effort for human systems to adapt to
the most crucial effects of climate-driven species redistribution will
be far-reaching and extensive. For example, key insect crop pollinator
families (Apidae, Syrphidae and Calliphoridae; ie., bees, hoverflies
and blowlies) are projected to retain significantly greater geographic
ranges under 1.5°C of global warming compared with 2°C (Warren
et al, 2018a). In some cases, when species (such as pest and disease
species) move into areas which have become climatically suitable
they may become invasive or harmful to human or natural systems
(Settele et al., 2014). Some studies are beginning to locate refugial®
areas where the climate remains suitable in the future for most of the
species currently present. For example, Smith et al (2018} estimated
that 5.5-14% more of the globe's terrestrial land area could act as
climatic refugia for plants under 1.5°C of warming compared to 2°C.

Thereis ne literature that directly estimates the proportion of species at
increased risk of global (as oppesed to local) commitment to extinction
as a result of climate change, as this is inherently difficult to quantify.
However, it is possible to campare the proportions of species at risk
of very high range loss; for example, a discernibly smaller number of
temrestrial species are projected 1o lose over 90% of thelr range at
1.5°C of global warming compared with 2°C (Figure 2 in Warren et
al, 2018a). A link between very high levels of range loss and greatly
increased extinction risk may be inferred (Urban, 2015). Hence, limiting
global warming to 1.5°C compared with 2°C would be expected to
reduce both range losses and associated extinction risks in terrestrial
species thigh confidence)
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3434 Changes in ecosystem function, biomass
and carbon stocks

Working Group Il of ARS (Settele et al, 2014} concluded that there is
high confidence that net terrestrial ecosystem productivity at the global
stale has increased relative to the pre-industrial era and that rising
C0, concentrations are contributing to this trend through stimulation
of photosynthesis, There is, however, no clear and consistent signal
of a climate change centribution. In nerthern latitudes, the change in
productivity has a lower velocity than the warming, possibly because of
a lack of resource and vegetation acclimation mechanisms (M. Huang
etal, 2017). Biomass and soil carbon stacks in temestrial ecosystems
are currently increasing (frigh confidence), but they are vulnerable to
loss of carbon to the atmosphere as a result of projected increases in
the intensity of storms, wildfires, land degradation and pest outbreaks
(Settele et al, 2014; Seidl et al, 2017). These losses are expected 0
contribute to a decrease in the temestrial carbon sink. Anderegg et al
{2015) demonstrated that total ecosystem respiration at the global
scale has increased in response to increases in night-time temperature
(1PgCyr! °C, P=0.02)

The increase in total ecosystern respiration in spring and auturnn,
assoclated with higher temperatures, may convert horeal forests
from carben sinks to carbon sources (Hadden and Grelle, 2016). In
horeal peatlands, for example, increased temperature may diminish
carbon storage and compromise the stability of the peat (Dieleman
etal, 2016), In addition, J. Yang et al. {2015) showed that fires reduce
the carbon sink of global temestrial ecosystems by 0.57 PgC yr' in
ecosystems with large carbon stores, such as peatlands and tropical
forests. Consequently, for adaptation purposes, it is necessary ™
enhance carbon sinks, especially in forests which are prime regulators
within the water, energy and carbon cycles {Ellison etal, 2017). Soil can
also be a key comp: t for ial carbon n (Lal,
2014; Minasny et al, 2017), depending on the net biome productivity
and the soll quality (Bispo et al, 2017)

ARS assessed that large uncertainty remains regarding the land carbon
cycle behaviour of the future (Ciais et al., 2013), with most, but not all,
CMIPS madels simulating continued terrestrial carbon uptake under
all four RCP scenarios (Jones et al, 2013). Disagresment between
models outiveighs differences betiveen scenarics even up to the year
2100 {Hewitt et al., 2016, Lovenduski and Banan, 2017). Increased
atmospheric CO, concentrations are expected to drive furtherincreases
in the land carbon sink (Ciais et al., 2013; Schimel et al, 2015), which
could persist for centuries {Pugh et al, 2016). Nitrogen, phosphorus and
other nutrients will limit the terrestrial carbon cycle response to both
elevated CO, and altered climate (Goll et al, 2012; Yang et al, 2014;
Wieder et al, 2015; Zaehle et al, 2015; Ellsworth et al, 2017). Climate
change may accelerate plant uptake of carhon (Gang et al, 2015)
hut also increase the rate of decomposition {Todd-Brown et al, 2014;
Kowven et al, 2015; Crowther et al, 2016). Ahlstrém et al. {2012} found
a net loss of carbon in extra-tropical regions and the largest spread
across model results in the tropics. The projected net effact of climate
change is to reduce the carbon sink expected under CO, increase alone
(Settele et al, 2014). Friend et al, {2014) found substantial uptake of
carbon by vegetation under future scenarios when considering the
effects of both climate change and elevated CO,

Chapter 3

There is lirited published literature exarnining modelled land carbon
changes specifically under 1.5°C of waming, but existing CMIPS
models and published data are used in this report to draw some
canclusions, For systems with significant inertia, such as vegetation or
soil carbon stores, changes in carbon storage will depend on the rate
of change of forcing and thus depend an the choice of scenario (lones
etal, 2009; Ciais etal, 2013; Sihi et al, 2017). To avoid legacy effects
of the choice of scenario, this report focuses on the response of gross
primary productivity (GPP) — the rate of photosynthetic carbon uptake
- by the models, rather than by changes in their carbon store,

Figure 3.17 shaws different responses of the terrestrial carbon cycle
1o climate change in different regions. The models show a consistent
tesponse of increased GPP in temperate latitudes of approximately 2
GtC yr' =C', Similarly, Gang et al. (2015) projected a robust increase
in the net primary preductivity {NPP) of temperate forests. However,
Ahlstrom et al.(2012) showed that this effect could be offsetar reversed
by increases in decompasition. Globally, most madels project that GPP
will increase or remain approximately unchanged (Hashimoto et al,,
2013). This projection is supported by findings by Sakalli et al. (2017)
for Europe using Euro-CORDEX regional models under a 2°C global
waming for the period 2034-2063, which indicated that storage
will increase by 5% in soil and by 20% in vegetation. However, using
the same modals Jacob et al. {2018) showed that limiting warming
10 1.5°C instead of 2°C avoids an increase in ecosystem vulnerability
{compared to a no-climate change scenario) of 40-50%.

Atthe global level, linear scaling is acceptahle for net primary production,
biomass burning and surface runoff, and impacts on terrestrial carbon
storage are projected to be greater at 2°C than at 1.5°C (Tanaka et
al, 2017). If global CO, concentrations and temperatures stabilize, or
peak and decling, then both land and ocean carbon sinks — which are
primarily driven by the continued increase in atmospheric CO, - will
alsa dedline and may even become carben sources {lones et al,, 2016},
Consequently, if a given amount of anthropagenic CO, is remaved from
the atmosphere, an equivalent amount of land and acean anthropogenic
€O, will be released to the atmosphere (Cao and Caldeira, 2010}

In conclusion, ecosystem respiration is expected to increase with
increasing temperature, thus reducing scil carbon storage. Scil carbon
storage is expected to be larger if global warming is restricted to
1.5°C, although seme of the associated changes will be countered by
enhanced gross primary production due to elevated CO, concentrations
(L&, the ‘fertilization effect’) and higher temperatures, especially at
mid- and high latitudes imedium confidence).

3.4.35 Regional and ecosystem-specific risks

A large number of threatened systems, including mountain
ecosystems, highly biodiverse tropical wet and dry forests, deserts,
freshwater systems and dune systems, were assessed in ARS. These
include Mediterranean areas in Europe, Siberian, tropical and desert
ecosystems in Asia, Australian rainforests, the Fynbos and succulent
Karoo areas of South Africa, and wetlands in Ethiopia, Malawi, Zambia
and Zimbabwe. In all these systems, it has been shown that impacts
accrue with greater warming, and thus impacts at 2°C are expected to
be greater than those at 1.5°C {medfum confidence).
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The High Arctic region, with tundra-dominated landscapes, has warmed
more than the glohal average over the last century (Section 3.3; Settele
et al, 2014). The Arctic tundra biome is experiencing increasing fire
disturbance and permafrost degradation (Bring et al., 2016; DeBeer et
al, 2016; Jiang et al, 2016; Yang et al., 2016). Both of these processes
facilitate the establishment of woody species in tundra areas. Arctic
temrestrial ecosystams are being disrupted by delays in winter onset
and mild winters associated with global warming (righ confidence)
(Cooper, 2014). Ohbservational constraints suggest that stabilization
at 1.5°C of warming would avoid the thawing of approximately 1.5
to 2.5 million km¢ of permafrost imedium confidence) compared
with stahilization at 2°C (Chadhurn et al, 2017), but the time scale
for release of thawed carbon as CO, or CH, should be many centuries
(Burke et al, 2017). In northemn Eurasia, the growing season length is
projected to increase by about 3-12 days at 1.5°C and 6-16 days at
2°C of warming imedium confidence) (Zhou et al, 2018). Aalto et al.
(2017) predicted a 72% reduction in cryogenic land surface processes
in northern Europe for RCP2.6 in 20402069 {corresponding to a global
warrming of approximately 1.6°C), with enly slightly larger losses for
RCP4.5 (2°C of global warming).
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Projected impacts on forests as climate change occurs include increases
in the intensity of storms, wildfires and pest cutbreaks (Settele et al.,
2014), potentially leading to forest dieback (medium confidence).
YWarmer and drier conditions in particular facilitate fire, droughtand insect
disturbances, while warmer and wetter conditions increase disturbances
from wind and pathogens (Seidl et al, 2017). Particularly vulnerable
regions are Central and South America, Mediterranean Basin, South
Africa, South Australia where the drought risk will increase {see Figura
3.12). Including disturbances in simulations may influence productivity
changes in European forests in response to climate change (Reyer et
al, 2017b). There is additional evidence for the attribution of increased
forest fire frequency in North America to anthropogenic climate change
during 1984-2015, via the mechanism of increasing fuel aridity almost
doubling the westem USA forest fire area compared to what would
haue been expected in the absence of climate change (Abatzoglou and
Williams, 2016). This projection is in line with expactad fire risks, which
indicate that fire frequency could increase over 37.8% of the global land
area during 201 0-2039 (Moritz et al, 2012}, corresponding to a global
warming level of approximately 1.2°C, compared with over 61.9% of
the global land area in 2070-2089, correspanding to a warming of
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approximately 3.5°C.* The values in Table 26-1 in a recent paper by
Romerc-Lankao et al. (2014) also indicate significantly lower wildfire
risks in North America for near-term warming {2030-2040, considered a
praxy for 1.5°C of warming) than at 2°C (high confidence).

The Amazon tropical forest has been shown to be close to its climatic
limits {Hutyra et al,, 2005), but this threshold may mowve under elevated
CO, {Good etal, 2011}. Future changes in rainfall, especially dry season
length, will determine responses of the Amazon forest (Good et al,
2013). The forest may be especially vulnerable to combined prassure
from multiple stressors, namely changes in climate and centinued
anthropogenic disturbance (Borma et al, 2013; Nobre et al, 2016}
Modelling (Huntingford et al, 2013) and observational constraints
(Cox et al, 2013) suggest that large-scale forest dieback is less likely
than suggested under early coupled modelling studies (Cox etal, 2000;
Jones et al, 2009). Nobre etal (2016) estimated a climatic threshold of
4°C of viarming and a deforestation threshold of 40%.

In many places around the wiorld, the savanna boundary is maving
into former grasslands. Wioody encroachment, including increased
tree cover and hiomass, has increased over the past century, owing
to changes in land management, rising CO, levels, and climate
variahility and change {often in combination) (Settele et al., 2014). For
plant species in the Mediterranean region, shifts in phenology, range
contraction and health decline have been observed with precipitation
decreases and temperature increases {(medium confidence) (Settele
et al, 2014). Recent studies using independent complerentary
approaches have shown that there is a regional-scale threshold in the
Mediterranean region between 1.5°C and 2°C of warming (Guiot and
Cramer, 2016; Schleussner et al, 2016b). Further, Guiot and Cramer
{2016) concluded that biome shifts unprecedented in the last 10,000
years can only be avoided if global waming is constrained to 1.5°C
(medium confidence) —whilst 2°C of warming will resultin a decrease
of 12-15% of the Mediterranean biome area. The Fynbes biome in
southwestem South Africa is vulnerable to the increasing impact of
fires under increasing temperatures and drier winters. It is projected
to lose about 204, 45% and B0% of its current suitable climate area
under 1°C, 2°C and 3°C of global warming, respectively, compared
1961-1990 thigh confidence) (Engelbrecht and Engelbrecht, 2016). In
Australia, an increase in the density of trees and shrubs at the expense
of grassland species is occurring across all major ecosysterms and is
projected o he amplified (NCCARF, 2013). Regarding Central America,
Lyraetal. (2017) showed that the tropical rainforest biomass would be
reduced hy about 40% under global warming of 3°C, with considerahle
replacement by savanna and grassland. With a global warming of close
to 1.5°C in 2050, a biomass decrease of 20% Is projected for tropical
rainforests of Central America {Lyra et al, 2017} If a linear response is
assumed, this decrease may reach 30% (medium confidence).

Freshwater ecosystems are considered to be among the most threatened
on the planet {Settele et al, 2014). Although peatlands cover only about
3% of the land surface, they hold one-third of the world's soil carbon
stock (400 to 600 Pg) (Settele et al, 2014). When drainad, this carbon
is released to the atmosphere, At least 15% of peatlands have drained,

 The aoprudmale temperalures are derlved from Figure 10,5 in Meeh et 2| (2007,

emperatures, which were skeady 0 5°C above pre-industrialvaluss,
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mostly in Europe and Southeast Asia, and are responsible for 5% of
human derived CO, emissions {Green and Page, 2017). Mareover, in the
Congo basin (Dargie etal, 2017} and in the Amazonian basin (Draper et
al., 2014), the peatlands store the equivalent carbon as that of a tropical
forest. However, stored carbon is vulnerable to land-use change and
future risk of drought, for example in northeast Brazil {figh confidence)
(Figure 3.12, Section 3.3.4.2). At the glohal scale, these peatlands are
undergoing rapid major transfarmaticns through drainage and burning
in preparation for oil palm and other crops or through unintentional
burning (Magrin et al, 2014). Wetland salinizaticn, a widespread
threat to the structure and ecolegical functioning of inland and coastal
wetlands, is occurring at a high rate and large geographic scale iSection
3.3.6; Herbert et al, 2015). Settele et al, (2014} found that rising water
temperatures are projected to lead to shifts in freshwater species
distributions and worsen water guality. Some of these ecosystems
respand non-linearly to changes in temperature. For example, Johnson
and Poiani (2016) found that the wetland function of the Prairie Pothole
region in North America is prajected to decline at temperatures beyond
a local warming of 2°C-3°C abave present-day values {1°C local
warming, comespanding to 0.6°C of glohal warrning). If the ratio of local
1o global warming remains similar for these small levels of warming,
this would indicate a global temperature threshold of 1.2°C-1.82C
of warming. Hence, constraining global warming to approximately
1.5°C would maintain the functioning of prairie pothole ecosystams in
terms of their productivity and biodiversity, although a 20% increase
of precipitation could offset 2°C of global warming {high confidence)
{Johnson and Polani, 2016).

3436 Summary of implications for ecosystem services

In summary, constraining glebal warming to 1.5°C rather than 2°C
has strong benefits for terrestrial and wetland ecosystems and their
services (high confidence). These benefits include avoidance or
reduction of changes such as biome transformations, species range
losses, increased extinction risks (all high confidence) and changes
in phenology {high confidence), together with projected increases
in extreme weather events which are not yet factored into these
analyses {Section 3.3), All of these changes contribute to disruption of
ecosystem functioning and loss of cultural, provisioning and regulating
senvices provided by these ecosystems to humans, Examples of such
services include soil conservation (avoidance of desertification), flood
cantrol, water and air purification, pollination, nutrient cycling, sources
of food, and recreation.

344  Ocean Ecosystems

The ocean plays a <entral role in regulating atmospheric gas
concentrations, global temperature and climate. It also provides
habitat to a large number of organisms and ecosystems that provide
goods and services worth trillions of USD per year ie.g., Costanza et
al, 2014; Hoegh-Guldberg et al, 2015). Together with local stresses
(Halpern et al, 2015), climate change poses a major threat to an
increasing number of ocean ecosystems (2.9, warm water or tropical
coral reefs: virtuafly certain, WGII ARS) and conseguently to many
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coastal communities that depend on marine resources for food,
livelihoods and a safe place to live. Previous sections of this report
have described changes in the ocean, including rapid increases
in ocean temnperature down 1o a depth of at least 700 m (Section
3.3.7). In addition, anthropogenic carbon dioxide has decreased
ocean pH and affected the concentration of ions in seawater such
as carbonate (Sections 3.3.10 and 2.4.4.5), bath over a similar depth
range. Increased ocean temperatures have intensified storms in some
regions (Section 3.3.6), expanded the ccean volume and increased
saa levels globally {Section 2.3.9), reduced the extent of polar
summer sea ice iSection 3.3.8), and decreased the overall solubility
of the ocean for oxygen (Section 3.3.10). Importantly, changes in the
respanse to climate change rarely operate in isolation. Consequently,
the effect of global warming of 1.5°C versus 2°C must be considered
in the light of multiple factors that may accumulate and interact over
time to preduce complex risks, hazards and impacts on human and
natural systems.

3.4.4.1 Observed impacts

Physical and chemical changes to the ocean resulting from increasing
atmaspheric CO, and ather GHGs are already driving significant changes
to ocean systemns {very high confidence) and will continue to do so at
1.5°C, and more so at 2°C, of global warming above pre-industrial
temnperatures (Section 3.3.11). These changes have been accompanied
by other changes such as ocean acidification, intensifying sterms and
deaxygenation {Levin and Le Bris, 2015). Risks are already significant
at current greenh gas ions and and they
vary significantly among depths, locations and ecosysterns, with impacts
being singular, interactive and/or cumulative (Boyd et al, 2015

3.4.4.2 Warming and stratification of the surface ocean

As atmospheric greenhouse gases have increased, the global mean
surface temperature (GMST) has reached about 1°C above the pre-
industrial period, and oceans have rapidly warmed from the ocean
surface to the deep sea {high confidence) (Sections 3.3.7; Hughes
and Narayanaswamy, 2013; Levin and Le Bris, 2015; Yasuhara and
Danovaro, 2016; Sweetman et al, 2017). Marine organisms are
already respending to these changes by shifting their biogeographical
ranges to higher latitudes at rates that range from approximately 0
to 40 km yr' {Burrows et al, 2014; Chust 2014; Bruge et al,
2016; Poloczanska et al, 2016), which has consequently affected
the structure and function of the ocean, along with its biodiversity
and foodwebs (high confidence). Movements of organisms does
nat iy equate to the of entire For
example, species of reef-building corals have been observed to shift
their geagraphic ranges, yet this has not resulted in the shift of entire
coral ecosystems (high confidence) Woodroffe et al, 2010: Yamano
etal, 2011). In the case of 'less mobile” ecosystems (e.g., coral reefs,
kelp forests and intertidal ities), shifts in bi phical
ranges may be limited, with mass mortalities and disease outhreaks
increasing in frequency as the exposure to extreme temperatures
increases {very high confidence) (Hoegh-Guldberg, 1999; Garrabou
et al., 2009; Rivetti et al, 2014; Maynard et al., 2015; Krumhansl et
al, 2016; Hughes et al, 2017k; see also Box 3.4). These trends are
projected to become more pronounced at warming of 1.5°C, and
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more so at 2°C, above the pre-industrial period {Hoegh-Guldberg et
al,, 2007; Donner, 200%; Frieler etal,, 2013; Horta E Costaet al, 2014;
Vergés et al, 2014, 2016; Zarco-Perello et al., 2017} and are fikely to
resultin decreases in marine biodiversity at the equator butincreases
in biodiversity at higher latitudes {Cheung et al,, 2009; Burrows et
al, 2014)

While the impacts of species shifting their ranges are mestly negative
for human communities and indusry, there are instances of short-
term gains. Fisheries, for example, may expand temporarily at high
latitudes in the Morthem Hemisphere as the extent of summer sea ice
tecedes and NPP increases (medium confidence) (Cheung et al, 2010;
Lam et al, 2016 Weatherdon et al, 2016). High-latitude fisheries are
nat anly influenced by the effect of temperature on NPP but are alsa
strongly influenced by the direct effects of changing temperatures on
fish and fisheries iSection 3.4.4.9; Barange et al,, 2014; Portner et al,,
2014; Cheung et al, 2016h; Weatherdon et al., 2016). Temporary gains
in the productivity of high-latitude fisheries are offset by a growing
number of examples from low and mid-latitudes where increases in
sea temperature are driving decreases in NPP, owing to the direct
effects of elevated temperatures and/or reduced ocean mixing from
reduced ocean upwelling, thatis, increased stratification (fow-medium
configenice) (Cheung et al, 2010; Ainsworth et al, 2011; Lam et al,
2012,2014,2016; Bopp et al. 2013; Boyd etal,, 2014; Chustetal, 2014;
Hoegh-Guldberg et al,, 2014; Poloczanska et al., 2014; Pértner et al.,
2014; Signorini et al, 2015). Reduced ocean upwelling has implications
for millions of people and industries that depend on fisheries for food
and livelihoods {Bakun et al., 2015; FAQ, 2016; Kdmpf and Chapman,
2016), although there is low confidence in the projection of the size
of the consequences at 1.5°C. It is alsa important to appreciate these
changes in the context of large-scale ocean processes such as the
acean carbon pump. The export of organic carbon to desper layers of
the ocean increases as NPP changes in the surface acean, for example,
with implications for foodwebs and oxygen levels (Boyd et al,, 2014;
Sydeman et al, 2014; Altieri and Gedan, 2015; Bakun et al, 2015;
Boyd, 2015).

3.4.4.3  Storms and coastal runoff

Storms, wind, waves and inundation can have highly destructive impacts
on ocean and coastal ecosysterns, as well as the human communities
that depend on them {PCC, 201 Z; Seneviratne et al, 2012). The intensity
of tropical cyclones acrass the world's oceans has increased, althaugh the
aoverall number of tropical cyclones has remained the same or decreased
(medium confidence) (Section 3.3.6; Elsner et al, 2008; Holland and
Bruyére, 2014). The direct force of wind and waves associated with
larger storms, along with changes in storm direction, increases the risks
of physical damage to coastal communities and to ecasystems such as
mangroves Wow to medium confidence) (Long et al, 2016; Primavera et
al, 2016; Villamayor et al,, 2016; Cheal et al, 2017} and tropical coral
reafs (De'ath et al, 2012; Bozec et al, 2015; Cheal et al,, 2017}. These
changes are associated with increases in maximum wind speed, wave
height and the inundation, although trends in these variables vary from
region fo region {Section 3.3.5). In some cases, this can lead to increased
exposure to related impacts, such as flooding, reduced water quality and
increased sediment runoff (medivm-high confidence) (Brodie et al,, 2012;
Wong etal, 2014; Anthony, 2016; ARS, Table 5.1).
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Sea level rise also amplifies the impacts of storms and wave action
(Section 3.3.9), with robust evidence that storm surges and damage
are already penetrating farther inland than a few decades ago,
changing ions for coastal and human i
This is especially true for small islands {Box 3.5) and low-lying coastal
commmunities, where issues such as storm surges can transform coastal
areas {Section 3.4.5; Brown et al, 2018a). Changes in the fraquency of
extreme events, such as an increase in the frequency of intense storms,
have the potential {along with other factors, such as disease, food web
changes, invasive organisms and heat stress-related mortality, Burge
etal, 2014; Maynard et al,, 2015; Weatherden et al,, 2016; Clements
etal, 2017) to overwhelm the capacity for natural and human systems
to recover following disturbances. This has recently been seen for key
ecosystems such as tropical coral reefs (Box 3.4), which have changed
from caral-domi to i by other
organisms such as seaweeds, with changes in associated organisms
and ecasystem services (high confidence) (De'ath et al, 2012; Bozec et
al., 2015; Cheal etal., 2017; Hoegh-Guldherg et al,, 2017; Hughes et al,,
20173, b). The impacts of storms are amplified by sea level rise (Section
3.45), leading to substantial challenges today and in the future for
cities, deltas and small island states in particular {Sections 3.4.5.2 o
3.45.4), as well as for coastlines and their associated ecosystems
(Sections 3.4.5.5 to 2.4.5.7).

3444 Ocean circulation

The movement of water within the ocean is essential to its biclogy
and ecology, as well to the circulation of heat, water and nutrients
around the planet (Section 3.3.7). The movement of these factors
drives local and regional climates, as well as primary productivity and
food production. Firmly attributing recent changes in the strength and
direction of ocean currents to climate change, however, is complicated
by long-term patterns and variability {e.g., Pacific decadal oscillation,
PDO; Signorini et al, 2015) and a lack of records that match the long-
term nature of thesechanges in many cases (Lluch-Cotaetal, 2014). An
assessment of the literature since AR5 (Sydeman et al,, 2014), however,
concluded that {overall) upwelling winds have i ified
in the Califomia, Benguela and Humboldt upwelling systems, but
have weakened in the Iherian system and have remained neutral in
the Canary upwelling system in over 60 years of records {1946-2012)
(medfium conifidence). These conclusions are consistent with a growing
consensus that wind-driven upwelling systems are likely to intensify
under climate change in many upwelling systems (Sydeman et al,
2014; Bakun et al, 2015; Di Lorenzo, 2015), with potentially positive
and negative consequences {Bakun et al, 2015},

Changes in ocean circulation can have profound impacts on marine
ecosystems by connecting regions and facilitating the entry and
establishment of species in areas where they were unkncwn before (e.g.,
‘tropicalization’ of temperate ecosystems; Wemberg et al, 2012; Vergés
etal, 2014, 2016; Zarco-Perellc etal, 2017), aswell as the arrival of novel
disease agents Jow-medium confidence) (Burge et al,, 2014; Maynard
etal, 2015; Waatherdon et al, 2016). For example, the herhiverous sea
urchin Centrostephanus rodgersii has been reached Tasmania from the
Australian mainland, where it was previously unknown, owing to a
strengthening of the East Australian Current (EAC) that connects the
two regions (high convidence) (Ling et al,, 2009). As a consequence, the
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distribution and abundance of kelp forests has rapidly decreased, with
implications for fisheries and other ecasystem services (Ling etal., 2009).
These risks to marine ecosystems are projected to become greater at
1.5°C, and more so at 2°C {medium confidence) (Cheung et al, 2009;
Pereira et al, 2010; Pinsky et al, 2013; Burrows et al,, 2014},

Changes to ocean circulation can have even largerinfluence in terms of
scale and impacts, Weakening of the Adantic Meridional Overtuming
Circulation (AMOC), for example, is projected to be highly disruptive to
natural and human systams as the delivery of heat to higher latitudes
via this current system is reduced {Collins et al, 201 3). Evidence of
a slowdown of AMOC has increased since AR5 (Smeed et al,, 2014;
Rahmstorf et al.,, 20153, b; Kelly et al, 2016}, yet a strong causal
connection to climate change is missing tow confidence) (Section
33.7)

3.4.4.5 Ocean acidification

Qcean chemistry encompasses a wide range of phenomena and chemical
species, many of which are integral to the hiology and ecology of the
ocean (Section 3.3.10; Gattuso et al, 2014, 2015; Hoegh-Guldberg et
al,, 2014; Partner et al, 2014). While changes to ocean chemistry are
likely to be of central importance, the literature on how climate change
might influence acean chemistry over the shart and leng term is limited
{medium confidence). By contrast, numerous risks from the specific
changes asscciated with ocean adidification have been identified (Dove
et al, 2013; Kroeker et al, 2013; Porner et al, 2014; Gattuso et al,
2015; Albright et al,, 2016), with the consensus that resulting changes
to the carhonate chemistry of seawater are having, and are likely to
continue to have, fundamental and substantial impacts on a wide variety
of organisms (figh confidence). Organisms with shells and skeletons
rmade out of calcium carbonate are particularly at risk, as are the early
life history stages of a large number of organisms and processes such
as de-caldfication, although there are some taxa that have not shown
high-sensitivity to changes in CO,, pH and carbonate concentrations
({Dove et al,, 2013; Fang et al, 2013; Kroeker et al, 2013; Fdrtner et
al, 2014; Gattuso et al, 2015). Risks of these impacts also vary with
|atitude and depth, with the greatest changes cccurring at high latitudes
as well as deeper regions. The aragonite saturation horizen {i.e., where
concentrations of calcium and carbonate fall below the saturation point
for aragonite, a key crystalline form of calcium carhonate) is decreasing
with depth as anthropogenic CO, penetrates deeper into the ocean over
time. Under many models and scenarics, the araganite saturation is
projected to reach the surface by 2030 onwards, with a growing list of
impacts and consequences for ocean organisms, ecosysters and people
(Orr et al.,, 2005; Hauri et al, 2016).

Further, itis difficult to reliably separate the impacts of ccean warming
and acidification. As ocean waters have increased in sea surface
termperature {SST} by approximately 0.9°C they hawe also decreased
by 0.2 pH units since 1B70-1899 {'pre-industrial’; Table 1 in Gattuso et
al, 2015; Boppetal,, 2013).As CO, concentrations continue to increase
along with other GHGs, pH will decrease while sea temperature will
increase, reaching 1.7°C and a decrease of 0.2 pH units (by 2100
under RCP4.5) relative to the pre-industrial period, These changes are
likely 1o continue given the negative comelation of temperature and
PH. Experimental manipulation of CO,, temperature and consequently
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acidification indicate that these impacts will continue to increase in
size and scale as CO, and SST continue fo increase in tandem (Dove et
al, 2013; Fang et al, 2013; Kroeker et al, 2013).

While many risks have been defined through laboratory and mesocosm
experiments, there is a growing list of impacts from the field imedium
configence) that include community-scale impacts on bacterial
assemblages and processes (Endres et al, 2014}, coccolithaphores
(K.J.S. Meier et al,, 2014), pteropods and polar foodwebs (Bednariek et
al., 2012,2014), phytoplankton {(May et al., 2009; Risbesall et al. 2013;
Richier et al, 2014), benthic ecosystems {Hall-Spencer et al, 2008;
Linares et al, 2015), seagrass (Garrard et al., 2014), and macroalgae
(Webster et al, 2013; Ordonez et al, 2014), as well as excavating
sponges, endalithic microalgae and reef-building corals (Dove et al,
2013; Reyes-Nivia et al, 2013; Fang et al, 2014), and coral reefs (Box
3.4; Fabricius etal, 2011; Allen et al,, 2017). Some ecosystems, such as
those from bathyal areas (i e., 2003000 m below the surface), are likely
1o undergo very large reductions in pH hy the year 2100 (0.29 to 0.37
PH units), yet evidence of how deep-water ecosystems will respond is
currently limited despite the potential planetary importance of these
areas (fow to medivm canfidence) {Hughes and Narayanaswamy,
2013; Sweetrnan et al, 2017).

3446 Deoxygenation

Qxygen levels in the ocean are maintained by a series of processes
including ocean mixing, photosynthesis, respiration and solubility
(Boyd et al., 2014, 2015; Portner et al,, 2014; Breithurg et al, 2018).
Concentrations of oxygen in the ocean are declining {high confidence)
owing to three main factors related to climate change: (i} heat-related
stratification of the water column {less ventilation and mixing), (i}
reduced oxygen solubility as ocean temperature increases, and {jii)
impacts of warming on biological processes that produce or consume
axygen such as phe hesis and res {high ) (Bopp
et al, 2013; Pértner et al, 2014; Altieri and Gedan, 2015; Deutsch et
al,, 2015; Schmidtko et al, 2017; Shepherd et al,, 2017; Breitburg et
al, 2018). Further, a range of processes (Section 3.4.11) are acting
synergistically, including factors not related to climate change, such
as runoff and coastal eutrophication (e.g., from coastal farming
and intensive aguaculture). These changes can lead to increased
phytoplankton productivity as a result of the increased concentration
of dissolved nutrients. Increased supply of organic carbon molecules
from coastal run-off can also increase the metabolic activity of coastal
microbial communities (Altieri and Gedan, 2015; Bakun et al., 2015;
Boyd, 2015). Deap sea areas are |ikely to experience some of the
greatest challenges, as abyssal seafloar habitats in areas of deep-water
formaticn are projected to experience decreased water column axygen
concentrations by as much as 0.03 mL L' by 2100 {Levin and Le Bris,
2015: Sweetman et al, 2017).

The number of ‘dead zones' {areas where oxygenated waters have
been replaced by hypoxic conditions} has been growing strongly
since the 19205 (Diaz and Rosenberg, 2008; Altieri and Gedan, 2015;
Schmidtko et al, 2017). While attribution can be difficult because of
the complexity of the processes involved, both related and unrelated
to climate change, some impacts associated to deoxygenation (fow-
medium  confidence) include the expansion of oxygen minimum
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zones (OMZ) (Turner et al,, 2008; Carstensen et al. 2014; Acharya and
Panigrahi, 2016; Lachkar et al, 2018), physiological impacts (Portner
etal, 2014}, and mortality andor displacement of oxygen dependent
organisms such as fish {Hamukuaya et al., 1998; Thronson and Quigg,
2008; Jacinto, 2011) and invertebrates (Hobbs and Mcdonald, 2010;
Bednar$ek et al, 2016; Seibel, 2016; Altieri et al, 2017). In addition,
deoxygenation interacts with ocean acidification to present substantial
separate and combined challenges for fisheries and aguaculture
(medium confidence) (Hamukuaya et al, 1998; Bakun et al, 2015;
Rodrigues etal, 2015; Feely etal,, 2016; 5. Li et al, 2016; Asiedu et al.,
2017a; Clements and Chepin, 201 7; Clements etal., 2017; Breitburg et
al, 2018). Deaxygenation is expected to have greater impacts as ocean
warming and acidification increase {frigh confidence), with impacts
being larger and more numerous than today (e.g., greater challenges
for aquaculture and fisheries from hypoxia), and as the number of
hypoxic areas cantinues to increase. Risks from deoxygenation are
virtuafly certain to increase as warming continues, although our
understanding of risks at 1.5°C versus 2°C is incomplete {medium
confidence). Reducing coastal pollution, and consequently the
penetration of organic carbon inta deep benthic habitats, is expected
to reduce the loss of cxygen in coastal waters and hypoxic areas in
general (high confidence) (Breitburg etal, 2018).

3447 Loss of seaice

Seaice is a persistent feature of the planets polar regions {Polyak etal.,
2010) and is central to marine ecosystems, people (e.g., food, culture
and livelihoods) and industries (e.g., fishing, tourism, oil and gas, and
shipping). Summer sea ice in the Arctic, howewer, has been retreating
rapidly in recent decades (Section 3.3.8), with an assessment of the
literature revealing that a fundamental transformation is occurring
in polar organisms and ecosystems, driven by climate change (high
confidence) (Larsen et al,, 2014). These changes are strongly affecting
people in the Arctic whe have close relationships with sea ice and
associated ecosysterns, and these people are facing major adaptation
challenges as a result of sea level rise, coastal erosion, the accelerated
thawing of permafrost, changing ecosystems and resaurces, and many
other issues (Ford, 2012; Ford etal., 2015).

There is considerable and compelling evidence that a further increase
of 0.5°C beyond the present-day average global surface temperature
will lead to multiple levels of impact on a variety of organisms, from
phytoplankton to marine mammals, with some of the most dramatic
changes occurring in the Arctic Ocean and western Antarctic Peninsula
(Tumer etal, 2014, 2017k; Steinberg et al, 2015; Pifiones and Fedorav,
2016).

The impacts of climate change on sea ice are part of the focus
of the IPCC Special Report on the Ocean and Cryosphere in a
Changing Climate {SROCC), due to be released in 2019, and hence
are not covered comprehensively here. However, there is a range of
responses to the loss of sea ice that are accurring and which increase
at 1.5°C and further so with 2°C of global warming. Some of these
changes are described briefly here. Photosynthetic communities,
such macroalgae, phytoplankten and microalgae dwelling en the
underside of floating sea ice are changing, owing to increased
temperatures, light and nutrient levels. As sea ice retreats, mixing of
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the water column increases, and phototrophs have increased access
to seasonally high levels of sclar radiation (medium confidence)
(Dalpadado et al, 2014; W.N. Meier et al, 2014]). These changes are
expected to stimulate fisheries productivity in high-latitude regions
by mid-century {high confidence) (Cheung et al., 2009, 2010, 2016k;
Lam et al, 2014), with evidence that this is already happening for
saveral high-latitude fisheries in the Northern H suchasthe
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3.4.4.9  Projected risks and acaptation options for oceans under
global waming of 1.5°C or 2°C above pre-industrial levels

A comprehensive discussion of risk and adaptation options for all
natural and human systems is not possible in the context and length
of this report, and hence the intention here s to illustrate key risks

Bering Sea, although thess ‘positive” impacts may be relatively short-
lived (Hollowed and Sundby, 2014; Sundby et al, 201€). In addition to
the impact of climate change on fisheries via impacts on net primarny
productivity {NPP), there are alse direct effects of temperature on
fish, which may in turn have a range of impacts (Portner et al,, 2014)
Sea ce in Antarctica Is undergoing changes that exceed those seen
in the Arctic (Maksym et al., 2011; Reid et al, 2015), with increases
in sea ice coverage in the western Ross Sea being accompanied by
strong decreases in the Bellingshausen and Amundsen Seas (Hobbs

and jon options for ocean ecosystems and sectors. This
assessment builds on the recent expert consensus of Gattuso et al.
(2015) by assessing new literature from 2015-2017 and adjusting
the levels of risk from climate change in the light of literature since
2014, The original expert group’s assessment {Supplementary Material
3.5M.3.2) was used as input for this new assessment, which focuses
on the implications of global waming of 1.5°C as compared to 2°C. A
discussion of potential adaptation options is also provided, the details
of which will be further explored in later chapters of this special report.
The section draws on the extensive analysis and literature presentad in

et al, 2016). While Antarctica is not pap , the
ramifications of changes to the productivity of vast regions, such
as the Scuthern Ocean, have substantial implications for ocean
foodwehs and fisheries glabally

3448 Sealevel rise

Mean sea level is increasing (Section 3.3.9), with substantial impacts
already being felt by coastal ecosysterns and communities (Wong et
al., 2014 {high confidence). These changes are interacting with other
factors, such as strengthening storms, which together are driving larger
storm surges, infrastructure damage, erosion and habitat loss {Church et
al, 2013; Stocker et al,, 2013; Blankespoor et al, 2014). Coastal wetland
ecosystems such as mangroves, sea grasses and salt marshes are under
pressure from rising sea level {medium confidence} (Section 3.4.5; Di
Nitto et al, 2014; Ellison, 2014; Lovelock et al, 2015; Mills et al, 2016;
Nicholls et al, 2018), as well as from a wide range of other risks and
impacts unrelated to climate change, with the ongeing loss of wetlands
recently estimated at approximately 1% per annum acress a large
number of countries [Blankespoor etal., 2014; Alongi, 2015). While some
ecosystens {e.g., mangroves) may be able to shift shoreward as sea levels
increase, coastal development (e.g., buildings, seawalls and agriculture)
often interrupts shoreward shifts, as well as reducing sediment supplies
down some rivers {e.g., dams} due to coastal development {Di Nitto etal.,
2014; Lovelock et al,, 2015; Mills et al, 2016).

Responses to sea level rise challenges for ocean and coastal systems
include reducing the impact of other stresses, such as those arising
from tourism, fishing, coastal development, reduced sediment
supply and unsustainable aquaculture/agriculture, in order to huild
ecological resilience (Hossain et al, 2015; Sutton-Grier and Mcore,
2016; Asiedu et al, 2017a), The available literature largely concludes
that these impacts will intensify under a 1.5°C warmer world but will
he even higher at 2°C, especially when considersed in the context of
changes occurring beyond the end of the current century. In some
cases, restaration of coastal habitats and ecasystems may be a cost-
effective way of responding to changes arising from increasing levels
of exposure to rising sea levels, intensifying storms, coastal inundation
and salinization {Section 3.4.5 and Box 3.5; Arkema et al, 2013},
although limitations of these strategies have been identified ie.g.,
Lavelock et al.,, 2015; Weatherdon et al.,, 2016)

the y Material of this report (3.5M.3.2, 2.5M.3.3) and has
asummary in Figures 3.18 and 3.20 which outline the added relative
risks of climate change.

34410 Framework organisms tropical corals, mangroves
and seagrass)

Marine crganisms {'ecosystem engineers’), such as seagrass. kelp,
aysters, salt marsh species, mangroves and corals, build physical
structures or frameworks {i.e, sea grass meadows, kelp forests, oyster
teefs, salt marshes, mangrove forests and coral reefs) which form the
hahitat for a large number of species (Gutiérrez et al, 2012). These
organisms in turn pravide foad, livelihoods, cultural significance, and
senvices such as coastal protection to human communities (Bell et al,,
2011, 2018; Cinner et al,, 2012; Arkema et al, 2013; Nurse etal, 2014;
Wong etal, 2014; Barbier, 2015; Bell and Taylor, 2015; Hoegh-Guldberg
etal, 2015; Mycoo, 2017; Pedl etal, 2017),

Risks of climate change impacts for seagrass and mangrove ecosystems
were recently assessed by an expert group led by Short et al (2016).
Impacts of climate change were assessed to be sirilar across a range
of submerged and emerged plants. Submerged plants such as sea-
grass were affected mostly by temperature extremes (Arias-Ortiz et al,,
2018), and indirectly by turbidity, while emergent communities such
as mangroves and salt marshes were most susceptible to sea level
variahility and temperature extremes, which is consistent with other
evidence {Di Nitto et al,, 2014; Sierra-Correa and Cantera Kintz, 2015;
Osorio et al, 2016; Sasmito et al, 2016), especially in the context of
human activities that reduce sediment supply {Lovelock et al, 2015)
or interrupt the shoreward movement of mangroves though the
construction of coastal infrastructure. This in turn leads to “coastal
squeeze’ where coastal ecosystems are trapped between changing
ocean conditions and coastal infrastructure (Mills et al, 2016).
Projections of the future distribution of seagrasses suggest a poleward
shift, which raises concems that low-latitude seagrass communities
may contract as a result of increasing stress levels (Valle etal, 2014}

Climate change {e.g., sea level rise, heat stress, storms) presents risk
for coastal ecosystems such as seagrass (high confidence) and reef-
building corals {very high confidence) (Figure 3.18, Supplementary
Material 3.5M.3.2), with evidence of increasing cancem since ARS and
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the conclusion that tropical corals may be even more vulnerable to
climate change than indicated in assessments made in 2014 (Hoegh-
Guldberg et al, 2014; Gattuso et al, 2015). The current assessment
also considered the heatwave-related loss of 50% of shallow-water
corals across hundreds of kilometres of the world's largest continuaus
coral reef system, the Great Barrier Reef These large-scale impacts,
plus the observation of hack-to-back bleaching events on the Great
Barrier Reef (predicted two decades ago, Hoegh-Guldberg, 1999) and
arriving sconer than predicted (Hughes et al, 2017k, 2018), suggest
that the research community may have underestimated climate risks
for coral reefs (Figure 3.18). The general assessment of climate risks for
mangraves prior to this special report was that they face greater risks
from deforestation and unsustainable coastal developrment than from
climate change {Alongi, 2008; Hoegh-Guldberg et al, 201 4; Gattuso et
al., 2015}, Recent large-scale die-offs (Duke etal,, 2017; Lovelock et al,
2017), however, suggest that risks from climate change may have been
underestimated for mangroves as well. With the events of the last past
three years in mind, risks are now considered to be undetectable to
maderate {j.e, moderate risks now start at 1.3°C as opposed to 1.8°C;
medium confidence). Consequently, when average global warming
reaches 1.3°C ahove pre-industrial levels, the risk of climate change to
mangroves are projected to be moderate (Figure 3.18) while tropical
coral reefs will have reached a high level of risk as examplified by
increasing damage from heat stress since the early 1980s. At global
warrring of 1.8°C above pre-industrial levels, seagrasses are projected
to reach moderate to high levels of risk {e.g., damage resulting from
sea level rise, erosion, extrere temperatures, and storms), while risks
o mangroves from climate change are projected to remain moderate
(9., not keeping up with sea level rise, and more frequent heat stress
mortality) although there is fow certainty as tawhen or if this important
ecosystem is likely to transition to higher levels of additional risk from
climate change (Figure 3.18).

Warm water {tropical) coral reefs are projected to reach a very high
risk of impact at 1.2°C (Figure 3.18), with mest available evidence
suggesting that coral-dominated ecosystems will be non-existent at this
temperature or higher thigd confidence). At this peint, coral abundance
will be near zero at many locations and storms will cenfribute to
“flattening’ the three-dimensional structure of reefs without recovery,
as already observed for some coral reefs (Alvarez-Filip et al,, 2009). The
impacts of warming, coupled with ocean acidification, are expected
o undemine the ability of tropical coral reefs to provide habitat for
thousand of spacies, which together provide a range of ecosystem
savices (e.g., food, livelihoods, coastal protection, cultural services)
that are important for millions of peaple (high confidence) {Burke et
al, 2011

Strategies for reducing the impact of climate change on framework
organisms include reducing stresses not directly related to climate
change {eq., coastal pollution, overfishing and destructive coastal
development] in order to increase their ecological resilience in the face
af accelerating climate change impacts (World Bank, 2013; Ellison,
2014; Anthony et al, 2015; Sierra-Correa and Cantera Kintz, 2015;
Kroon et al, 201€; O'Leary et al,, 2017), as well as protecting locations
where organisms may be more robust (Palumbi et al., 2014) or less
exposed to climate change {Bongaerts et al, 2010; van Hooidonk et
al, 2013; Beyer et al, 2018). This might invalve cooler areas due to
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upwelling, orinvolve desp-water locations that experiance less extreme
conditions and impacts. Given the potential value of such locations for
promoting the survival of coral communities under climate change,
efforts to prevent their lass resulting from other stresses are important
(Bongaerts et al., 2010, 2017; Chollett et al. 2010, 2014; Chollett and
Mumby, 2013; Fine etal,, 2013; van Hoaidonk etal, 2013; Cacciapaglia
and van Woesik, 2015; Beyer et al,, 2018). A full understanding of
the role of refugia in reducing the loss of ecosystems has yet to be
developed {ow to medium confidence). There is also interest in ex
situ conservation approaches involving the restoration of corals via
aquaculture (Shafir et al, 2006; Rinkevich, 2014) or the use of "assisted
evolution” to help corals adapt to changing sea temperatures {van
Oppen et al, 2015, 2017), although there are numerous challenges
that must be surpassed if these approaches are to be cost-effective
responses to preserving coral reefs under rapid climate ¢hange (owr
configenice) (Hoegh-Guldberg, 2012, 2014a; Bayraktarow et al., 2016).

High levels of adaptation are expected to he required to prevent
impacts on food security and livelihoods in coastal populations
(medium confidence). Integrating coastal infrastructure with changing
ecasystems such as mangroves, seagrasses and salt marsh, may offer
adaptation strategiss as they shift shoreward as sea levels rise (high
confidenice). Maintaining the sediment supply to coastal areas would
also assist mangraves in keeping pace with sea level rise (Shearman et
al, 2013; Lovelock et al,, 2015; Sasmito et al, 2016). Fer this reasan,
habitat for mangroves can be strongly affected by human actions such
as building dams which reduce the sediment supply and hence the
ahility of mangraves to escape ‘drowning’ as sea level rises {Lovelock
et al, 2015). In addition, integrated coastal zane management should
recognize the importance and economic expediency of using natural
ecosystems such as mangroves and tropical coral reefs to protect
coastal human communities {Arkema et al, 2013; Temmerman et al.,
2013; Ferrario et al,, 2014; Hinkel et al., 2014; ENiff and Silva, 2017).
Adaptation options include developing altemative livelihoods and
food sources, ecosystem-based managementfadaptation such as
ecosystem restoration, and constructing coastal infrastructure that
reduces the impacts of rising seas and intensifying storms {Rinkevich,
2015; Weatherdon et al, 2016; Asiedu et al, 2017a; Feller et al,
2017). Clearly, these options need to be carefully assessed in terms
of feasihility, cost and scalability, as well as in the light of the coastal
ecasystems involved (Bayraktarov et al., 2018).

34.411 0Ocean foodwebs (pteropods, bivalves, krill and fin fish}

QOcean foodwebs are vast interconnected systems that transfer solar
energy and nutrients from phytoplankton to higher trophic levels,
including apex predators and commercially important species such
as tuna, Here, we consider four representative groups of marine
arganisms which are important within foodwehs across the acean, and
which illustrate the impacts and ramifications of 1.5°C of higher levels
of warming.

The first group of organisms, pteropods, are small pelagic molluscs
that suspension feed and produce a calcium carbonate shell. They are
highly abundant in temperate and polar waters where they are an
important link in the foodweb between phytoplankton and a range
of ather organisms including fish, whales and birds. The second group,
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bivalve molluscs {e.q., clams, oysters and mussels), are filter-feeding
invertebrates. These invertebrate organisms underpin important
fisheries and aquaculture industries, from polar to tropical regions, and
are important food sources for a range of organisms including humans.
The third group of organisms considered here is a globally significant
group of i known as euphausiid crustaceans frill), which
are a key food source for many marine organisms and hence a major
link betwsen primary producers and higher traphic levels {2q., fish,
mammals and sea birds). Antarctic krill, Eupfrausia superba, are among
the most abundant species in terms of mass and are consequently an
essential component of polar focdwebs (Atkinson etal,, 2009). The last
graup, fin fishes, is vitally important companents of ocean faodwebs,
contribute to the income of coastal communities, industries and nations,
and are important to the foodsecurity and livelihood of hundreds of
millions of people globally (FAQ, 2016). Further background for this
saction is provided in Supplementary Material 3.5M.3.2

There is a moderate risk to ocean foodwebs under present-day
conditions {medium to high confidence) {Figure 3.18). Changing
water chemistry and temperature are already affecting the ability of
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such as high rates of ocean acidification coupled with shoaling of the
aragonite saturation horizan, are likely to also play key roles (Kawaguchi
etal, 2013; Pifienes and Fedoroy, 2016}. As with many risks associated
with impacts at the ecosystem scale, most adaptation options focus en
the management of stresses unrelated to climate change but resulting
from human activities, such as pollution and habitat destruction
Reducing these stresses will be impartant in efforts to maintain important
foodweb compenents, Fisheries management at local to regional scales
will be important in reducing stress on foodweh organisms, such as
those discussed here, and in helping communities and industries adapt
1o changing foodhveb structures and resources (see further discussion of
fisheries per se belaw; Section 3.4.6.3). Cne strategy is to maintain larger
population levels of fished species in order to pravide more resilient
stocks in the face of challenges that are increasingly driven by dimate
change {Green et al, 2014; Bell and Taylor, 2015).

3.4.4.12 Key ecosystem services (e.g., carbon uptake, coastal
pratection, and tropical coral reef recreation)

The ocean provides impartant services, including the regulation of

pteropads to produce their shells, swim and survive 3ek et
al., 2016). Shell dissalution, for example, has increased by 19-26%
in hath nearshore and offshore populations since the pre-industrial
pericd (Fesly et al, 2016). There is considerable concern as to
whether these organisms are declining further, especially given
the central importance in ocean foodwebs {David et al, 20171,
Rewlewing the literature reveals that pteropods are projected to
face high risks of impact at average global temperatures 1.5°C
above pre-industrial levels and increasing risks of impacts at 2°C
(medium cenfidence).

As GMST increases by 1.5°C and more, the risk of impacts from ocean
wamming and acidification are expected to be moderate to high, except
in the case of bivalves {mid-latitudes) where the risks of impacts are
prajected to be high to very high (Figure 3.18). Ocean wamming and
acidification are already affecting the life history stages of bivalve
molluscs {e.g., Asplund et al, 2014; Mackenzie et al, 2014; Waldhusser
et al, 2014; Zittier et al, 2015; Shi et al, 2016; Velez et al,, 2016; Q.
Wangetal, 2016; Castilloetal, 2017; Lemasson et al, 2017; Ong et al,,
2017;X.Zhao etal, 2017). Impacts on adult bivalves include decreased
growth, increased respiration and reduced calcification, whereas
larval stages tend to show greater developmental abnormalities and
increasad mortality after exposure to these conditions (medium to high
confidence) (Q. Wang et al., 2016; Lemasson et al, 2017, Ong et al.,
2017; X. Zhao et al, 2017). Risks are expected to accumulate at higher
temperatures for bivalve molluscs, with very high risks expected at
1.8°C of warming or more. This general pattern applies to low-latitude
fin fish, which are expectad to experience mederate to high risks of
impact at 1.3°C of global warming {medium confidence), and very high
risks at 1.8°C at low latitudes (medium confidence) (Figure 3.18).

Large-scale changes to foodweb structure are occurming in all oceans, For
example, record levels of sea ice loss in the Antarctic (Notz and Stroeve,
2016; Tumer et al,, 2017h) translate into a less of habitat and hence
reduced abundance of krill (Pifiones and Feclorov, 2018), with negative
ramifications for the seabirds and whales which feed on krill {Croxall
1992 Trathan and Hill, 2018) (fow-medium confidence). Other influences,

C via gas exchange across the boundary
betuween ocean and atmosphere, and the storage of carbon in vegetation
and soils associated with ecosystems such as mangroves, salt marshes
and coastal peatlands, These services involve a series of physicochemical
processes which are influenced by ocean chemistry, circulation, biclogy,

I and biogeochemical comp aswell as by factors other
than climate (Boyd, 2015). The ocean is also a net sink for CO, (another
important service), absorbing approximately 30% of human emissions
from the burning of fossil fuels and modification of land use {IPCC, 2013}
Carbon uptake by the ocean is decreasing {lida et al, 2015], and there is
increasing concern from observations and models regarding associated
changes to ocean circulation (Sectiens 3.3.7 and 3.4.4.,, Rshmstorf et
al., 2015b};. Biological compenents of carbon uptake by the ocean are
also changing, with observations of changing net primary productivity
(NPP) in equatorial and coastal upwelling systams {medium confidence)
(Lluch-Cota et al, 2014; Sydeman et al, 2014; Bakun et al, 2015), as
well as subtropical gyre systems Yow confidence) (Signorini et al, 2015)
There is general agreement that NPP will decline as ccean warming and
acidification increase (medfum canfidence) (Bopp et al, 2013; Boyd etal,
2014; Portner et al.,, 2014; Boyd, 2015},

Projected risks of impacts from reductions in carbon uptake, coastal
protection and services contributing to coral reef recreation suggest
a transition from moderate to high risks at 1.5°C and higher (low
confidence). At 2°C, risks of impacts associated with changes to
carbon uptake are high (high confidence), while the risks associated
with reduced coastal protection and recreation on tropical coral
reefs are high, especially given the vulnerability of this ecosystem
type, and others (e.g., seagrass and mangroves), to climate change
{medium confidence) (Figure 3.18). Coastal protection is a service
provided by natural barriers such as mangroves, seagrass meadows,
coral reefs, and other coastal ecosystems, and it is important for
protecting human communities and infrastructure against the impacts
associated with rising sea levels, larger waves and intensifying
storms (high confidence} (Gutiémez et al, 2012 Kennedy et al.,
2013; Ferrario et al, 2014; Barbier, 2015; Cooper et al, 2016; Hauer
et al, 2016; Narayan et al., 2016). Both natural and human coastal
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protection have the potertial to reduce these impacts (Fu and Song,
2017). Tropical coral reefs, for example, provide effective protection
by dissipating about 57% of weave energy, with 36% of the energy
being dissipated by reef crests alone {Ferrario et al, 2014; Narayan
et al, 2016). Mangroves similarly play an impartant role in coastal
protection, as well as providing resources for coastal communities,
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but they are already under moderate risk of not keeping up with sea
lewel rise due to climate change and to contributing factors, such as
reduced sediment supply or obstacles to shoreward shifts (Saunders
et al, 2014; Lovelock et al, 2015). This implies that cosstal areas
currently protected by mangraves may experience growing risks ower
time

Risks for specific marine and coastal organisms, ecosystems and sectors

The key elements are presented here as a function of the risk level
assessed between 1.5 and 2°C (Average global sea surface temperature).

Coastal and marine organisms

Purple indicates very high
risks of severe impacts and
the presence of significant

i | very high irreversibility or the
E ] L persistence of climate-related
= ’ " hazards, combined with
L | | High kg 4
E ] - ‘ = M limited ability to adapt due to
| B i “ {0 the nature of the hazard or
T - ‘ b - i 201 Moderate impacts/risks.
£ W ™ & i 9 Red indicates severe and
I # widespread impacts.
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. - i impacts/risks are detectable
Sea- Mangroves Warm Pteropods Bivalves  Krill  Finfish "é”d?". L“i“-“: and attributable to climate
s wiw " il L R il
(mid corals latitude] latitude] latitude) ge  change with at least medium
latitude) confidence
White indicates that no
impacts are detectable and
. attributable to climate
Ecosystem services and sectors change.
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Open-ocean Coastal Recreational Bivalve Fin fisheries Fin
carbon Protection services. fisheriesand  {low latituce) fisheries
uptake from aquaculture (mid and
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Figure 3.18 | Summary of additional risks of impacts fiom coean wamming fand associated climate change facto s su-h oosan acidifisation) for a mnge of coean omgarnisis,
eoosystens and sachors at 1OPC, 1.5%C and 200%C of warming of the average sea surface temperature (55T) mlatie 1o the pre-industrial period. The grey bar eprsarts the
rnge of GIVET for the most ecant decade: 2006—2015. The assessrent of changing risk kevels and associated confidznoe we e primaril derived from the expart judgeme
of Gattuso et al (2015)and the lead authors and mkewanit contributing authors of Chapter 3 (5R1.5), while additional input was rozived from the marny mviwers of the
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Tourism is one of the largest industries globally (Rosselld-Nadal, 2014;
Markham et al, 2016; Spalding et al, 2017). A substantial part of the
global tourist industry is associated with tropical coastal regions and
islands, where tropical coral reefs and related ecosystems play important
roles (Section 3.4.9.1) {medium confidence}. Coastal tourism can be a
dominant money earner in terms of foreign exchange for many countries,
particularly small island developing states (SIDS) {Section 3.4.9.1, Box
3.5;Weatherdon etal,, 2016; Spalding et al., 2017). The diract relationship
between increasing global temperatures, intensifying storms, elevated
thermal stress, and the loss of tropical coral reefs has raised concem
about the risks of dimate change for local economies and industries
based on trapical coral reefs. Risks to coral reef recreational services from
climate change are considered here, as well as in Box 3.5, Section 3.4.9
and Supplementary Material 3.5M.3.2.

Adaptations to the broad global changes in carbon uptake by the ceean
are limited and are discussed later in this report with respect to changes
in NPP and implications for fishing industries. These adaptation opticns
are broad and indirect, and the only other solution at large scale is
to reduce the entry of CO, into the ocean. Strategies for adapting to
reduced coastal protection involve {a) avoidance of vulnerable areas
and hazards, (b) managed retreat from threatened locations, andfor (c)
accommodation of impacts and loss of services (Bell, 2012; André et al,
2016; Cooper et al., 2016; Mills ot al., 2016; Raabe and Stumpf 2016; Fu
and Song, 2017). Within these broad options, there are some strategies
that involve direct human intervention, such as coastal hardening and
the construction of seawalls and artificial reefs (Rinkevich, 2014, 2015;
André et al, 2016: Cooper et al, 2016; Narayan et al., 2016), while
others exploit opportunities for increasing coastal protection by involving
naturally occurring oyster banks, coral reefs, mangroves, seagrass and
other ecosystems {UNEP-WCMC, 2006; Scyphers et al, 2011; Zhang et
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al,, 2012; Ferrario et al,, 2014; Cooper et al,, 2016). Natural ecosystems,
when healthy, also have the ability to repair themselves after being
damaged, which sets them apart from coastal hardening and other
human structures that require constant maintenance (Barbier, 2015; Elliff
and Silva, 201 7, In general, recognizing and restoring coastal ecosystems
may be more cost-effective than installing human structures, in that
creating and maintaining structures is typically expensive (Termmerman
etal, 2013; Mycoa, 2017)

Recentstudies haveincreasingly stressed the need for coastal protection
1o be considered within the context of coastal land management,
including protecting and ensuring that coastal ecosystems are able to
undergo shifts in their distribution and abundance as climate change
occurs (Clausen and Clausen, 2014; Martinez et al, 2014; Cui et al,
2015; André et al., 2016; Mills et al, 2016). Facilitating these changes
will require new tools in terms of lagal and financial instruments, as
well as integrated planning that involves not only human communities
and infrastructure, but alsa associated ecosystem responses and values
(Bell, 2012; Mills et al., 2016). In this regard, the interactions between
climate change, sea level rise and coastal disasters are increasingly
being informed by models (Bosello and De Cian, 2014) with a widening
appreciation of the role of natural ecosystems as an alternative to
hardened coastal structures (Cooper et al., 2016). Adaptation options
for tropical coral reef recreation include: i) protecting and improving
bicdiversity and ecological function by minimizing the impact of
stresses unrelated to <limate change fe.g., pollution and overfishing),
(i) ensuring adequate levels of coastal protection by supporting and
repairing ecosystems that protect coastal regions, {iii) ensuring fair
and equitable access to the ecencmic opportunities associated with
recreational activities, and (iv) seeking and protecting supplies of water
for tourism, industry and agriculture alongside community needs.

Box 3.4 | Warm-Water (Tropical) Coral Reefs in a 1.5°C Warmer World

Warm-water coral reefs face very high risks (Figure 3.18) from climate change. A world in which global warming is restricted ta 1.5°C
ahove pre-industrial levels would be a better place for coral reefs than that of a 2°C warmer world, in which coral reefs would mostly
disappear (Donner et al,, 2005; Hoegh-Guldberg etal,, 2014; Schleussner et al.,, 2016b; van Hooidonk et al, 201; Frieler et al., 2017;
Hughes et al., 201 7a). Even with warming up until today (GMST for decade 2006-2015: 0.87°C; Chapter 1), a substantial proportion
af coral reefs have experienced large-scale mortalities that have lead to much reduced coral populations {Hoegh-Guldherg et al.,
2014). In the last three years alone (2016-2018), large coral reef systems such as the Great Barrier Reef (Australia) have lost as
much as 50% of their shallow water corals (Hughes et al,, 2017h).

Coral-dominated reefs are found along coastlines hetween latitudes 30° and 30°N, where they provide habitat for over a million
species (Reaka-Kudla, 1997} and food, income, coastal protection, cultural context and many other services for millions of people
in tropical coastal areas (Burke etal, 2011; Cinner et al,, 2012; Kennedy et al, 2013; Pendleton et al, 2018). Ultimately, coral reefs
are underpinned by a mutualistic symbiosis between reef-building corals and dincflagellates from the genus Symbiodinium (Hoegh-
Guldberg etal, 2017}, Warm-water coral reefs are found down to depths of 150 m and are dependent on light, making them distinct
from the cold deep-water reef systems that extend down to depths of 2000 m or more. The difficulty in accessing deep-water reefs
alsa means that the literature on the impacts of climate change on these systems is very limited by comparison to those on wam-
water coral reefs (Hoegh-Guldberg et al,, 2017). Consequently, this Box focuses on the impacts of climate change on warm-water
(tropical) coral reefs, particularly with respect to their prospects under average global surface temperatures of 1.5°C and 2°C above
the pre-industrial pericd.
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Box 3.4 fcontinued}

The distribution and abundance of coral reefs has decreased by approximately 50% over the past 30 years (Gardner et al, 2005;
Bruno and Selig, 2007; De'ath et al., 2012) as a result of pollution, storms, overfishing and unsustainable coastal development (Burke
et al, 2011; Halpern et al, 2015: Cheal etal, 2017}, More recently, climate change {i.e., heat stress; Hoegh-Guldberg, 1992 Baker
et al, 2008; Spalding and Brown, 2015; Hughes et al., 201 7] has emerged as the greatest threat to coral reefs, with temperatures
of just 1°C above the long-term summer maximum for an area (reference period 1985-1993) over 4-6 weeks being enough to
cause mass coral bleaching (loss of the symbionts) and mortality (very high confidence} IWGII ARS, Box 18-2; Cramer et al, 2014)
Ocean waming and acidification can also slew growth and calcification, making corals less competitive compared to other benthic
organisms such as macroalgae or seaweeds (Dove et al., 2013; Reyes-Nivia et al., 2013, 2014}, As corals disappear, so do fish and
many other reef-dependent species, which directly impacts industries such as tourism and fisheries, as well as the livelihoods for
many, often disadvantaged, coastal people (Wilson et al,, 2006; Graham, 2014; Graham et al,, 2015; Cinner et al,, 2016; Pendleton et
al., 2016). These impacts are exacerbated by increasingly intense storms (Section 3,3.6), which physically destroy coral communities
and hence reefs (Cheal et al, 2017), and by ocean acidification (Sections 3.3.10 and 3.4.4.5), which can weaken coral skeletons,
contribute to disease, and slow the recovery of coral communities after mortality events ifow to medium confidence) (Gardner et
al., 2005; Dove etal, 201 3; Kennedy et al,, 201 3; Webster et al,, 2013; Hoegh-Guldberg, 2014h; Anthony, 20186). Ocean acidification
also leads to enhanced activity by decalcifying organisms such as excavating sponges (Kline etal,, 2012; Dove et al,, 2013; Fang et
al., 2013, 2014; Reyes-Niviaet al,, 2013, 2014).

The predictions of back-to-back bleaching events (Hoegh-Guldherg, 1939} have become the reality in the summers of 2016-2017
{8.g., Hughes etal,, 201 7h), as hawe projections of declining coral abundance (high confidence). Models have also become increasingly
capable and are currently predicting the large-scale loss of coral reefs by mid-century under even low-emissions scenarios (Hoegh-
Guldberg, 1999; Donner et al, 2005; Danner, 2009; van Hooidonk and Huber, 2012; Frieler et al., 2013; Hoegh-Guldberg &t al,
2014; van Hooidonk et al, 2016}, Even achieving emissicns reduction targets consistant with the ambitious goal of 1.5°C of global
warming under the Paris Agreement will result in the further loss of 70-90% of reef-building corals compared to today, with 99%
of corals being lost under warming of 2°C or more ahove the pre-industrial period (Frieler et al., 2013; Hoegh-Guldberg, 2014b:
Hoegh-Guldberg et al, 2014; Schleussner et al, 2016b; Hughes et al., 2017a).

The assumptions these are considered to be highly conservative. In some cases, ‘optimistic’ assumptions
inmedels include rapid thermal adaptation by corals of 0.2°C-1°C per decade (Donner et al,, 2005) or 0.4°C perdecade {Schleussner
etal, 2016}, as well as very rapid recovery rates from impacts (e.g., five years in the case of Schleussner etal, 2016b). Adaptation
to climate change at these high rates, has not been documented, and recovery from mass mortality tends to take much longer
{>15 years; Baker et al., 2008). Probability analysis also indicates that the underlying increases in sea temperatures that drive coral
bleaching and mertality are 25 less likely under 1.5°C when compared to 2°C (King et al, 2017}, Spatial differences between
the rates of heating suggest the possibility of temparary climate refugia (Caldeira, 2013; van Hooidonk et al, 2013; Cacciapaglia
and van Woesik, 2015; Keppel and Kavousi, 2015), which may play an important role in terms of the regeneration of coral reefs,
especially if these refuges are protected from risks unrelated to climate change. Locations at higher latitudes are reporting the arrival
of reef-building corals, which may be valuable in terms of the role of limited refugia and ceral reef structures but will have low
biodiversity (high confidence) when compared to present-day tropical reefs (Kersting et al., 2017). Similarly, deep-water (30-150
m) or mesophotic coral reefs (Bongaerts et al, 2010; Holstein et al., 2016) may play an important role because they avoid shallow
water extremes (i.e., heat and storms) to some extent, although the ability of these ecosystems to assist in repopulating damaged
shallow water areas may ke limited (Bongaerts et al., 2017),

Given the sensitivity of corals to heat stress, even short periods of overshoot {i.e,, decades) are expected to he extremely damaging
to coral reefs. Losing 70-90% of toda