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About	me	



Today’s	topics	

1:	Intro	to	the	climate	system	
	
2:	Global	warming	and	the	greenhouse	effect	
	

3:	Past	climate	and	climate	proxies	
	

4:	Future	climate	models	and	scenarios	
	

5:	Climate	data	



Part	1		
What	exactly	is	“climate”	anyway?	



Climate	

Not	weather!	
	
Defined	as	weather	averaged	
over	a	long	period	of	time	
(often	30	yrs)	
	
Weather:	Day-to-day	changes	
in	temperature,	precipitation,	
snow	cover,	and	wind;	highly	
variable	
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Climate	zones	
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Changes in 
atmospheric 
composition 
(greenhouse 
gases) 

•  External	factors	force	or	drive	changes	in	the	climate	
system	

•  Internal	components	of	the	climate	system	respond	by	
changing	and	interacting	in	many	ways	



Atmosphere	

•  Thin!	
•  10	km	contains	

90%	of	mass	
•  Troposphere	=	

where	
weather/
climate	
happens	
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Atmospheric Composition:
Permanent Gases
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21%
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Nitrogen Oxygen
Argon Other



Transfer	of	heat	energy	
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General	
atmospheric	
circulation	
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Climate	zones	
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Hydrosphere	
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ß	Surface	currents	(wind	driven)	

Deep	currents	(density	driven)	



Cryosphere	
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Sea 
Ice 

Julien Emile-Geay

The 
Cryosphere

Glaciers 
(Land Ice)

Sea 
Ice 

Julien Emile-Geay

The 
Cryosphere

THE COPENHAGEN DIAGNOSIS > 30

that the observed recent acceleration (Rignot and Kanagaratnam 
2006) of Jakobshavn Isbrae may be attributed to thinning from 
the arrival of warm waters in the region.

Destabilization of floating ice shelves has been widespread 
along the Antarctic Peninsula with seven collapsing in the last 
20 years. Warming along the Peninsula has been dramatic, and 
on the western side has been substantially above the global 
average. Most recently, in March 2009, more than 400 square 
kilometers collapsed off the Wilkins Ice Shelf on the western 
side of the Antarctic Peninsula. A number of mechanisms 
are thought to play important roles in destabilizing floating 
Antarctic ice shelves. These include: surface warming leading to 
the creation of melt ponds and subsequent fracturing of existing 
crevasses (van den Broeke 2005); subsurface ice shelf melting 
from warming ocean waters (Rignot et al. 2008b); and internal 
ice shelf stresses (Bruan and Humbert 2009). While the collapse 
of a floating ice shelf does not itself raise sea level, its collapse 
is followed by rapid acceleration of glacier outflow – which does 

raise sea level – due to the removal of the ice shelf buttressing 
effect (e.g. Rignot et al. 2004; Scambos et al. 2004).

There is evidence for the melting of ice shelves in the Amundsen 
Sea, with impacts on the flow speed of glaciers draining this part 
of West Antarctica.  A recent modeling study has suggested 
that the West Antarctic Ice Sheet would begin to collapse when 
ocean temperatures in the vicinity of any one of the ice shelves 
that surround it warm by about 5°C (Pollard and DeConto 
2009).  There is also evidence that these changes are not limited 
to West Antarctica and may also affect the coastline of East 
Antarctica, for example in Wilkes Land (Pritchard et al. 2009; 
Shepherd and Wingham 2007). The widespread thinning and 
acceleration of glaciers along the Antarctic coast may indicate 
a significant impact of oceanic changes on glacier dynamics, a 
factor that has received little attention in past IPCC reports due 
to the lack of observational data on ice-ocean interactions and 
how climate change might influence coastal ocean waters. 

Ice Shelves 
(margin)

Glaciers 
(Land Ice)

“places where water is in its solid 

form, frozen into ice or snow.”



Continental-scale	ice	sheets	(Greenland	and	Antarctica)	
-  Cover	11%	of	Earth's	land	surface	
-  If	all	ice	melted,	sea	level	would	be	70	m	higher	
-  Thousands	of	kilometers	wide;	1-4	km	thick	

http://www.youtube.com/watch?v=PjAXoETeVIc	

Link to NASA tour of cryosphere 



Biosphere	
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Carbon	
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Lithosphere	
•  Land!	30%	of	earth	

•  Dark	areas	are	forests	and	
large	lakes	

•  Lightest	areas	are	deserts	
and	ice	

	
Albedo	=	Surface	reflectivity	
	
Snow	&	ice	=	70-90%	
Forest	=	5-20%	
Water	=	5-10%	
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Changes in 
atmospheric 
composition 
(greenhouse 
gases) 

•  External	factors	force	or	drive	changes	in	the	climate	
system	

•  Internal	components	of	the	climate	system	respond	by	
changing	and	interacting	in	many	ways	



Part	2	
What’s	the	deal	with	global	warming?	



Electromagnetic	radiation	
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Greenhouse	effect	
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Visible	vs.	infrared	

•  Visible	energy	
radiated	by	the	sun	

•  Infrared	energy	re-
radiated	by	the	
earth	

•  GHG’s	are	
transparent	to	
different	
wavelengths…			
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https://www.youtube.com/watch?
v=7perebgdXAQ	
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The Greenhouse effect

Heat enters freely but 
cannot escape : thermal 

energy builds up,
temperature increases 

inside

Analogy for the trapping of 
outgoing longwave radiation 

by some gases, therefore 
dubbed “greenhouse” gases.



How	do	we	end	up	with	global	warming?	
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Earth’s basic energy balance

Earth receives short-wave (visible) radiation
Earth emits long-wave (infrared) radiation
At thermal equilibrium the 2 must be equal
When they’re not: climate change happens



1.	Climate	system										2.	Global	warming										3.	Past	climate										4.	Future	climate										5.	Climate	data	

Earth’s	energy	balance	
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Earth’s	energy	balance	
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Natural	vs.	Anthropogenic	
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Nitrous oxide 

Why	don’t	we	care	
about	water	vapor?	
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Why	CO2?	

The	long	residence	time	of	CO2	coupled	with	its	
anthropogenic	sources	makes	it	the	most	

important	greenhouse	gas	
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Where	does	the	CO2	come	from?	



Gray	arrows	show	flow	of	carbon	caused	by	humans	
B	=	Deforestation	
C	=	CO2	“fertilization”	
D	=	Ocean	uptake	

Human	fossil-fuel	burning	

Human influence on the carbon cycle 
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http://svs.gsfc.nasa.gov/vis/a000000/a002000/a002085/a002085.mpg 

Annual cycle of atmospheric CO2 
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The Keeling Curve

Charles David Keeling, UCSD

The trend since 1960 is ~ exponential
Strong annual cycle

https://www.youtube.com/watch?v=t0dXjmoA0dw	
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Temperatures through time and space 
 

An anomaly is a departure from a reference value 
or long-term average 

January 2016 temperature compared with normal 
From: http://data.giss.nasa.gov/gistemp/maps/ 
http://cci-reanalyzer.org/animations/scycle/World_ERAI_T2_scycle.gif	
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http://svs.gsfc.nasa.gov/vis/a000000/a003900/a003901/	
	



Records	from	four	different	sources	all	agree:	
• 	temperature	rose	rapidly	from	1910s	to	early	1940s	
• 	stabilized	(possibly	cooled)	from	late	1940s	to	late	1970s	
• 	rose	abruptly	since	late	1970’s	

Globally	averaged	surface	temperature

187

Observations:  Atmosphere and Surface Chapter 2

2

Particular controversy since AR4 has surrounded the LSAT record over 
the United States, focussed on siting quality of stations in the US His-
torical Climatology Network (USHCN) and implications for long-term 
trends. Most sites exhibit poor current siting as assessed against offi-
cial WMO siting guidance, and may be expected to suffer potentially 
large siting-induced absolute biases (Fall et al., 2011). However, overall 
biases for the network since the 1980s are likely dominated by instru-
ment type (owing to replacement of Stevenson screens with maximum 
minimum temperature systems (MMTS) in the 1980s at the majori-
ty of sites), rather than siting biases (Menne et al., 2010; Williams et 
al., 2012). A new automated homogeneity assessment approach (also 
used in GHCNv3, Menne and Williams, 2009) was developed that has 
been shown to perform as well or better than other contemporary 
approaches (Venema et al., 2012). This homogenization procedure 
likely removes much of the bias related to the network-wide changes 
in the 1980s (Menne et al., 2010; Fall et al., 2011; Williams et al., 2012). 
Williams et al. (2012) produced an ensemble of data set realizations 
using perturbed settings of this procedure and concluded through 
assessment against plausible test cases that there existed a propensity 
to under-estimate adjustments. This propensity is critically dependent 
upon the (unknown) nature of the inhomogeneities in the raw data 
records. Their homogenization increases both minimum temperature 
and maximum temperature centennial-time-scale USA average LSAT 
trends. Since 1979 these adjusted data agree with a range of reanalysis 
products whereas the raw records do not (Fall et al., 2010; Vose et al., 
2012a).

Regional analyses of LSAT have not been limited to the United States. 
Various national and regional studies have undertaken assessments for 
Europe (Winkler, 2009; Bohm et al., 2010; Tietavainen et al., 2010; van 

2.4 Changes in Temperature

2.4.1 Land Surface Air Temperature

2.4.1.1 Large-Scale Records and Their Uncertainties

AR4 concluded global land-surface air temperature (LSAT) had 
increased over the instrumental period of record, with the warming 
rate approximately double that reported over the oceans since 1979. 
Since AR4, substantial developments have occurred including the pro-
duction of revised data sets, more digital data records, and new data 
set efforts. These innovations have improved understanding of data 
issues and uncertainties, allowing better quantification of regional 
changes. This reinforces confidence in the reported globally averaged 
LSAT time series behaviour.

Global Historical Climatology Network Version 3 (GHCNv3) incorpo-
rates many improvements (Lawrimore et al., 2011) but was found to 
be virtually indistinguishable at the global mean from version 2 (used 
in AR4). Goddard Institute of Space Studies (GISS) continues to provide 
an estimate based upon primarily GHCN, accounting for urban impacts 
through nightlights adjustments (Hansen et al., 2010). CRUTEM4 
(Jones et al., 2012) incorporates additional station series and also 
newly homogenized versions of many individual station records. A new 
data product from a group based predominantly at Berkeley (Rohde 
et al., 2013a) uses a method that is substantially distinct from ear-
lier efforts (further details on all the data sets and data availability 
are given in Supplementary Material 2.SM.4). Despite the range of 
approaches, the long-term variations and trends broadly agree among 
these various LSAT estimates, particularly after 1900. Global LSAT has 
increased (Figure 2.14, Table 2.4).

Since AR4, various theoretical challenges have been raised over the 
verity of global LSAT records (Pielke et al., 2007). Globally, sam-
pling and methodological independence has been assessed through 
sub-sampling (Parker et al., 2009; Jones et al., 2012), creation of an 
entirely new and structurally distinct product (Rohde et al., 2013b) and 
a complete reprocessing of GHCN (Lawrimore et al., 2011). None of 
these yielded more than minor perturbations to the global LSAT records 
since 1900. Willett et al. (2008) and Peterson et al. (2011) explicitly 
showed that changes in specific and relative humidity (Section 2.5.5) 
were physically consistent with reported temperature trends, a result 
replicated in the ERA reanalyses (Simmons et al., 2010). Various inves-
tigators (Onogi et al., 2007; Simmons et al., 2010; Parker, 2011; Vose et 
al., 2012a) showed that LSAT estimates from modern reanalyses were 
in quantitative agreement with observed products. 
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Figure 2.14 | Global annual average land-surface air temperature (LSAT) anomalies 
relative to a 1961–1990 climatology from the latest versions of four different data sets 
(Berkeley, CRUTEM, GHCN and GISS).

Table 2.4: | Trend estimates and 90% confidence intervals (Box 2.2) for LSAT global average values over five common periods. 

Data Set
Trends in °C per decade

1880–2012 1901–2012 1901–1950 1951–2012 1979–2012
CRUTEM4.1.1.0 (Jones et al., 2012) 0.086 ± 0.015 0.095 ± 0.020 0.097 ± 0.029 0.175 ± 0.037 0.254 ± 0.050

GHCNv3.2.0 (Lawrimore et al., 2011) 0.094 ± 0.016 0.107 ± 0.020 0.100 ± 0.033 0.197 ± 0.031 0.273 ± 0.047

GISS (Hansen et al., 2010) 0.095 ± 0.015 0.099 ± 0.020 0.098 ± 0.032 0.188 ± 0.032 0.267 ± 0.054

Berkeley (Rohde et al., 2013) 0.094 ± 0.013 0.101 ± 0.017 0.111 ± 0.034 0.175 ± 0.029 0.254 ± 0.049
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Arctic sea ice 

•  Arctic sea-ice cover during the end of 
summer (annual minimum) has 
decreased 30% since the 1980s 

•  Northwest passage opened in 2007 for 
the first time in recorded history  

Independent Signs of Warming

Land Sfc Temp

Tropospheric Temp

Sea-surface temp

Ocean Heat Content

Marine Air Temp

Specific Humidity

Sea Level

Snow Cover

Arctic Sea Ice

Glacier Mass Balance

IPCC AR5 TS



“Global warming” is uneven 

TS

 Technical Summary

39

Trend (ºC over period)
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Figure TS.2 |  Change in surface temperature over 1901–2012 as determined by linear 
trend for three data sets. White areas indicate incomplete or missing data. Trends have 
been calculated only for those grid boxes with greater than 70% complete records and 
more than 20% data availability in the first and last 10% of the time period. Black plus 
signs (+) indicate grid boxes where trends are significant (i.e., a trend of zero lies out-
side the 90% confidence interval). Differences in coverage primarily reflect the degree 
of interpolation to account for data void regions undertaken by the data set providers 
ranging from none beyond grid box averaging (Hadley Centre/Climatic Research Unit 
gridded surface temperature data set 4 (HadCRUT4)) to substantial (Goddard Institute 
for Space Studies Surface Temperature Analysis (GISTEMP)). Further detail regarding the 
related Figure SPM.1 is given in the TS Supplementary Material. {Figure 2.21}

It is likely that the ocean warmed between 700-2000 m from 1957 to 
2009, based on 5-year averages. It is likely that the ocean warmed from 
3000 m to the bottom from 1992 to 2005, while no significant trends 
in global average temperature were observed between 2000 and 3000 
m depth from circa 1992 to 2005. Below 3000 m depth, the largest 
warming is observed in the Southern Ocean. {3.2.4, 3.5.1; Figures 3.2b, 
3.3; FAQ 3.1}

TS.2.3 Changes in Energy Budget and Heat Content

The Earth has been in radiative imbalance, with more energy from the 
Sun entering than exiting the top of the atmosphere, since at least 
about 1970. It is virtually certain that the Earth has gained substantial 
energy from 1971 to 2010. The estimated increase in energy inventory 
between 1971 and 2010 is 274 [196 to 351] × 1021 J (high confidence), 
with a heating rate of 213 × 1012 W from a linear fit to the annual 
values over that time period (see also TFE.4). {Boxes 3.1, 13.1}

Ocean warming dominates that total heating rate, with full ocean 
depth warming accounting for about 93% (high confidence), and 
warming of the upper (0 to 700 m) ocean accounting for about 64%. 
Melting ice (including Arctic sea ice, ice sheets and glaciers) and warm-
ing of the continents each account for 3% of the total. Warming of the 
atmosphere makes up the remaining 1%. The 1971–2010 estimated 
rate of ocean energy gain is 199 × 1012 W from a linear fit to data over 
that time period, equivalent to 0.42 W m–2 heating applied continu-
ously over the Earth’s entire surface, and 0.55 W m–2 for the portion 
owing to ocean warming applied over the ocean’s entire surface area. 
The Earth’s estimated energy increase from 1993 to 2010 is 163 [127 
to 201] × 1021 J with a trend estimate of 275 × 1015 W. The ocean por-
tion of the trend for 1993–2010 is 257 × 1012 W, equivalent to a mean 
heat flux into the ocean of 0.71 W m–2. {3.2.3, 3.2.4; Box 3.1} 

It is about as likely as not that ocean heat content from 0–700 m 
increased more slowly during 2003 to 2010 than during 1993 to 2002 
(Figure TS.1). Ocean heat uptake from 700–2000 m, where interannual 
variability is smaller, likely continued unabated from 1993 to 2009. 
{3.2.3, 3.2.4; Box 9.2}

TS.2.4 Changes in Circulation and Modes of Variability

Large variability on interannual to decadal time scales hampers robust 
conclusions on long-term changes in atmospheric circulation in many 
instances. Confidence is high that the increase of the northern mid-
latitude westerly winds and the North Atlantic Oscillation (NAO) index 
from the 1950s to the 1990s, and the weakening of the Pacific Walker 
Circulation from the late 19th century to the 1990s, have been largely 
offset by recent changes. With high confidence, decadal and multi-
decadal changes in the winter NAO index observed since the 20th cen-
tury are not unprecedented in the context of the past 500 years. {2.7.2, 
2.7.5, 2.7.8, 5.4.2; Box 2.5; Table 2.14}

It is likely that circulation features have moved poleward since the 
1970s, involving a widening of the tropical belt, a poleward shift of 
storm tracks and jet streams and a contraction of the northern polar 
vortex. Evidence is more robust for the NH. It is likely that the Southern 
Annular Mode (SAM) has become more positive since the 1950s. The 
increase in the strength of the observed summer SAM since 1950 has 
been anomalous, with medium confidence, in the context of the past 
400 years. {2.7.5, 2.7.6, 2.7.8, 5.4.2; Box 2.5; Table 2.14}

New results from high-resolution coral records document with high 
confidence that the El Niño-Southern Oscillation (ENSO) system has 
remained highly variable throughout the past 7000 years, showing no 
discernible evidence for an orbital modulation of ENSO. {5.4.1}

•  Some areas are 
cooling 

•  More warming in 
the Arctic 

•  More warming 
over land 
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Ice albedo: Positive feedback on climate 
•  Cooler climate = ↑ ice = ↑ albedo 
•  Higher albedo = ↑ cooling 
•  Initial change is reinforced, leading to great change 

The	Albedo	feedback 
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Part	3	
What	do	we	know	about	long-term,	

“natural”	climate	variability?	



Paleoclimate:	the	long	view	
•  What’s	“normal”?	
•  Are	there	natural	long-term	cycles?	
•  How	does	recent	climate	change	compare	with	natural	variability?	
•  What’s	the	world	like	when	it’s	warmer	(analogs)?		
•  And:	how	do	we	know	all	of	this?		
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How	do	we	study	paleoclimate?	

•  Proxy	data	from	natural	archives	
– Marine	sediment	cores	
– Lake	sediment	cores	
–  Ice	cores	
– Tree	rings	
– Corals	
– Speleothems	(stalagmites)	
– Evidence	of	glaciers/water	level	changes	
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oldest

youngest

living micro-
organisms record 
information about 

seawater 
composition when 

they form their 
shells

Paleoceanography

the science of past oceans
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Julien Emile-Geay    USC, 2014

Isotopes

(# of protons)

(# of neutrons &protons)

Definition:
 avatars of one element that 
contain the same number of 
protons but a different 
number of neutrons

 Two kinds:
 Stable isotopes (stick around)
• e.g. 13C, 18O, 2H

 Radiogenic isotopes (decay)
• e.g. 14C, 87Rb, 238U

Both are extremely useful in geology



Foraminifera	

•  Marine	critters	made	
of	calcium	carbonate	
(CaCO3)	

	
•  Tell	us	most	of	what	

we	know	about	past	
temperatures	
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Glacial	periods	
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5	million	years	



Evidence	of	larger	glaciers	
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Lakes	
Evidence	of	regional	climatic	changes	
Go	back	~10,000	years		
Various	biological	and	physical	indicators	of	climate	are	preserved	

Diatoms 

Pollen 
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•  Pollen	produced	by	vegetation	is	preserved	in	lake	sediments	that	can	be	
dated	by	radiocarbon	(14C)	
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Trees	
•  Annual	layers	are	best	developed	

in	mid-latitude	and	high-latitude	
regions	that	experience	large	
seasonal	changes		

•  Thickness	of	layers	indicates	
growth	conditions	over	decades	
to	centuries	

•  Hurricanes,	fires,	and	other	
events	can	be	inferred	from	tree	
rings	

	
	



Part	4	
What	about	climate	of	the	future?	



So…	what’s	going	to	happen?	

To	address	this,	we	need	to	know	about	climate	models	



What	is	a	climate	model?	

a	mathematical	representation	of	the	climate	
system	based	on	physical,	biological	and	

chemical	principles	
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General	circulation	models	
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•  Mathematical 
representations of main 
features of land, water, ice, 
atmosphere 

•  Models use equations for 
physical laws to control the 
circulation of the 
atmosphere 

•  For example: convection, 
conservation of mass and 
energy 
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Why	do	we	trust	climate	models?	
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off the west coasts of South America and Africa. Averaging the abso-
lute error of the individual CMIP5 models (Figure 9.2c) yields similar 
magnitude as the multi-model mean bias (Figure 9.2b), implying that 
compensating errors across models is limited. The inconsistency across 
the three available global reanalyses (Figure 9.2d) that have assimilat-
ed temperature data at two metres (Onogi et al., 2007; Simmons et al., 
2010) provides an indication of observational uncertainty. Although 
the reanalysis inconsistency is smaller than the mean absolute bias in 
almost all regions, areas where inconsistency is largest (typically where 
observations are sparse) tend to be the same regions where the CMIP5 
models show largest mean absolute error.

Seasonal performance of models can be evaluated by examining the 
difference between means for December–January–February (DJF) and 
June–July–August (JJA). Figures 9.3(a) and (b) show the CMIP5 mean 
model seasonal cycle amplitude in surface air temperature (as meas-
ured by the difference between the DJF and JJA and the absolute value 
of this difference). The seasonal cycle amplitude is much larger over 
land where the thermal inertia is much smaller than over the oceans, 

Figure 9.2 |  Annual-mean surface (2 m) air temperature (°C) for the period 1980–2005. (a) Multi-model (ensemble) mean constructed with one realization of all available models 
used in the CMIP5 historical experiment. (b) Multi-model-mean bias as the difference between the CMIP5 multi-model mean and the climatology from ECMWF reanalysis of the 
global atmosphere and surface conditions (ERA)-Interim (Dee et al., 2011); see Table 9.3. (c) Mean absolute model error with respect to the climatology from ERA-Interim. (d) Mean 
inconsistency between ERA-Interim, ERA 40-year reanalysis (ERA40) and Japanese 25-year ReAnalysis (JRA-25) products as the mean of the absolute pairwise differences between 
those fields for their common period (1979–2001).

and it is generally larger at higher latitudes as a result of the larger 
seasonal amplitude in insolation. Figures 9.3(c) and (d) show the mean 
model bias of the seasonal cycle relative to the ERA-Interim reanaly-
sis (Dee et al., 2011). The largest biases correspond to areas of large 
seasonal amplitude, notably high latitudes over land, but relatively 
large biases are also evident in some lower latitude regions such as 
over northern India. Over most land areas the amplitude of the mod-
elled seasonal cycle is larger than observed, whereas over much of the 
extratropical oceans the modelled amplitude is too small. 

The simulation of precipitation is a more stringent test for models as it 
depends heavily on processes that must be parameterized. Challenges 
are compounded by the link to surface fields (topography, coastline, 
vegetation) that lead to much greater spatial heterogeneity at regional 
scales. Figure 9.4 shows the mean precipitation rate simulated by the 
CMIP5 multi-model ensemble, along with measures of error relative to 
precipitation analyses from the Global Precipitation Climatology Pro-
ject (Adler et al., 2003). The magnitude of observational uncertainty for 
precipitation varies with region, which is why many studies make use 
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seasonal amplitude in insolation. Figures 9.3(c) and (d) show the mean 
model bias of the seasonal cycle relative to the ERA-Interim reanaly-
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large biases are also evident in some lower latitude regions such as 
over northern India. Over most land areas the amplitude of the mod-
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extratropical oceans the modelled amplitude is too small. 
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are compounded by the link to surface fields (topography, coastline, 
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Model simulated temperature 
(1980-2005) 

Difference between simulated 
and observed temperature 
(1980-2005) 



Why	do	we	trust	climate	models?	
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Model simulated precipitation 
(1980-2005) 

Difference between simulated 
and observed precipitation 
(1980-2005) 
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Figure 9.4 |  Annual-mean precipitation rate (mm day–1) for the period 1980–2005. (a) Multi-model-mean constructed with one realization of all available AOGCMs used in the 
CMIP5 historical experiment. (b) Difference between multi-model mean and precipitation analyses from the Global Precipitation Climatology Project (Adler et al., 2003). (c) Multi-
model-mean absolute error with respect to observations. (d) Multi-model-mean error relative to the multi-model-mean precipitation itself.

ERA40 meteorological reanalyses to within approximately 10% (Walis-
er et al., 2007). Initial analysis of the CMIP5 ensemble shows the model 
results are within the uncertainties of the observations (Jiang et al., 
2012a). 

Modelling the vertical structure of water vapour is subject to great-
er uncertainty since the humidity profile is governed by a variety of 
processes. The CMIP3 models exhibited a significant dry bias of up to 
25% in the boundary layer and a significant moist bias in the free 
troposphere of up to 100% (John and Soden, 2007). Upper tropospher-
ic water vapour varied by a factor of three across the multi-model 
ensemble (Su et al., 2006). Many models have large biases in lower 
stratospheric water vapour (Gettelman et al., 2010), which could have 
implications for surface temperature change (Solomon et al., 2010). 
The limited number of studies available for the CMIP5 model ensem-
ble broadly confirms the results from the earlier model generation. In 
tropical regions, the models are too dry in the lower troposphere and 
too moist in the upper troposphere, whereas in the extratropics they 
are too moist throughout the troposphere (Tian et al., 2013). However, 
many of the model values lie within the observational uncertainties. 

Jiang et al. (2012a) show that the largest biases occur in the upper 
troposphere, with model values up to twice that observed, while in the 
middle and lower troposphere models simulate water vapour to within 
10% of the observations. 

The spatial patterns and seasonal cycle of the radiative fluxes at the 
TOA are fundamental energy balance quantities. Both the CMIP3 and 
CMIP5 model ensembles reproduce these patterns with considerable 
fidelity relative to the National Aeronautics and Space Adminsitration 
(NASA) Clouds and the Earth’s Radiant Energy System (CERES) data 
sets (Pincus et al., 2008; Wang and Su, 2013). Globally averaged TOA 
shortwave and longwave components of the radiative fluxes in 12 
atmosphere-only versions of the CMIP5 models were within 2.5 W m–2 
of the observed values (Wang and Su, 2013). 

Comparisons against surface components of radiative fluxes show 
that, on average, the CMIP5 models overestimate the global mean 
downward all-sky shortwave flux at the surface by 2 ± 6 W m–2 (1 ± 
3%) and underestimate the global downward longwave flux by 6 ± 9 
W m–2 (2 ± 2%) (Stephens et al., 2012). Although in tropical regions 



Emissions	scenarios	
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•  Projections of CO2 
emissions range 
from fossil-fuel 
intensive (business 
as usual) to drastic 
reductions 

•  Emissions will 
eventually decrease 
as fossil fuel 
reserves are 
consumed 

•  Sufficient reserves 
for continued 
growth well into the 
22nd century 



Emissions	scenarios:	RCP’s	
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•  PCP 8.5 = business as usual; nationalism; slow technological advancement 
•  RCP 6 = middle of the road; some effort to reduce emissions 
•  RCP 4.5 = emphasis on global solutions to sustainability 
•  RCP 2.6 = drastic reductions; peaking 2020 and negative after 2080 

RCP = representative 
concentration pathways 
= plausible emissions 
trajectories based on 
different assumptions 
about society and 
technology 
 
# = approximate total 
radiative forcing by 
2100 (Wm-2) 
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Figure 12.3: (a) Time evolution of the total anthropogenic (positive) and anthropogenic aerosol (negative) radiative 
forcing relative to preindustrial (~1765) between 2000 and 2300 for RCP scenarios and their extensions (continuous 
lines), and SRES scenarios (dashed lines) as computed by the integrated assessment models (IAMs) used to develop 
those scenarios. The four RCP scenarios used in CMIP5 are: RCP2.6 (dark blue), RCP4.5 (light blue), RCP6.0 (orange) 
and RCP8.5 (red). The three SRES scenarios used in CMIP3 are: B1 (blue, dashed), A1B (green, dashed) and A2 (red, 
dashed). Positive values correspond to the total anthropogenic radiative forcing. Negative values correspond to the 
forcing from all anthropogenic aerosol-radiation interactions (i.e., direct effects only). The total radiative forcing of the 
SRES and RCP families of scenarios differs in 2000 because the number of forcings represented and our knowledge 
about them have changed since the TAR. The total radiative forcing of the RCP family is computed taking into account 
the efficacy of the various forcings (Meinshausen et al., 2011a). (b) Contribution of the individual anthropogenic 
forcings to the total radiative forcing in year 2100 for the four RCP scenarios and at present day (year 2010). The 
individual forcings are gathered into seven groups: CO2, CH4, N2O, ozone (O3), other GHGs, aerosol (all effects unlike 
in (a), i.e., aerosols-radiation and aerosol-cloud interactions, aerosol deposition on snow) and land use (LU). (c) As in b, 
but the individual forcings are relative to the total radiative forcing (i.e., RFx/RFtot, in %, with RFx individual radiative 
forcings and RFtot total radiative forcing). Note that the radiative forcings in (b) and (c) are not efficacy adjusted, unlike 
in (a). The values shown in (a) are summarised in Table AII.6.8. The values shown in (b) and (c) have been directly 
extracted from data files (hosted at http://tntcat.iiasa.ac.at:8787/RcpDb/) compiled by the four modelling teams that 
developed the RCP scenarios and are summarised in Tables AII.6.1 to AII.6.3 for CO2, CH4 and N2O respectively. 
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ACCMIP projected forcing at 2030 (for RCP8.5) and 2100 (all RCPs) is 
systematically higher than corresponding CMIP5 ERF, although with 
some overlap between 1-m ranges. CMIP5 and ACCMIP comprise dif-
ferent sets of models and they are related in many but not all cases 
(Section 8.2.2). Confining analysis to a subset of closely related models 
also gives higher forcing estimates from ACCMIP compared to CMIP5 
so the discrepancy in multi-model ensemble mean forcings appears 
unrelated to the different model samples associated with the two 
methods of estimation. The discrepancy is thought to originate mostly 
from differences in the underlying methodologies used to estimate RF, 
but is not yet well understood (see also Section 8.5.3).

There is high confidence in projections from ACCMIP models (Shindell 
et al., 2013b) based on the GISS-E2 CMIP5 simulations (Shindell et al., 
2013a) and an earlier study with a version of the HadGEM2-ES model 
related to that used in CMIP5 (Bellouin et al., 2011), consistent with 
understanding of the processes controlling nitrate formation (Adams 
et al., 2001), that nitrate aerosols (which provide a negative forcing) 
will increase substantially over the 21st century under the RCPs (Sec-
tion 8.5.3, Figure 8.20). The magnitude of total aerosol-related forcing 
(also negative in sign) will therefore tend to be underestimated in the 
CMIP5 multi-model mean ERF, as nitrate aerosol has been omitted as a 
forcing from almost all CMIP5 models.

Natural RF variations are, by their nature, difficult to project reliably 
(see Section 8.4). There is very high confidence that Industrial Era nat-
ural forcing has been a small fraction of the (positive) anthropogenic 
forcing except for brief periods following large volcanic eruptions (Sec-
tions 8.5.1 and 8.5.2). Based on that assessment and the assumption 
that variability in natural forcing remains of a similar magnitude and 
character to that over the Industrial Era, total anthropogenic forcing 
relative to pre-industrial, for any of the RCP scenarios through the 21st 
century, is very likely to be greater in magnitude than changes in natu-
ral (solar plus volcanic) forcing on decadal time scales. 

In summary, global mean forcing projections derived from climate 
models exhibit a substantial range for the given RCP scenarios in con-
centration-driven experiments, contributing to the projected global 
mean temperature range (Section 12.4.1). Forcings derived from 
ACCMIP models for 2100 are systematically higher than those estimat-
ed from CMIP5 models for reasons that are not fully understood but 
are partly due to methodological differences. The multi-model mean 
estimate of combined anthropogenic plus natural forcing from CMIP5 
is consistent with indicative RCP forcing values at 2100 to within 0.2 
to 0.4 W m–2.

12.4 Projected Climate Change over the  
21st Century

12.4.1 Time-Evolving Global Quantities

12.4.1.1 Projected Changes in Global Mean Temperature and  
Precipitation

A consistent and robust feature across climate models is a continua-
tion of global warming in the 21st century for all the RCP scenarios 

(Figure 12.5 showing changes in concentration-driven model simu-
lations). Temperature increases are almost the same for all the RCP 
scenarios during the first two decades after 2005 (see Figure 11.25). 
At longer time scales, the warming rate begins to depend more on 
the specified GHG concentration pathway, being highest (>0.3°C per 
decade) in the highest RCP8.5 and significantly lower in RCP2.6, par-
ticularly after about 2050 when global surface temperature response 
stabilizes (and declines thereafter). The dependence of global temper-
ature rise on GHG forcing at longer time scales has been confirmed by 
several studies (Meehl et al., 2007b). In the CMIP5 ensemble mean, 
global warming under RCP2.6 stays below 2°C above 1850-1900 
levels throughout the 21st century, clearly demonstrating the potential 
of mitigation policies (note that to translate the anomalies in Figure 
12.5 into anomalies with respect to that period, an assumed 0.61°C 
of observed warming since 1850–1900, as discussed in Section 2.4.3, 
should be added). This is in agreement with previous studies of aggres-
sive mitigation scenarios (Johns et al., 2011; Meehl et al., 2012). Note, 
however, that some individual ensemble members do show warming 
exceeding 2°C above 1850-1900 (see Table 12.3). As for the other 
pathways, global warming exceeds 2°C within the 21st century under 
RCP4.5, RCP6.0 and RCP8.5, in qualitative agreement with previous 
studies using the SRES A1B and A2 scenarios (Joshi et al., 2011). Global 
mean temperature increase exceeds 4°C under RCP8.5 by 2100. The 
CMIP5 concentration-driven global temperature projections are broad-
ly similar to CMIP3 SRES scenarios discussed in AR4 (Meehl et al., 
2007b) and Section 12.4.9, although the overall range of the former 
is larger primarily because of the low-emission mitigation pathway 
RCP2.6 (Knutti and Sedláček, 2013). 

The multi-model global mean temperature changes under different 
RCPs are summarized in Table 12.2. The relationship between cumu-
lative anthropogenic carbon emissions and global temperature is 
assessed in Section 12.5 and only concentration-driven models are 

42 models

39
25
42
32

12
17
12

Figure 12.5 |  Time series of global annual mean surface air temperature anomalies 
(relative to 1986–2005) from CMIP5 concentration-driven experiments. Projections are 
shown for each RCP for the multi-model mean (solid lines) and the 5 to 95% range 
(±1.64 standard deviation) across the distribution of individual models (shading). Dis-
continuities at 2100 are due to different numbers of models performing the exten-
sion runs beyond the 21st century and have no physical meaning. Only one ensemble 
member is used from each model and numbers in the figure indicate the number of 
different models contributing to the different time periods. No ranges are given for the 
RCP6.0 projections beyond 2100 as only two models are available.

•  Uncertainty among climate models (light-colored areas) is less than the 
differences among scenarios (curves) 

•  Global average temperature is likely to rise by 1-2°C by the middle of this 
century; by 2-4 °C by the end of the century (relative to 1986-2005) 
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• A lower warming target, or a higher likelihood of remaining below a specific warming target, will require lower cumulative 
CO2  emissions. Accounting for warming effects of increases in non-CO2 greenhouse gases, reductions in aerosols, or the 
release of greenhouse gases from permafrost will also lower the cumulative CO2 emissions for a specific warming target 
(see Figure SPM.10). {12.5}

• A large fraction of anthropogenic climate change resulting from CO2 emissions is irreversible on a multi-century to 
millennial time scale, except in the case of a large net removal of CO2 from the atmosphere over a sustained period. 
Surface temperatures will remain approximately constant at elevated levels for many centuries after a complete cessation 
of net anthropogenic CO2 emissions. Due to the long time scales of heat transfer from the ocean surface to depth, ocean 
warming will continue for centuries. Depending on the scenario, about 15 to 40% of emitted CO2 will remain in the 
atmosphere longer than 1,000 years. {Box 6.1, 12.4, 12.5} 

• It is virtually certain that global mean sea level rise will continue beyond 2100, with sea level rise due to thermal 
expansion to continue for many centuries. The few available model results that go beyond 2100 indicate global mean 
sea level rise above the pre-industrial level by 2300 to be less than 1 m for a radiative forcing that corresponds to CO2 
concentrations that peak and decline and remain below 500 ppm, as in the scenario RCP2.6. For a radiative forcing that 
corresponds to a CO2 concentration that is above 700 ppm but below 1500 ppm, as in the scenario RCP8.5, the projected 
rise is 1 m to more than 3 m (medium confidence). {13.5}

Figure SPM.10 |  Global mean surface temperature increase as a function of cumulative total global CO2 emissions from various lines of evidence. Multi-
model results from a hierarchy of climate-carbon cycle models for each RCP until 2100 are shown with coloured lines and decadal means (dots). Some 
decadal means are labeled for clarity (e.g., 2050 indicating the decade 2040−2049). Model results over the historical period (1860 to 2010) are indicated 
in black. The coloured plume illustrates the multi-model spread over the four RCP scenarios and fades with the decreasing number of available models 
in RCP8.5. The multi-model mean and range simulated by CMIP5 models, forced by a CO2 increase of 1% per year (1% yr–1 CO2 simulations), is given by 
the thin black line and grey area. For a specific amount of cumulative CO2 emissions, the 1% per year CO2 simulations exhibit lower warming than those 
driven by RCPs, which include additional non-CO2 forcings.  Temperature values are given relative to the 1861−1880 base period, emissions relative to 
1870. Decadal averages are connected by straight lines. For further technical details see the Technical Summary Supplementary Material. {Figure 12.45; 
TS TFE.8, Figure 1}
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Forcings and Response•  The climate system does 
not equilibrate immediately 
after a climate forcing 

•  The large heat capacity of 
oceans causes a delay 

•  Even if GHG concentration 
stabilized, warming will 
continue 

•  Best estimates are another 
0.5°C mean global 
temperature rise 

Committed Warming 

Committed warming: Climate change that will happen 
in the future because of past emissions, regardless of 
changes in future emissions 
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Biggest uncertainties are different into the future: 
• Less than 20 years: internal climate variability (e.g., El Niño) 
• Multiple decades: confidence in climate projections (e.g., clouds and other 
feedbacks) 
• End of century and beyond: what people will do (emissions scenarios) 

CLIMATE AND 
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Climate Feedbacks



Part	5	
Where	can	we	find	climate	data?	



Weather	and	climate	data	
1)	earth	

	 	 	https://earth.nullschool.net/	
	
2)	NASA	Climate	

	 	 	https://climate.nasa.gov/	
	
3)	Erb	Weather	

	 	 	http://erbweather.com/	
	
4)	MesoWest	

	 	 	https://mesowest.utah.edu/	
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Paleoclimate	data	

5)	NOAA	Paleoclimate	
	 	 	https://www.ncdc.noaa.gov/data-access/

paleoclimatology-data	
	
6)	Neotoma	Paleoecology	Database	

	 	 	https://www.neotomadb.org/	
	
7)	LiPDVerse	

	 	 	https://www.lipdverse.org/	

1.	Climate	system										2.	Global	warming										3.	Past	climate										4.	Future	climate										5.	Climate	data	



Diatom	data	

Diatoms	of	North	America	
	 	 	https://diatoms.org/	

	
…	and	counts!	
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Diatom	data	

Diatoms	of	North	America	
	 	 	https://diatoms.org/	

	
…	and	counts!	
	
Ways	to	use	data:	
-species	diversity	
-planktic/benthic	(higher	lake	level	=	more	planktic)	
-morphologies	
-and	more!	
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