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Climate Change Science

*Overview of climate and mountains

*Observations of climate change

sLatest scientific understanding of climate change (IPCC AR5)
*ESM abilities

*Regional climate projections, especially for mountains
*Regional impacts (geophysical, ecological, human systems)
*Food security Impacts

Adapting to Changing Climate

*Vulnerability, exposure & risk

Adaptation programs

Participants Small Group Discussions
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AR5 SPM Synthesis

« Observed Changes and their Causes:

Human influence on the climate system is clear, and recent anthropogenic emissions of
greenhouse gases are the highest in history. Recent climate changes have had widespread
impacts on human and natural systems.

 Future Climate Changes, Risks and Impacts:

Continued emission of greenhouse gases will cause further warming and long-lasting changes in
all components of the climate system, increasing the likelihood of severe, pervasive and
irreversible impacts for people and ecosystems. Limiting climate change would require
substantial and sustained reductions in greenhouse gas emissions which, together with
adaptation, can limit climate change risks.

 Future Pathways for Adaptation, Mitigation and Sustainable

Development:

Adaptation and mitigation are complementary strategies for reducing and managing the risks of
climate change. Substantial emissions reductions over the next few decades can reduce
climate risks in the 21st century and beyond, increase prospects for effective adaptation,
reduce the costs and challenges of mitigation in the longer term, and contribute to climate-
resilient pathways for sustainable development.

« Adaptation and Mitigation:

Many adaptation and mitigation options can help address climate change, but no single option is
sufficient by itself. Effective implementation depends on policies and cooperation at all
scales, and can be enhanced through integrated responses that link adaptation and
mitigation with other societal objectives.



Climate Change Science:
Take away concepts:

Humans influences on the climate system are clear.

— Human-caused emissions of greenhouse gases, especially CO, are
the highest in history.

— The result is a changing climate that impacts both natural and human
systems.

Earth System Models present increasingly accurate

simulation of current condition and future potential.

— Improving projections of climate features (Monsoons, ENSO) and
Regional climates.

— Changed regional climates impact water resources, ecosystems,
agriculture, and human settlements among others.

Mountain climates are complex so projection of
changes are more uncertain.
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Mountain Characteristics

22% of the world’s surface, all continents;
Exhibit great biodiversity;

Source of major river systems & provides
60-80% of available freshwater;

Home to 800 Million people who are
among the poorest but most resourceful
In surviving harsh conditions;

Ag dominated by small family farming;

Integral part of climate system:
— Physical barrier to flow

— Perturb synoptic patterns

— Alter mid-latitude cyclogenesis



Table 5-1: Climatic effects of the basic controls of mountain climate.

Factors Primary Effects Secondary Effects

Altitude Reduced air density, vapor pressure; Increased wind velocity and precipitation
increased solar radiation receipts; lower (mid-latitudes); reduced evaporation;
temperatures physiological stress

Continentality Annual/diurnal temperature range increased, Snow line altitude increases
cloud and precipitation regimes modified

Latitude Daylength and solar radiation totals vary Snowfall proportion increases; annual
seasonally temperatures decrease

Topography Spatial contrasts in solar radiation and Diurnal wind regimes; snow cover related to

temperature regimes; precipitation as a
result of slope and aspect

topography
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Figure 5-1: Schematic illustration of vegetation zonations in tropical, temperate, and boreal mountains.




Figure 1: A representation of mountain stratification with respect to altitude,
temperature, and vegetation for mountains located in humid climates
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Figure 2: Vertical arrangement of natural vegetation and agricultural productivity
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Precipitation increases with altitude due to uplift of air masses and condensation - the main reason for
the role of mountains as water towers of the world (see Chapter 2). Precipitation maxima vary and occur
at different altitudes in different mountain regions of the world (Richter 1996).

Thomas Kohler, Daniel Maselli 2009




We know with certainty...

The concentration of CO, in the atmosphere is higher than it has
been for at least the last 800,000 years.

All plausible causes for the size of CO, increase are human:
— burning fossil fuels,
— making cement &
— manipulating land cover - deforestation, urbanization, etc.

Increased CO, captures more of the earth’s heat, in turn, forcing
a new global energy balance and resulting in a warmer
atmosphere, the greenhouse effect.

A new global energy balance alters the “atmosphere ocean
general circulation” (AOGC) system and, in turn, the whole
Earth System
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CO, (ppm), N,O (ppb)

Concentrations of Greenhouse Gases from 0 to 2005
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Recent measurements in both
hemispheres are shown to emphasize
the strong linkages between atmospheric
CO2 increases, O2 decreases, fossil fuel
consumption and the 13C/12C ratio of
atmospheric CO2.

COZfIcbncentrations and emissions:

(a) COZIcbncentrations (monthly
averages) over the period 1970 to 2005
from Mauna Loa, Hawaii (19° N, black)
and Baring Head, New Zealand. Also,
atmospheric oxygen (OEineasurements
from Alert, Canada (82° N, pink) and
Cape Grim, Australia (41° S, cyan).

(b) Annual global COZIemissions from
fossil fuel burning and cement
manufacture in GtC yrEl [(black). Land
use emissions are not shown (~0.5- 2.7
GtC yrEl). Annual averages of

the IBCIT2Clratio measured in COZIalt
Mauna Loa from 1981 to 2002 (red).
Emissions of CO2 from coal, gas and oil
combustion and land clearing have
13C/12C isotopic ratios less than those
in atmospheric CO2, thus, when CO2
from fossil fuel combustion enters the
atmosphere, the 13C/12C ratio in
atmospheric CO2 decreases.
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Global anthropogenic CO, emissions Cumulative CO,

Quantitative information of CH, and N,0 emission time series from 1850 to 1970 is limited emissions
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Figure 1.5 | Annual global anthropogenic carbon dioxide (CO ) emissions (gigatonne of CO -equivalent per year,
GtCO /yr) from fossil fuel combustion, cement production anfl flaring, and forestry and othef land use (FOLU),
1750-2011. Cumulative emissions and their uncertainties are shown as bars and whiskers, respectively, on the
right-hand side.



Radiative Forcing, R

Solar radiation powers
the climate system.

Some solar radiation
is reflected by
the Earth and the
atmosphere.

About half the solar radiation
is absorbed by the

Earth’s surface and warms it. Infrared radiation is
emitted from the Earth’s

surface.
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Components of the Climate Change Process

Natural Influences
(e.g., solar processes,
earth orbit, volcanoes)

Human Activities
(e.g., fossil fuel burning,
industrial processes,
land use)

Mitigation
processes

Direct and indirect changes in
climate change drivers

(e.g., greenhouse gases, aerosols,
cloud microphysics, and solar irradiance)

A

Non-initial-
Radiative forcing radiative

effects

v

Climate Perturbation and Response

(e.g., global and regional temperatures
and precipitation, vegetation, extreme
weather events)

Biogeochemical
feedback
processes
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We know with certainty....

The atmosphere and oceans circulate in response to known physics
driven by global distribution solar energy, the earth’s rotation and
surface and atmospheric heating.

The hydrological system is similarly driven by physical principles,
especially the fact that water exists in gas, liquid and solid forms on
earth and in the atmosphere.

Models have been constructed based on these physical principles
which ultimately simulate the behavior of the atmosphere ocean
general circulation (AOGCM). Most recently models have expended to
include interactive biogeochemical cycles, Earth System Models, ESM

Studying how the AOGCMs and ESMs respond to new changing
forcings continues to provide insight on potential future climates.



Earth System Modeling:
what 1t 1s & how It works

* Physical/Chemical Simulation of:
— Atmosphere;
— Ocean (including sea ice);
— Land (including biosphere & cryosphere).

* Coupling between all three including:
— Energy balance (radiation, sensible & latent heat);
— Water & water vapor;

— Chemical cycles and components, especially:
» Carbon, CO, & other greenhouse gases,
« Aerosols and Nitrogen.



The resulting climate system...
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Figure 8.5. Annual mean
precipitation (cm),
observed (a) and
simulated (b), based on a
multimodel mean.
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IPCC WGL1 Fig 8.2a
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AR5 Model Improvements

. There is considerable confidence that AOGCM/ESMs provide credible
guantitative estimates of future climate change, particularly at continental
scales and above. Confidence in these estimates is higher for temperature
than for precipitation.

. The ability of climate models to simulate surface temperature has improved
in many, though not all, important aspects. Regional scale skill and ability to
simulate historically different climates have increased.

. Whilst simulation of large-scale precip patterns has improved some, models
continue to perform less well for precipitation than for surface temperature
including regionally.

. The simulation of clouds in climate models remains challenging. Biases in
cloud simulation lead to regional errors on cloud radiative effect of several
tens of watts per square meter.



AR5 Model Improvements / 2

. Ability to capture characteristics of storm tracks and extra-tropical
cyclones improved but storm tracks are too zonal and cyclone intensity
too low.

. Simulation of tropical Pacific Ocean mean state has improved with a
30% reduction in the spurious westward extension of the cold tongue
near the equator, a pervasive bias of coupled models. Tropical Atlantic
IS not as good.

. There is robust evidence that the downward trend in Arctic summer sea

ice extent is better simulated, with about 24% of the simulations
showing a trend as strong or stronger, than observations over the
satellite era (1979).

Models are able to reproduce features of the observed global and NH
mean temperature variance on inter-annual to centennial time scales
(high confidence), and most models are now able to reproduce the
observed peak in variability associated with the El Nifo (2- to 7-year
period) in the Tropical Pacific.



AR5 Model Improvements / 3

9. Important modes of climate variability and intra-seasonal to seasonal
phenomena show some improvements. There is high confidence that
the multi-model statistics of monsoon and ENSO have improved in
some models.

10. Statistics of the global monsoon, the North Atlantic Oscillation, ENSO,
the Indian Ocean Dipole and the Quasi-Biennial Oscillation are
simulated well by several models but not modes of Atlantic Ocean
variability and ENSO teleconnections outside the tropical Pacific.

11. Modeling extreme events has improved. Changes in frequency of
extreme warm and cold days and nights over the second half of the
20th century are consistent between models and observations. Models
may underestimate the projected increase in extreme precip.

12.New Earth System models include an interactive carbon cycle. In most
ESMs, simulated global land and ocean carbon sinks over the latter
part of the 20th century fall within the range of observational estimates.



13.

14.

AR5 Model Improvements / 4

Most ESMs now include interactive aerosol, including
anthropogenic SO, emissions. Uncertainties in S & N cycle
processes, natural sources and sinks remain so, for example,
simulated aerosol optical depth over oceans ranges from 0.08
to 0.22 with roughly equal numbers of models over and under-
estimating the satellite-estimated value of 0.12. Fires also
remain uncertain.

There is high confidence that regional downscaling adds value
In regions with highly variable topography and for various
small-scale phenomena. Regional models necessarily inherit
biases from the global models used to provide boundary
conditions, however, studies demonstrate added value from
higher resolution of stationary features like topography and
coastlines, and from improved representation of small-scale
processes like convective precipitation.




Energy accumulation within the Earth’s climate system
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Figure 1.2 | Energy accumulation
within the Earth’s climate system.
Estimates are in 10721 J, and are
given relative to 1971 and from
1971 to 2010, unless otherwise
indicated. Components included are
upper ocean (above 700 m), deep
ocean (below 700 m; including
below 2000 m estimates starting
from 1992), ice melt (for glaciers
and ice caps, Greenland and
Antarctic ice sheet estimates
starting from 1992, and Arctic sea
ice estimate from 1979 to 2008),
continental (land) warming, and
atmospheric warming (estimate
starting from 1979). Uncertainty is
estimated as error from all five
components at 90% confidence

intervals. {WGI Box 3.1, Figure 1}
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Annual precipitation
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Figure 14.1 Observed (thick contour) and simulated (shading) global monsoon
domain (Wang et al., 2011). The observations are based on GPCP v2.2 data
(Huffman et al., 2009), and the simulations are based on 26 CMIP5 multi-model
mean precipitation with a common 2.5 by 2.5 degree grid in the present day (1986—
2005) and the future (2080-2099; RCP8.5 scenario). Orange (dark blue) shading
shows monsoon domain only in the present day (future). Light blue shading shows

monsoon domain in both periods.



Monsoons, AR5

There is growing evidence of improved skill of climate models in
reproducing climatological features of the global monsoon. Taken
together with identified model agreement on future changes, the global
monsoon, aggregated over all monsoon systems, is likely to strengthen
In the 21st century with increases in its area and intensity, while the
monsoon circulation weakens. Monsoon onset dates are likely to
become earlier or not to change much and monsoon retreat dates are
likely to delay, resulting in lengthening of the monsoon season in many
regions.

Future increase in precipitation extremes related to the monsoon is
very likely in South America, Africa, East Asia, South Asia, Southeast
Asia and Australia. Lesser model agreement results in medium
confidence that monsoon-related interannual precipitation variability will
increase in the future.

Model skill in representing regional monsoons is lower compared to the
global monsoon and varies across different monsoon systems.



El Nino Phenomenon (ENSO)
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El NiNno episodes

-- Increase rainfall across the tropical east-central and eastern Pacific
and drier than normal for northern Australia, Indonesia and the
Philippines. Elsewhere, wetter than normal conditions 1) during DJF
along coastal Ecuador, northwestern Peru, southern Brazil, central
Argentina, and equatorial eastern Africa & 2) during JJA in the
Intermountain regions of the US and over central Chile. Drier than
normal conditions generally observed over northern South America,
Central America and southern Africa during DJF, and over eastern
Australia during JJA.

-- large-scale temperature departures globally with abnormally
warm DJF and 1) warmer than normal DJF across southeastern Asia,
southeastern Africa, Japan, southern Alaska and western/central
Canada, southeastern Brazil and southeastern Australia; 2) warmer
than normal JJA along the west coast of South America and across
southeastern Brazil; and 3) cooler than normal DJF along the Gulf
coast of the United States.



Tropical Phenomena, AR5

The tropical Indian Ocean is likely to feature a zonal (east—west)
pattern of change in the future with reduced warming and
decreased precipitation in the east, and_increased warming and
Increased precipitation in the west, directly influencing East
Africa and Southeast Asia precipitation.

The realism of the representation of El Nifio-Southern
Oscillation (ENSO) in climate models is_increasing and models
simulate ongoing ENSO variability in the future. Therefore there
IS high confidence that ENSO very likely remains as the
dominant mode of interannual variability in the future and due to
Increased moisture availability, the associated precipitation
variability on regional scales likely intensifies.

Natural modulations of the variance and spatial pattern of ENSO
are so large in models that confidence in any specific projected
change in its variability in the 21st century remains low.




1.

1.

We know with certainty, AR5

Observed Changes and their Causes:

Warming of the climate system is unequivocal, and since the 1950s, many of
the observed changes are unprecedented over decades to millennia. The
atmosphere and ocean have warmed, the amounts of snow and ice have
diminished, and sea level has risen.

Anthropogenic greenhouse gas emissions have increased since the pre-
industrial era, driven largely by economic and population growth, and are now
higher than ever. This has led to atmospheric concentrations of carbon dioxide,
methane and nitrous oxide that are unprecedented in at least the last 800,000
years. Their effects, together with those of other anthropogenic drivers, have
been detected throughout the climate system and are extremely likely to have
been the dominant cause of the observed warming since the mid-20th century.

In recent decades, changes in climate have caused impacts on natural and
human systems on all continents and across the oceans. Impacts are due to
observed climate change, irrespective of its cause, indicating the sensitivity of
natural and human systems to changing climate.




We know with certainty, AR5/2

« Observed Changes and their Causes:

5. Changes in many extreme weather and climate events have been
observed since about 1950. Some of these changes have been linked
to human influences, including a_decrease in cold temperature
extremes, an increase in warm temperature extremes, an_increase in
extreme high sea levels and an_increase in the number of heavy
precipitation events in a number of regions.

5. The character and severity of impacts from_climate change and
extreme events emerge from risk that depends not only on climate-
related hazards but also on exposure (people and assets at risk) and
vulnerability (susceptibility to harm) of human and natural systems.

5. Adaptation and mitigation experience is accumulating across regions
and scales, even while global anthropogenic greenhouse gas
emissions have continued to increase.




Climate Change Science:
Take away concepts:

Humans influences on the climate system are clear.

— Human-caused emissions of greenhouse gases, especially CO, are
the highest in history.

— The result is a changing climate that impacts both natural and human
systems.

Earth System Models present increasingly accurate

simulation of current condition and future potential.

— Improving projections of climate features (Monsoons, ENSO) and
Regional climates.

— Changed regional climates impact water resources, ecosystems,
agriculture, and human settlements among others.

Mountain climates are complex so projection of
changes are more uncertain.
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Regional results of IPCC
climate modeling

« Regional climate change driven by larger scale
processes may be simulated by ESM:
— EI'Nino & La Nino cycles;
— Monsoon patterns.

« Regional climate change driven by smaller scale
processes iIs not well simulated:
— Cloud processes;
— Topographic patterns improve with resolution;
— Land use driven patterns.



Patterns (Modes) of Climate Variability

Analysis of atmospheric and climatic variability has shown that a
significant component of it can be described in terms of
fluctuations in the amplitude and sign of indices of a relatively
small number of preferred patterns of variability.

Some of the best known of these are:

— EIl Nifio-Southern Oscillation (ENSQO), a coupled fluctuation in the
atmosphere and the equatorial Pacific Ocean, with preferred time
scales of two to about seven years. ENSO is often measured by the
difference in surface pressure anomalies between Tahiti and
Darwin and the SSTs in the central and eastern equatorial Pacific.
ENSO has global teleconnections. Suggestion of recent increases.

— North Atlantic Oscillation (NAO), a measure of the strength of the
Icelandic Low and the Azores High, and of the westerly winds
between them, mainly in winter. The NAO has associated
fluctuations in the storm track, temperature and precipitation from
the North Atlantic into Eurasia.

— Northern Annular Mode (NAM), a winter fluctuation in the amplitude
of a pattern characterised by low surface pressure in the Arctic and
strong mid-latitude westerlies. The NAM has links with the northern
polar vortex and hence the stratosphere




Patterns (Modes) of Climate
Variabllity

Southern Annular Mode (SAM), the fluctuation of a pattern with
low antarctic surface pressure and strong mid-latitude
westerlies, analogous to the NAM, but present year round.

Pacific-North American (PNA) pattern, an atmospheric large-
scale wave pattern featuring a sequence of tropospheric high-
and low-pressure anomalies stretching from the subtropical west
Pacific to the east coast of North America.

Pacific Decadal Oscillation (PDQO), a measure of the SSTs in the
North Pacific that has a very strong correlation with the North
Pacific Index (NPI) measure of the depth of the Aleutian Low.
However, it has a signature throughout much of the Pacific.

Monsoon




Atlantic Meridional Overturning Circulation (MOC

A feature common to all climate model projections is the increase in high-
latitude temperature as well as an increase in high-latitude
precipitation. This was reported in the TAR and is confirmed by the
projections using the latest versions of comprehensive climate models.
Both of these effects tend to make the high-latitude surface waters less
dense and hence increase their stability, thereby inhibiting convective
processes. As more coupled models have become available since the
TAR, the evolution of the Atlantic Meridional Overturning Circulation
(MOC) can be more thoroughly assessed. The MOC is influenced by
the density structure of the Atlantic Ocean, small-scale mixing and the
surface momentum and buoyancy fluxes. Some models simulate a
MOC strength that is inconsistent with the range of present-day
estimates. The MOC for these models is shown for completeness but is
not used in assessing potential future changes in the MOC in response

to various emissions scenarios.
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Figure 10.15. Evolution of the Atlantic meridional overturning circulation (MOC) at 30° N in simulations
with the suite of comprehensive coupled climate models (see Table 8.1 for model details) from 1850 to
2100 using 20th Century Climate in Coupled Models (20C3M) simulations for 1850 to 1999 and the SRES
A1B emissions scenario for 1999 to 2100. Some of the models continue the integration to year 2200 with
the forcing held constant at the values of year 2100. Observationally based estimates of late-20th century
MOC are shown as vertical bars on the left. Three simulations show a steady or rapid slow down of the
MOC that is unrelated to the forcing; a few others have late-20th century simulated values that are
inconsistent with observational estimates. Of the model simulations consistent with the late-20th century
observational estimates, no simulation shows an increase in the MOC during the 21st century; reductions
range from indistinguishable within the simulated natural variability to over 50% relative to the 1960 to
1990 mean; and none of the models projects an abrupt transition to an off state of the MOC. Adapted from
Schmittner et al. (2005) with additions.



El Nino

December - February El Nino Conditions

EQUATORIAL THERMOCLINE

In the tropics, there has been an overall improvement in the AOGCM simulation of the spatial
pattern and frequency of ENSO, but problems remain in simulating its seasonal phase locking and
the asymmetry between EI Nifio and La Nifa episodes



La nina

December - February La Nina Conditions

\%
EQUATORIAL >




El Nino La Nino

COLD EPISODE RELATIONSHIPS  JUNE - AUGUST

WARM EPISODE RELATIONSHIPS JUNE - AUGUST

WARM EPISODE RELATIONSHIPS DECEMBER - FEBRUARY COLDEPISODE RELATIONSHIPS DECEMBER - FEBRUARY

LQQI A% Y . M




(a) Normal conditions

1
Walker circulation 1

I
__ ;e

Cold tongue .

. . El Nifio Conditions
(b) El Nifio conditions (SST anomalies)

Climate change
(c) Climate channe (SST annmalies)



Climate change
(c) Climate change (SST anomalies)

Figure 14.12 | Idealized schematic showing atmospheric and oceanic conditions of the tropical Padific region and their interactions during normal conditions, EI Nifio condi-
tions, and in a warmer world. (a) Mean climate conditions in the tropical Pacific, indicating sea surface temperatures (SSTs), surface wind stress and associated Walker Circulation,
the mean position of convection and the mean upwelling and position of the thermocline. (b) Typical conditions during an El Nifio event. SSTs are anomalously warm in the east;
convection maves into the central Pacific; the trade winds weaken in the east and the Walker Circulation is disrupted; the thermocline flattens and the upwelling is reduced. (c) The
likely mean conditions under climate change derived from observations, theory and coupled General Circulation Models (GCMs). The trade winds weaken; the thermodcline flattens
and shoals; the upwelling is reduced although the mean vertical temperature gradient is increased; and SSTs (shown as anomalies with respect to the mean tropical-wide warm-
ing) increase more on the equator than off. Diagrams with absolute 55T fields are shown on the left, diagrams with SST anomalies are shown on the right. For the dimate change
fields, anomalies are expressed with respect to the basin average temperature change so that blue colours indicate a warming smaller than the basin mean, not a cooling (Collins
etal, 2010).
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Figure 14.13 | Intensities of El Nifio and La Nina events for the last 60 years in the eastern equatorial Pacific (Nifio3 region) and in the central equatorial Pacific (Nifio4 region),
and the estimated linear trends, obtained from Extended Reconstructed Sea Surface Temperature v3 (ERSSTv3).
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Figure 14.14 | Standard deviation in CMIP5 multi-model ensembles of sea surface
temperature variability over the eastern equatorial Pacific Ocean (Nino3 region: 5°5-
5°N, 150°W-90°W), a measure of El Nino amplitude, for the pre-industrial (PI) control
and 20th century (20C) simulations, and 21st century projections using RCP4.5 and
RCP8.5. Thirty-one models are used for the ensemble average. Open circles indicate
multi-model ensemble means, and the red cross symbol is the observed standard devia-
tion for January 1870 — December 2011 obtained from HadISSTv1. The linear trend and
climatological mean of seasonal cycle have been removed. Box-whisker plots show the
16th, 25th, 50th, 75th, and 84th percentiles.
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e 9.32 | Monsoon precipitation intensity (shading, dimensionless) and monsoon precipitation domain (lines) are shown for (a) observation-based estimates from |
ion Climatology Project (GPCP), (b) the CMIP5 multi-model mean, (c) the best model and (d) the worst model in terms of the threat score for this diagnostic. Thes
sed on the seasonal range of precipitation using hemispheric summer (May through September in the Northern Hemisphere (NH)) minus winter (November throug
1) values. The monsoon precipitation domain is defined where the annual range is >2.5 mm day ', and the monsoon precipitation intensity is the seasonal range
nual mean. The threat scores (Wilks, 1995) indicate how well the models represent the monsoon precipitation domain compared to the GPCP data. The threat scc
setween GPCP and CMAP rainfall to indicate observational uncertainty, whereas in the other panel it is between the simulations and the GPCP observational data s
of 1.0 would indicate perfect agreement between the two data sets. See Wang and Ding (2008),Wang et al. (2011a), and Kim et al. (2011) for details of the calal
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Global Projections: Robust findings

As the climate warms, snow cover and sea ice extent decrease; glaciers and ice
caps lose mass and contribute to sea level rise. Sea ice extent decreases in the
21st century in both the Arctic and Antarctic. Snow cover reduction is
accelerated in the Arctic by positive feedbacks and widespread increases in
thaw depth occur over much of the permafrost regions.

Based on current simulations, it is very likely that the Atlantic Ocean MOC will
slow down by 2100. However, it is very unlikely that the MOC will undergo a
large abrupt transition during the course of the 21st century.

Heat waves become more frequent and longer lasting in a future warmer
climate. Decreases in frost days are projected to occur almost everywhere in the
mid- and high latitudes, with an increase in growing season length. There is a
tendency for summer drying of the mid-continental areas during summer,
indicating a greater risk of droughts in those regions.

Future warming would tend to reduce the capacity of the Earth system (land and
ocean) to absorb anthropogenic CO2. As a result, an increasingly large fraction
of anthropogenic CO2 would stay in the atmosphere under a warmer climate.
This feedback requires reductions in the cumulative emissions consistent with
stabilisation at a given atmospheric CO2 level compared to the hypothetical
case of no such feedback. The higher the stabilisation scenario, the larger the
amount of climate change and the larger the required reductions.



Global Projections: Robust findings

Even if concentrations of radiative forcing agents were to be stabilised,
further committed warming and related climate changes would be
expected to occur, largely because of time lags associated with
processes in the oceans.

Near-term warming projections are little affected by different scenario
assumptions or different model sensitivities, and are consistent with
that observed for the past few decades. The multi-model mean
warming, averaged over 2011 to 2030 relative to 1980 to 1999 for all
AOGCMs considered here, lies in a narrow range of 0.64°C to 0.69°C
for the three different SRES emission scenarios B1, A1B and A2.

Geographic patterns of projected warming show the greatest
temperature increases at high northern latitudes and over land, with
less warming over the southern oceans and North Atlantic.

Changes in precipitation show robust large-scale patterns: precipitation
generally increases in the tropical precipitation maxima, decreases in
the subtropics and increases at high latitudes as a consequence of a
general intensification of the global hydrological cycle.



Global Projections: Key uncertainties

The likelihood of a large abrupt change in the MOC beyond the end of the 21st
century cannot yet be assessed reliably. For low and medium emission
scenarios with atmospheric greenhouse gas concentrations stabilised beyond
2100, the MOC recovers from initial weakening within one to several centuries.
A permanent reduction in the MOC cannot be excluded if the forcing is strong
and long enough.

The model projections for extremes of precipitation show larger ranges in
amplitude and geographical locations than for temperature.

The response of some major modes of climate variability such as ENSO still
differs from model to model, which may be associated with differences in the
spatial and temporal representation of present-day conditions.

The robustness of many model responses of tropical cyclones to climate change
is still limited by the resolution of typical climate models.

Changes in key processes that drive some global and regional climate changes
are poorly known (e.g., ENSO, NAO, blocking, MOC, land surface feedbacks,
tropical cyclone distribution).

The magnitude of future carbon cycle feedbacks is still poorly determined.
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Carbon cycle, AR5
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Box 6.2, Figure 1| Anthropogenic reactive nitrogen (Nr) creation rates (in TgN yr™)
from fossil fuel burning (orange line), cultivation-induced biological nitrogen fixation
(blue line), Haber—Bosch process (green line) and total creation (red line). Source:
Galloway et al. (2003), Galloway et al. (2008). Note that updates are given in Table
6.9. The only one with significant changes in the more recent literature is cultivation-
induced BNF) which Herridge et al. (2008) estimated to be 60 TgN yr'. The data are
only reported since 1850, as no published estimate is available since 1750.
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Degradation since CMIP3

Improvements since CMIP3
No relative assessment CMIP3 vs. CMIP5

Figure 9.44 | Summary of the findings of Chapter 9 with respect to how well the CMIP5 models simulate important features of the climate of the 20th century. Confidence in the
assessment increases towards the right as suggested by the increasing strength of shading. Model performance improves from bottom to top. The colour coding indicates changes
since CMIP3 {or models of that generation) to CMIPS. The assessment of model performance is expert judgment based on the agreement with observations of the multi-model
mean and distribution of individual models around the mean, taking into account internal climate variability. Note that assessed model performance is simplified for representation
in the figure and it is referred to the text for details of each assessment. The figure highlights the following key features, with the sections that back up the assessment added in

parentheses:

P EUIVIILE LY LIS LI TG ILE SALGHL IELIVI 2. AMUL-var Atantic Mericional UVerturning LIrculation (Section 4.5.3.3)

AOD Aerosol Optical Depth (Section 9.4.6) AN Atlantic Nifio (Section 9.5.3.3)

ArctSIE Seasonal cycle Arctic sea ice extent (Section 9.4.3) C02-iav I variability of pheric CO, (Section 9.8.3)

Blocking Blocking events (Section 9.5.2.2) dC02-iav Sensitivity of CO, growth rate to tropical temperature

CRE Cloud radiative effects (Section 9.4.1.2) (Section 9.8.3)

EqTaux Equatorial zonal wind stress (Section 9.4.2.4) ENSO El Nifio Southern Oscillation (Section 9.5.3.4)

fgC02 Global ocean carbon sink (Section 9.4.5) ENSOtele Tropical ENSO teleconnections (Section 9.5.3.5)

fgC02-sp Spatial pattern of ocean—atmosphere CO, fluxes (Section 9.45)  10B Indian Ocean basin mode (Section 9.5.3.4)

MHT Meridional heat transport (Section 9.4.2.4) 10D Indian Ocean dipole (Section 9.5.3.4)

Monsoon Global monsoon (Section 9.5.2.4) IPO Interdecadal Pacific Oscillation (Section 9.5.3.6)

NBP Global land carbon sink (Section 9.4.5) MO Madden-Julian Oscillation (Section 9.5.2.3)

NBP-sp Spatial pattern of land-atmosphere CO, fluxes (Section 9.4.5) NAO North Atlantic Oscillation and Northern annular mode

PR Large scale precipitation (Sections 9.4.1.1,9.4.1.3) (Section 9.5.3.2)

PR-diur Diurnal cycle precipitation (Section 9.5.2.1) PDO Pacific Decadal Oscillation (Section 9.5.3.6)

PR-RS Regional scale precipitation (Section 9.6.1.1) PNA Pacific North American (Section 9.5.3.5)

SAF Snow albedo feedbacks (Section 9.8.3) QB0 Quasi-Biennial Oscillation (Section 9.5.3.7)

SMO Soil moisture (Section 9.4.4) SAM Southern Annular Mode (Section 9.5.3.2)

SNC Snow cover (Section 9.4.4) SST-var Global sea surface temperature variability (Section 9.5.3.1)

5SS Sea surface salinity (Section 9.4.2.1)

SS5.RS Regional Sea surftayce salinity (Section 9.4.2.1) PANEL d (Extremes) o _

s Sea surface temperature (Section 9.42.1) Hurric-hr Year-to-year clounts of Atlantic hurricanes in high-resolution
AGCMSs (Section 9.5.4.3)

TAS Large scale surface air temperature (Sections 94.1.1,9.4.1.3) PR-ext Global distributions of precipitation extremes (Section 9.5.4.2)

TASdiur Diurnal cydle surface air temperature (Section 9.5.2.1) PR-ext-hr Global distribution of precipitation extremes in high-resolution

TAS-RS Regional scale surface air temperature (Section 9.6.1.1) AGCMs (Section 9.5.4.2)

TiSsT Tropical sea surface temperature (Section 9.4.2.1) PR-ext-t Global trends in precipitation extremes (Section 9.5.4.2)

Trop03 Tropospheric column ozane climatology (Section 9.4.1.4.5) TAS-ext Global distributions of surface air temperature extremes

TrAtlantic Tropical Atlantic mean state (Section 9.4.2.5) (Section 9.5.4.1)

TrinOcean Tropical Indian Ocean mean state (Section 9.4.2.5) TAS-ext-t Global trends in surface air temperature extremes

TrPacific Tropical Pacific mean state (Section 9.4.2.5) (Section 9.5.4.1)

VAR-diur Diurnal cycle other variables (Section 9.5.2.1) T Tropical cyclone tracks and intensity (Section 9.5.4.3)

TTaux Zonal mean zonal wind stress (Section 9.4.2.4) TC-hr Tropical cyclone tracks and intensity in high-resolution
AGCMs (Section 9.5.4.3)

PANEL b (Trends) Droughts Droughts (Section 9.5.4.4)

AntSIE-t Trend in Antarctic sea ice extent (Section 9.4.3)

ArctSIE-t Trend in Arctic sea ice extent (Section 9.4.3)

fgC02-t Global ocean carbon sink trends (Section 9.4.5)

LST-t Lower stratospheric temperature trends (Section 9.4.1.4.5)

NBP-t Global land carbon sink trends (Section 9.4.5)

OHC-t Global ocean heat content trends (Section 9.4.2.2)

Total03-t Total column ozone trends (Section 9.4.1.4.5)

TAS-t

Surface air temperature trends (Section 9.4.1.4.1)



