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The climate system

Changes The Earth’s climate is a ‘complex adaptive system’ Atmosphere

Big changes never happen for just one reason

cloud Under transformations, expect extreme behavior

Volcanic jporation

aisliael ey Human generated influences on the climate Amosphere
5, hanae Ice interaction
yE. “T'“WOJ are a catalyst for future climate dynamics i
N a

-

Land surface - .
kes and rivers Ice/ocean coupling

\' Changes in/on the land surface: ~ Changes in the ocean: _
orography, land use, vegetation, ~ circulation, sea level, biochemistry

Soil/ blosphere interaction  ecosystems Ocean



=->=Met Office Climate feedbacks can be positive and negative

Positive ' Negative

I ' Feedback - Feedback

Speeds up




Computer modeling of Climate

Scientific method extended

Observed data

Experiments HYPOTHESIS Simulation

Simulated data

via via

Physical ] Mathematical
models Representations of models
the real system

By Marcello donatelli - Own work, CC BY-SA 3.0, https://commons.wikimedia.org/w/index.php?curid=29967075
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Physical Processes in a Model
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Anomaly (°C) (w.r.t. 1980-1999)
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Global Temperature Change (°F)
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Temperature (°C)

Global-mean near-surface temperature anomalies

w=e Observed

=== No anthropogenic aerosol
=== Only anthropogenic aerosol
| === Allforcings

| - - — e e e e e e e - e - - =

One model (from
CSIRO, Australia)

Spread of multiple
realizations is
denoted by shading
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Climate Science and Modeling challenges today

* Clouds: convection and boundary layers

e Aerosols

* Oceans: water vapor ,vertical and horizontal mixing,
convection

e Sea ice, glaciers

* Limitations in observational data sets
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CIlmate statistics, trends
and future pro;ectlons
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Monthly temperature anomalies in
Durham, North Carolina, with and
without global warming, 1900-2013.
The black data in the panels show the
anomalies. (a) The red curve gives the
contribution due to global warming, as
estimated by climate models. (b) When
the global warming contribution is
subtracted out, the remaining anomalies
show the effects of natural climate
variability. The horizontal blue line
corresponds to zero anomaly. In March
2012, the +6 °C total anomaly shown in
panel a (red dot) received the +4.25 °C
natural contribution displayed in panel b
(blue dot) and a +1.75 °C contribution
from global warming.

Citation: Phys. Today 69, 10, 10 (2016)



March 2012 at +6 °C
Shift in Probability Distribution {10.8 °F) heat wave
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TEMPERATURE DIFFERENCE FROM MONTHLY AVERAGE (°C)

Normal distribution of monthly temperature anomalies in Durham,
North Carolina, without global warming (blue) and with global warming
(red). The shift due to global warming produces a small change in the
absolute probability of a large temperature anomaly (top) but a big
relative change (bottom).

Citation: Phys. Today 69, 10, 10 (2016)




Paily News

Recent heat wave was due 71% to natural
variability and 29% to global warming.

| Global warming increased the odds of the
recent heat wave by only 0.25%.

| Global warming has made heat waves like the
recent one occur 22 times as often as they would
have otherwise.
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Don’t be a climate ‘day-trader’.




A case study in statistical estimating:
the recent ‘hiatus’ in global average
surface temperatures
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CLIMATE CHANGE

Possible artifacts of data biases in the
recent global surface warming hiatus

Thomas R. Karl,™ Anthony Arguez,' Boyin Huang,! Jay H. Lawrimore,’
James R. McMahon,? Matthew J. Menne,'! Thomas C. Peterson,’
Russell S. Vose,! Huai-Min Zhang"

Much study has been devoted to the possible causes of an apparent decrease in the
upward trend of global surface temperatures since 1998, a phenomenon that has been
dubbed the global warming “hiatus.” Here, we present an updated global surface
temperature analysis that reveals that global trends are higher than those reported by the
Intergovernmental Panel on Climate Change, especially in recent decades, and that the
central estimate for the rate of warming during the first 15 years of the 21st century is

at least as great as the last half of the 20th century. These results do not support the
notion of a "slowdown” in the increase of global surface temperature.

T.R. Karl, A. Arguez, B. Huang, J.H. Lawrimore, J.R. McMahon, M.J. Menne, T.C.
Peterson, R.S. Vose, and H. Zhang, "Possible artifacts of data biases in the

recent global surface warming hiatus", Science, vol. 348, pp. 1469-1472,
2015. http://dx.doi.org/10.1126/science.aaa5632



http://dx.doi.org/10.1126/science.aaa5632

... Smith has used new subpoena powers to

threaten the leadership of NOAA, demanding

that the federal climate and weather agency

hand over all internal correspondence
between scientists to find out if there has

foue S Commites o man S been a grand conspiracy to alter or

Quarterly misrepresent the data.

“It was inconvenient for this administration

that climate data has clearly showed no

warming for the past two decades,” Smith said
last month.
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2015: HOTTEST YEAR SO FAR
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Anomaly (°F)

Global Land and Ocean Temperature Anomalies
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U.S. Global Change Research Program
Climate Science Special Report 2017
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De Cade U.S. Global Change Research Program
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How do we know
the climate is warming?



Ten Indicators of a Warming World

o

Air Temperature Near Surface (Troposphere) '

Water Vapor

Glaciers and Ice Sheets

Temperature Over Oceans

)

J-

Sea Surface Temperature \ /

Sea lce

Temperature Over Land
Ocean Heat Content
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Anomaly (°F)
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Indicators of Warming from Multiple Datasets

Land Surface Air Temperature:
4 Datasets
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Sea Surface Temperature:
3 Datasets

U.S. Global Change Research Program
O Climate Science Special Report 2017
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MEI index: el Nino vs. el Nina
composite metric

Global Temperature Anomaly wrt 1979-2000
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Global Temperature and Carbon Dioxide
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Global climate change-
the human factor




Future climate projections

Climate impacts:

* Global surface temp.
e Sea surface temp.
* Sea level rise, sea ice
extent
* Ocean pH

How does the * Precipitation

climate depend on * Regional climate
atmospheric CO2 change
concentrations?

Possible scenarios for
global GHG
emissions up to year
2100




Factors driving choice of future GHG
scenarios (/PCC)
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Annual emissions (GtCO,/yr)
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How does the - e e, .
climate depend on Climate Sensitivity’: a standard metric for

atmospheric CO2 future global temperature estimates
concentrations?

Climate Sensitivity = global surface temperature change induced
by a doubling of atmospheric CO2 concentrations.

Example: 1850 conc. 280 x 2 = 560 ppm (expected in 30-70 years)
Example: 2017 conc. 406 x 2 =812 ppm



‘Climate Sensitivity’: a standard metric for
future global temperature estimates

Various Estimates of Climate Sensitivity
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Climate Sensitivity- recent estimates

Estimates of equilibrium climate sensitivity
(ECS). ECS quantifies the increase in Earth’s
average surface temperature that would occur if
atmospheric carbon dioxide levels were
doubled and the climate system was allowed to
reach an equilibrium state. Estimates of ECS
vary depending on the evidence used (such as
records of Earth’s energy budget® and
analyses* of present climate conditions
produced by models). The estimate! from the
Intergovernmental Panel on Climate Change
(IPCC) published in 2013 is based on several
lines of evidence. Cox et al.> now report
estimates based on an analysis of surface-
temperature variation predicted by climate
models. Their analysis rules out high estimates
of ECS. Bars depict ranges for which there is a
66% likelihood of the value being correct; for
the top two bars, these ranges have been
inferred from the data in references 4 and 9.
Best estimates of ECS for each range, if
available, are indicated by a blue line.

Analysis of historical | | |
energy budgets |
Analysis of present . '
conditions in models _ _
Cox et al. — . .

0 1 2 3 4
Estimates of equilibrium
climate sensitivity (°C)

IPCC (2013)

https://www.nature.com/articles/d41586-018-00480-0



Feedbacks

What are the timescales for feedbacks?

Climate Feedbacks and Sensitivity to 2xCO,, \
Timescale
Years Decades Centuries Millennia Muiti-millennia >

Clouds, wate?vapour,
snow/sea ice

>

Upper ocean

Atmospheric ?omposition: O,, aerosols, dust

CH, >
Vegetation >
Oceans
ice Sheets
Carbon cycle

\ 4

_




(b) Warming versus cumulative CO, emissions
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Future climate projections

Climate impacts:

* Global surface temp.
e Sea surface temp.
* Sea level rise, sea ice
extent
* Ocean pH

How does the * Precipitation

climate depend on * Regional climate
atmospheric CO2 change
concentrations?

Possible scenarios for
global GHG
emissions up to year
2100




(a) Global average surface temperature change
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(b) Northern Hemisphere September sea ice extent
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(c) Global ocean surface pH
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Figure SPM.7 | CMIP5 multi-model simulated time series from 1950 to 2100 for (a) change in global annual mean surface
temperature relative to 1986—2005, (b) Northern Hemisphere September sea ice extent (5-year running mean), and (c) global
mean ocean surface pH. Time series of projections and a measure of uncertainty (shading) are shown for scenarios RCP2.6
(blue) and RCP8.5 (red). Black (grey shading) is the modelled historical evolution using historical reconstructed forcings. The
mean and associated uncertainties averaged over 2081-2100 are given for all RCP scenarios as colored vertical bars. The
numbers of CMIP5 models used to calculate the multi-model mean is indicated. For sea ice extent (b), the projected mean and
uncertainty (minimum-maximum range) of the subset of models that most closely reproduce the climatological mean state
and 1979 to 2012 trend of the Arctic sea ice is given (number of models given in brackets). For completeness, the CMIP5 multi-
model mean is also indicated with dotted lines. The dashed line represents nearly ice-free conditions (i.e., when sea ice extent
is less than 106 km?2 for at least five consecutive years). For further technical details see the Technical Summary
Supplementary Material {Figures 6.28, 12.5, and 12.28-12.31; Figures TS.15, TS.17, and TS.20}



RCP 8.5

RCP 2.6
Change in average surface temperature (1986-2005 to 2081-2100)

(a)

Change in average precipitation (1986-2005 to 2081-2100)
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Future Surface Warming with ZERO emissions after 2050

Surface warming for A1B scenario cutting
emissions immediately to z2ero in 2050,
Red - CO. only
2.0 Green - CO, and N,0
Blue - CO,, N,0 and CH,
£ 1.5 -
o
£
E
)
=
a .
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3
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R ! T T 1
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Fig. 1. Computed surface warming obtained in the Bern 2.5CC model due
to CO;, CH,, and N3O emission increases to 2050 following a “midrange”
scenario (called A1B; see ref. 23) followed by zero anthropogenic emissions
thereafter. The gases are changed sequentially in this calculation in order to
explicitly separate the contributions of each. The bumps shown in the calcu- Solomon et al
lated warming are due to changes in ocean circulation, as in previous studies )
(5, 26, 39). The main panel shows the contributions to warming due to CO,, Proc. NAS 2010
N;O, and CH,. The inset shows an expanded view of the warming from year

2000 to 2200.



Tipping points, non-linear
processes,
exponential events:

disaster, catastrophe,
end-of-the-world, “OMG?,
the sky is Glowing
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Double whammy

Warmer air and cliff collapse could lead to rapid sea level rise

(2) 2030s: Warmer air melts the (3)| 2050s: With ice shelves
surface of ice shelves, leading gone, exposed cliffs
to loss from 2050s onwards begin collapsing
Warm air B
Floating \

ice shelf g
Sea g g

Ice resting
on seabed

(@) Now: Warm water is
melting the underside
of ice shelves




How Hansen's model predicts
sea level will rise

Salt water is denser than fresh water.
Because of this, a mixed layer of salt
water and fresh water could float above
warm salt water, trapping it below ice.

Mixed fresh and salt water

Warm salt water




~ Antarctica
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ice shelf |

icebergs
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- expanding sea ice

Greenland

e Yvater vapor precipitates before reaching Antarctica
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Fig. 18. Schematic of stratification and precipitation amplifying feedbacks. Stratification: increased freshwater flux
reduces surface water density, thus reducing AABW formation, trapping NADW heat, and increasing ice shelf melt.
Precipitation: increased freshwater flux cools ocean mixed layer, increases sea ice area, causing precipitation to fall
before it reaches Antarctica, reducing ice sheet growth and increasing ocean surface ﬁeshemng. Ice in West
Antarctica and the Wilkes Basin, East Antarctica 1s most vulnerable because of the instability of retrograde beds.

Ice Melt, Sea Level Rise and Superstorms: Evidence from Paleoclimate Data, Climate
Modeling, and Modern Observations that 2°C Global Warming is Dangerous, preprint

2016



Southwest US Climate Change

Megadrought risk Required increase in

from temperature preclpltatlon for risk <50%
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B E
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Megadrought risk (%) AP (%)

Fig. 4. Maps of megadrought risk for the American South west under different levels of warming, and the required inaease in precipitation to compensate for that
warming. (A toC) Maps of megadrought risk for the entire American Southwe st domain at constant {historica ) precipitation dimatobgy (AP = 0%) and vasous leveds of warming.
These estimates are based on the Monte Carb procedure of abservational and reanalysis data, noton OMPS {see Materials and Methods). (D toF) Increases in precipitation (blue
shading needed to maintain megadrought reks below 50% far different levels of rgional warming. Conours map the prajected changes in prechitation derived from the
mutimodel CMIPS mean and are shown for reference at each level of temperature change.

Megadrought Risk: Ault et al., Sci. Adv. 2016;2: e1600873 5 October 2016
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