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Climate models – some background




The star/ng point –  A Global Circula/on 
Model  (GCM)




Climate models – key elements


•  The	Carbon	Cycle	
• Where	emissions	go	
•  The	geographical	complexity	of	the	cycle	
•  How	fast	emissions	decay	

•  Feedbacks	
•  The	extent	to	which	feedback	are	or	are	not	included		
•  If	included,	which	ones	and	how?	

• Non-lineariBes	
•  Emissions-Climate	response	

•  How	sensiBve	the	whole	earth	system	is	to	emissions	generally	
•  How	fast	emissions	cause	temperature	responses	



Carbon Cycle




A Simplified Climate Model






Discre/za/on – in three-dimensional space


Companion website: www.wiley.com/go/mcguffie/climatemodellingprimer 



Mul/ple Processes




Climate Feedbacks
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Choices in spa/al discre/za/on




Computa/on – a rela/vely simple model




Overall Climate Response 


• Climate	SensiBvity	is	a	key	concept	
•  Huge	uncertainty	about	this	–	and	has	changed	over	Bme	as	science	has	
developed	

•  Transient	temperature	response	
•  Is	a	measure	of	how	fast	temperature	changes	
•  Models	vary	in	their	esBmaBons	how	fast	emissions	will	accumulate	(decay	
funcBons)	and	how	this	will	then	translate	into	a	rate	of	temperature	change	

•  Equilibrium	climate	sensiBvity	
•  A	parameter	measuring	how	much	the	temperature	will	ulBmately	change	
given	a	doubling	of	atmospheric	CO2	concentraBon.	





What GCMs do


•  The	GCMs	typically	start	on	January	1,	1900.	
•  They	use	the	known/esBmated	annual	emissions	from	then	through	
the	present.	

•  They	employ	scenarios	to	project	annual	emissions	from	now	through	
the	future	(e.g.,	2100).	

•  The	output	is	a	projecBon	of	monthly	average	temperate	and	
precipitaBon	in	each	2-dimensional	grid	point	on	the	earth’s	surface,	
under	the	given	emission	scenario.	



An example




Emission scenarios






Actual emissions vs the RCPs and other projec/ons




Introducing economics into the picture




Where do people come into the picture?


•  They	generate	emissions	
•  They	are	affected	–	for	the	bePer	or	the	worse	–	by	the	changes	in	
climate.	

•  These	linkages	are	represented	in	what	are	known	as	Integrated	
Assessment	Models	(IAMs).	
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Integrated Assessment Models


In	principle,	IAMs	link:	
	

Economic	acBvity.	
	

The	generaBon	of	GHG	
emissions.	

	
The	change	in	global	average	
annual	temperature,	∆T	(via	a	
simplified	representaBon	of	

the	carbon	cycle).	
	

Impacts	on	human	well	being	
including	changes	in	economic	

output.		
	



• Boxes	3	-	5	are	the		
are	the	carbon	cycle	

• Boxes	6	-	7	are	the	
damage	funcBon.	

Need an IAM to measure these




Two related ECONOMIC concepts

• The	marginal	damage	from	CO2	

•  The	extra	damage	at	some	specified	future	Bme	period	
from	the	emission	of	an	addiBonal	ton	of	CO2	now.	

•  The	damage	avoided	at	some	future	Bme	period	by	
reducing	emissions	of	CO2	now	by	on	ton.	

• The	Social	Cost	of	Carbon	
•  The	discounted	present	value	of	addiBonal	future	
damages	from	the	emission	of	an	addiBonal	tone	of	
CO2	now.	

•  The	discounted	present	value	of	the	future	damages	
avoided	by	reducing	emissions	of	CO2	now	by	one	ton.	
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Two types of IAM


I. Many	economy-wide	models	do	not	represent	the	
damages	of	climate	change.	They	trace	the	link	
from	economic	acBvity	to	the	emission	of	GHGs,	to	
changes	in	global	climate,	but	not	the	link	from	that	
to	damages.	

• Typically	with	a	detailed	representaBon	of	the	energy	
sector.	
• Used	to	measure	the	cost	of	meeBng	a	target	warming.	

II. There	is	only	a	handful	of	IAMs	that	include	a	
representaBon	of	the	economic	impacts	("damage")	
of	climate	change.		

• It	is	these	models	that	have	been	used	to	calculate	
esBmates	of	the	Social	Cost	of	Carbon.	
• These	are	the	models	on	which	I	will	focus	

	



The main IAMs used to calculate the 
social cost of carbon

• Three	IAMS	have	received	most	aPenBon	in	this	literature,	all	
developed	in	the	1990s.	

– DICE,	first	version	appears	in	1991/1992.	
•  Updates	in	1999,	2007,	2010,	2013.	

– PAGE,	first	version	appears	1991/1992.	
•  Updates	in	1995,	2002,	2009.	

– FUND,	first	version	appears	~1994.	
•  MulBple	updates.	Version	3.5	used	in	2010;	version	3.8	used	in	2013.	

– The	models	have	undergone	various	refinements	and	
updates.	While	the	details	have	changed,	their	general	
structure	has	stayed	same.		

•  UpdaBng	has	focused	more	on	the	carbon	cycle	than	on	the	
damage	funcBon	



Disaggrega/on and problems of scale




Aggrega/on – the fundamental tension               


•  From	the	point	of	view	of	miBgaBon	(controlling	emissions)	what	
maPers	if	aggregate	emissions	–	it	does	not	maPer	where	on	earth	
they	arise.	

•  SpaBal	aggregaBon	is	OK	for	projecBng	future	changes	in	temperature.	
•  For	figuring	how	to	reduce	emissions,	however,	spaBal	detail	maPers.			

•  From	the	point	of	view	of	assessing	impacts,	and	devising	strategies	
to	reduce	those	impacts	(adaptaBon),	spaBal	detail	is	essenBal.	

•  Climate	is	spaBally	heterogeneous,	and	the	changes	from	warming	are	
spaBally	heterogeneous.	Impacts	depend	partly	on	weather,	which	is	
temporally	heterogeneous.	

•  In	order	to	account	for	impacts	one	needs	a	high	degree	of	spaBal	resoluBon.		



The constraints of economic data

•  For	many	economic	variables,	data	are	onen	available	only	iun	an	
aggregated	form.	

•  Annual	or	quarterly,	or	monthly,	not	weekly	or	daily.	
•  NaBonal	or	regional,	not	at	the	county	or	city	level.	

•  The	IAMs,	which	run	from	now	through	2300	–	2500,	use	mulB-
annual	Bme	steps,	with	the	spaBal	scale	being	

•  The	whole	world	(one	unit)	
•  Broad	regions	(world	divided	into	12-16	regions)		
•  They	cover	only	temperature,	not	precipitaBon	or	other	variables.	

•  The	outcome	variable	is	increase	in	average	annual	temperature	either	globally,	or	in	a	
broad	region	of	the	globe.		



The challenge of scale 


•  Climate,	changes	in	climate,	and	impacts	occur	at	a	fine	spaBal	scale	(e.g.,	a	
watershed)	and	temporal	scale	(hours,	days,	weeks).	

•  GCM	output	is	typically	for	regions	about	cells	of	about	200x200km	and	monthly	
average	(daily	data	could	be	available,	but	over	100-200	years,	this	would	
generate	a	massive	output	file).	

•  The	climate	system	component	of	the	IAMs	operates	on	a	very	aggregate	spaBal	
scale	(broad	regions,	the	world)	and	temporal	scale	(change	in	annual	average	
daily	temperature	over	a	year	or	a	decade).	

•  Impacts	are	felt	on	a	finer	spaBal	scale	than	GCM	output	–	the	GCM	output	needs	
to	be	downscaled.	

•  StaBsBcal	downscaling	
•  Dynamic	(Regional	Climate	Models)	

•  If	they	could	be	measured	accurately,	the	impacts	would	need	to	be		need	
upscaled	to	become	on	the	coarse	scale	of	the	IAMs.	

•  These	translaBons	of	scale	are	a	challenge	–	and		a	potenBal	source	of	bias,		
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Aggrega/on distorts concep/on of 
temperature change  Hayhoe et al PNAS 2004


HOW TO CHARACTERIZE THE CHANGE IN TEMPERATURE, 2070-2099, USING HADCM3

EMISSION SCENARIO**
A1fi B1

Change in global average annual temperature 4.1 2

Change in statewide average annual temperature in California* 5.8 3.3
Change in statewide average winter temperature in California* 4 2.3
Change in statewide average summer temperature in California* 8.3 4.6
Change in LA/Sacramento average summer temperature ~10 ~5

*Change relative to 1990-1999. Units are ˚C 













Downscaling – why bother


• However	it	is	done,	downscaling	(spaBal	disaggregaBon)	introduces	
an	addiBonal	error	and	perhaps	bias	

•  So,	why	bother	to	do	it?	

• Because	not	disaggregaBng	introduces	its	own	systemaBc	bias.	



Downscaling – what does it accomplish?






44	

Global	Climate	Models	compute	
Climate	on	a	coarse	grid	
	
	
So,	a	“downscaling”	
		procedure	was	used	
			to	provide	temperature	
				and	precipita<on		
								over	a	finer	mesh	that	
									is	more	commensurate	
												with	the	California		
																landscape	
	
	
									A	hydrologic	model	is	
											used	to	simulate		
												stream	flow,	soil	moisture	
													and	other	hydrologic	
															proper<es 



Aggrega/on systema/cally biases down the 
damage es/mate

•  With	convex	damage	funcBon	(increasing	marginal	damage),	aggregaBon	

understates	damages:		
																																			E{D(ΔT)}	>	D(E{ΔT}).	

•  A	local	approximaBon:	
																									E{D(ΔT)}	=	D(E{ΔT})	+	σΔ2	D”(E{ΔT})	
•  The	larger	σΔ2	and	the	larger	D”(.),	the	more	D(E{ΔT})	understates	the	aggregate	

damage	E{D(ΔT)}.	
•  In	current	research,	I	am	measuring	the	degree	of	understatement	for	varying	

levels	of	spaBal	aggregaBon.	
•  What	follows	compares	esBmaBon	of	the	impact	on	annual	GDP	of	an	extra	day	

per	year	in	various	temperature	bins,	by	US	county	versus	US	State.			
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The data




Spa/al Aggrega/on Regression Results




What impacts are considered?

•  Crop	producBon,	forestry,	fisheries	
•  Human	health	morbidity	and	mortality	

•  Increased	disease	
•  Due	to		

•  Direct	exposure	to	extreme	weather	
• Water	supply		
•  Flooding	due	to	increased	stream	runoff	
•  Coastal	flooding	due	to	sea	level	rise	
•  DisrupBon	of	energy	producBon	
•  DisrupBon	of	transportaBon	systems	
•  Loss	of	producBvity	in	manufacturing	
•  Impact	on	tourism	
•  Impact	on	GDP	
•  Loss	of	habitat	and	species		



How are sectoral impacts assessed


• Process	models		(e.g.,	crop	models,	economic	general	equilibrium	
models)	

•  Some	of	these	funcBon	at	fine	spaBal	and	temporal	scale	(crop	models	
•  Others	funcBon	at	a	coarse	scale	(economic	general	equilibrium	models	
funcBon	at	annual	and	usually	naBonal	scale)		

•  StaBsBcal	models	(	e.g.,	regressions	on	weather	variables)	
•  Temporal	and	spaBal	scale	depend	on	the	scale	of	the	data	used.	



Some subtle/es of /me scale

•  The	effect	of	a	variaBon	in	weather	on,	say,	crop	producBon,	is	not	the	same	
as	the	effect	of	a	change	in	climate	on	producBon.	

•  Weather	is	a	short-run	phenomenon,	climate	a	long-run	phenomenon.	Climate	is	the	
long-run	realizaBon	of	weather.	

•  The	reacBon	--	adapBve	opportuniBes	–	are	different.	
•  In	some	ways,	can	respond	more	readily	(at	less	cost)	to	climate	than	to	weather	
because	there	is	more	Bme	to	adapt.	

•  In	other	ways,	can	respond	less	readily	(at	higher	cost)	to	climate	than	to	weather	
because	some	responses	that	are	viable	in	the	short	run	fail	to	be	viable	in	the	long	run	
(e.g.,	temporarily	over	draning	groundwater).	

•  Also	damage	may	be	a	funcBon	of	cumulaBve	weather	stresses	–	bePer	captured	by	
climate	than	by	weather.	

•  In	a	staBsBcal	analysis,	it	is	harder	to	capture	the	effects	of	climate	than	that	
of	weather.	

•  Would	need	much	longer	data	series.	
•  AssumpBon	that	other	things	remain	constant	besides	climate	unlikely	to	be	true.		
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Need mul/ple /me scales?

• Climate	--	and	climate	change	--	affects	humans	differently	on	
different	Bme	scales.	

• Need	to	disBnguish	chronic	versus	acute	impacts	from	climate	
change.	E.g.,	heat	stress:	

•  Chronic	effect:	reduced	producBvity	of	work	in	environment	that	
deviates	much	from	what	is	required	to	maintain	body	close	to	98.6F.	

•  Acute	effect:	die	if	exposed	to	extreme	cold	or	extreme	heat	for	period	
of	several	days.		



Local extreme events




Local extreme events


•  These	are	events	that	are	local	in	space	and	Bme	–	unlike	the	catastrophic	
global	Bpping	points	discussed	in	the	literature	(Lenton	et	al.,	2008)	such	
as	the	ending	of	the	thermohaline	circulaBon	in	the	AtlanBc	Ocean,	the	
melBng	of	the	AntarcBc	&	Greenland	Ice	Sheets,	etc.		

•  Examples	of	local	extreme	events:	
•  Drought	in	Colorado	River		Basin	
•  Heat	wave	and	deaths	in	Paris	
•  Flooding	of	the	Danube	River	
•  Wildfire	in	California	and	Arizona	
•  The	need	for	addiBonal	generaBng	capacity	depends	on	hourly	peak	power	demand.	
•  Crops	die	when	temperatures	exceed	a	certain	threshold	for	several	days	in	a	row.	
•  Coastal	flooding	occurs	when	a	storm	happens	to	coincide	with	a	high	Bde.		



Why focus on extreme events?


•  Because	this	evidence	suggests	that	most	of	the	
damages	from	climate	change	are	associated	with	
extreme	climate	events.	
– What	percent,	exactly?	

•  This	remains	to	be	measured.	

•  My	hunch:	change	in	averages	is	essenBally	of	
minor	importance,	compared	to	change	in	
extremes.	

•  But,	most	of	exisBng	damage	literature	(unBl	last	
couple	of	years)	has	focused	on	changes	in	
average	condiBons.	



An example of the economic 
significance of local extreme events

•  Illustrated	by	results	in	Schlenker,	Fisher	&	Hanemann	

REStat	2006	
•  DisBnguishes	the	effects	of	

–  Temperature	within	the	regular	range		(8-320C)	
–  Extreme	temperature	(above	340C)	
–  PrecipitaBon	

•  The	overwhelming	majority	of	the	impact	is	associated	
with	changes	in	the	occurrence	of	extreme	temperature.	

•  This	has	implicaBons	for	what	we	should	be	measuring,	
and	in	which	locaBons	



Importance of extreme temperature, 
especially near-term (Schlenker et al., 2006)




Another example (seen above): extra days with 
temperatures > 18C reduce GDP




•  It	seems	likely	that,	for	the	next	three	or	four	decades	at	
least,	most	of	the	economic	effects	of	climate	change	will	
be	associated	with	such	local	extreme	events.	
–  If	they	occur	infrequently,	the	economic	effects	will	be	small.	
–  If	they	occur	frequently,	those	effects	will	be	larger.	

•  To	model	the	incidence	of	local	extreme	events,	one	needs	
a	fine	spaBal	scale	–	with	spaBal	downscaling	–	and	one	
needs	a	finer	temporal	scale	than	the	GCM	outputs	that	
have	typically	been	used	so	far.	
–  Daily	rather	than	monthly.	
–  In	some	cases	(e.g.,	floods,	energy	demand	and	supply)	hourly.	

•  Extreme	events	are	not	captured	in	exisBng	damage	
funcBons	used	in	the	IAMs,	which	are	framed	around	the	
change	in	annual	average	(global)	temperature.	



How are extreme events defined?

•  Two	perspecBves:	
• Climate	perspecBve	

•  An	unusually	high	(or	low)	temperature	or	level	of	
precipitaBon	

•  Depends	on	the	distribuBon	temperatures/precip	levels,	extreme	
defined	as	higher	than,	say,	the	90%	quanBle	based	on	the	past	
experience.	

• Damage	(impact)	perspecBve	
•  An	unusually	harmful	consequence		

•  Depends	on	the	damage	this	causes	–	on	the	shape	of	the	damage	
funcBon.		The	outcome	crosses	a	threshold.	

•  Both	become	more	likely	as	warming	conBnues	



Nonlineari/es & extreme events


Exponen<al	increase	in	probability	of	
extreme	event	
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Nonlinear increase in flooding

•  In	winter	storm,	waves	can	be	5-6	‘	higher	than	mean	

sea	level.	Therefore	can	have	flood	damage	before	sea	
reaches	level	of	land.	

•  Scripps	analysis	based	on	an	extreme	wave:	occurred	
1	hour	per	year	in	San	Francisco	1960-1980.	

•  By	2000,	it	was	occurring	15-20	Bmes	per	year.	
•  If	the	mean	sea	level	at	San	Francisco	rises	by	20	cm	

between	2000	and	2100,	expected	to	occur	about	
150-200	Bmes	per	year.		

•  If	it	rises	by	40	cm,	an	extreme	hourly	event	would	
occur	about	1,500	Bmes	per	year.		

•  If	it	rises	by	60	cm,	an	extreme	hourly	event	would	
occur	about	7,000	Bmes	per	year.		

•  If	it	rises	by	80	cm,	an	extreme	hourly	event	would	
occur	about	20,000	Bmes	per	year.	



Nonlinear increase in consequences




Risk




Bringing risk into the picture

•  It	has	been	argued	–	correctly	in	my	view	–	that	climate	miBgaBon	
policy	should	be	seen	as	an	exercise	in	risk	management.	Reducing	
emissions	today	is	a	form	of	insurance	against	possible	adverse	future	
consequences.	

•  To	make	this	approach	meaningful,	one	needs	to	measure	the	risks.	
•  This	is	not	done	much	in	current	assessments.	
• Most	of	the	economic	analysis	focus	on	the	expected	loss	from	
climate	change.	

•  In	terms	of	economics,	this	is	jusBfied	only	if	there	is	no	risk	aversion.	
•  That	seems	a	very	implausible	assumpBon,	given	the	types	of	
outcomes	that	might	occur	with	climate	change.	

•  This	creates	twin	imperaBves	of	assessing	risks	more	explicitly	(i.e.,	
more	probabilisBcally)	and	also	measuring	risk	aversion.	

	



The challenge of risk measurement

• Uncertainty	is	an	overwhelming	feature	of	climate	modeling.	It	enters	
every	single	step	of	the	modeling	exercise.	

• Perhaps	because	it	is	so	omnipresent,	it	has	largely	been	swept	under	
the	rug	–	formally	acknowledging	and	incorporaBng	risk	is	an	
overwhelming	task.	

•  Model	structure	uncertainty;	parameter	esBmaBon	uncertainty;	emission	
scenario	uncertainty;	uncertainty	in	climate	model	outputs;	uncertainty	of	
impacts.	

•  Massive	compounding	and	propagaBon	of	error.		

• We	will	need	to	agree	on	what	is	a	reasonable	way	of	introducing	risk	
–	where	to	bring	it	in	explicitly,	and	where	to	leave	it	out.	



An example: the US government’s es/mate of es/ma/on 
of the Social Cost of Carbon (2010, 2013, 2015)

•  Used	DICE,	FUND,	PAGE.			
• Weighted	results	equally	across	IAMs.	
•  Standardized	the	emissions	that	drive	the	models.	

•  Changed	DICE	from	an	opBmizaBon	to	a	simulaBon	mode.	
•  Projected	emissions	through	2300	

•  Used	the	best	known	four	of	the	ten	BAU	emissions	scenarios	from	the	EMF-22	model	inter-comparison	
in	2008.	

•  Added	a	finh	emission	scenario	keyed	to	550ppm	in	2100.	
•  Extended	the	five	emissions	projecBons	from	2100	to	2300.		

•  Monte	Carlo	simulaBon	of	the	value	of	the	climate	sensiBvity;	10,000	draws	from	
the	Roe-Baker	distribuBon.	

•  Three	discount	rates:	2.5%,	3%	and	5%.	
•  150,000	simulaBons	for	each	of	DICE,	FUND,	PAGE.	

•  5	emission	scenarios;	3	discount	rates;	10,000	draws.	
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How to generate the SCC value for 20xx

A. 	Run	the	model	with	the	given	emission	trajectory	and	
the	given	value	of	the	climate	sensiBvity.		
a.  	The	model	starts	in	January	2010	and	runs	to	December	
2300.	

B. 	For	each	Bme	period,	calculate	the	warming	and	the	
resultant	damage	in	that	period.	

C. 	Introduce	a	one-Bme	pulse	of	emissions	in	20xx.			In	
other	periods,	emissions	are	unchanged.	

D. 	Re-run	model.	
E. 	For	each	period,	calculate	the	warming	and	the	
resultant	damage	in	that	period.	

F. 	Calculate	discounted	present	value	of	the	differences	in	
damages,	(E)	-	(B),	from	20xx	through	2300.	
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A distribu/on of SCC values


•  For	each	of	the	three	models,	and	each	of	the	three	discount	rates,	
this	generates	an	empirical	pdf	distribuBon	of	50,000	values.	

•  The	IWG	presented	the	mean,	and	also	the	95-percenBle	value,	
across	the	150,000	values	for	each	of	the	3	models	combined,	using	
the	given	discount	rate,		
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Annual deliveries to Central Valley agriculture, 2085




Another example, some ways of bringing in risk 
measurement in the context of a sta/s/cal analysis

• Running	convenBonal	regression,	but	using	assumed	normality	(?)	of	
error	distribuBon	to	generate	an	esBmate	of	a	tail	probability.	

• Using	quanBle	regressing.	
•  EsBmaBng	order	staBsBcs	(e.g.,	worst	rainfall	flooding)	
• Combining	alternaBve	esBmates	found	in	the	the	literature	via	
Bayesian	Model	Averaging	



Accoun/ng for risk aversion


• Once	probability	distribuBon	of	outcomes	has	been	calculated,	how	
can	the	risk	be	characterized?	

•  Measure	a	tail	probability	–	e.g.,	there	is	a	5%	chance	that	GDP	in	2050	will	be	
reduced	by	x		due	to	climate	change;	or	a	10%	chance	that	it	will	be	reduced	
by	y.	

•  Calculate	a	risk	premium	and	subtract	it	from	the	expected	value	to	obtain	a	
certainty	equivalent	–	e.g.,	given	a	risk	aversion	coefficient	value	of		2.5,	the	
reducBon	in	GDP	is	equivalent	to	a	reducBon	of	x.		

•  ConvenBonal	risk	aversion	
•  Downside	risk	aversion	
•  Ambiguity	aversion	



In summary


• AccounBng	for	the	possible	consequences	of	climate	change	in	a	
though}ul	and	meaningful	manner	presents	many	challenges	for	
(applied)	mathemaBcians.	

• Please	become	involved!	


