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https://www.ucsf.edu/news/2013/06/106861/early-life-air-pollution-linked-childhood-
asthma-minorities-study

How	we	learn	about	emissions	of	greenhouse	gases	
and	pollutants	using atmospheric	measurements
Studies	of	GHG	emissions	using	regional	scale	
approaches…widely	applicable	to	air	pollution	...

Beijing,	01	Aug	2017



Carbon	Dioxide	(CO2)	–
• Greenhouse	Gas
• Ocean	acidification

Methane	(CH4)	–
• Greenhouse	Gas
• Controls	Background	Ozone	
• Primer	for	pollutant	production
• Stratospheric	H2O	source
• Stratospheric	Cl-radical	sink
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Atmospheric	CO2 1000	– 2010	AD
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http://wattsupwiththat.com/2010/12/26/co2-ice-cores-vs-plant-stomata/ 2015	*
+40%



http://www.giss.nasa.gov/research/features/200409_methane/core1.gif
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CH4 concentrations	(ppb)	since	1600
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Source:	NOAA

CH4 concentrations	rose	rapidly	for	~200	years,	leveled	
off	in	the	1990s…and	then	resumed	increasing	rapidly

Pre-
industrial	
650

since	2006:	8.4	ppb/yrè 0.5%	/	yr
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http://www.giss.nasa.gov/research/features/200409_methane/sources.gif Contributing	factors	1/4

400	Tg C-CH4/yr
(520	Tg CH4/yr)

(at	least	2x	the	
pre-industrial	
source)

CH4 basic	budget	



Elements	of	an	exemplary	“top-down”	Study:
CH4 emissions	in	North	America	(Scot	Miller)

1.	DATA
Measurements	
of	atmospheric	
methane	at	the	
surface	and	in		
aircraft	profiles	
(NOAA:	A.	Andrews,	
C.	Sweeney,	E.	
Dlugokencky);	
Environment	Canada:	
D.	Worthy)	

2007-8: 14000	
observations

2.	“Model”
Computer	
Simulation	of	
the	data:
Prior	emissions	
WRF/STILT
(John	Lin,	Christoph
Gerbig,	AER	
collaborators,	
Eluszkiewicz,	
Nehrkorn))

3.	ANALYSIS
Find	the	map	of	
emissions	of	CH4
that	best	explain	
(“fit”)	the	data		
using	geostatistics
(S.	Miller,	A.	
Michalak)



1.	DATA	(example)
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Lagragian particle	dispersion	adjoint	in	a	WRF	
framework	– “WRF-STILT”		(John	Lin,	Christoph Gerbig)

• Forward	Model:	this	is	your	source

Lagrangian	Particle	Dispersion

Driven	by	WRF	meteorology

2.	Model	of	the	observations



• Adjoint	Model
• Time-reversed:	this	is	your	receptor
• Footprint:	matrix	of	sensitivity	to	the	

particles	that	see	surface	emissions	

Driven	by	WRF	meteorology

2.	Model	of	the	observations
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Footprint…movie	

2.	Model	of	the	observations



WRF	-- STILT	:	visualization	of	particles	contributing	to	
the	footprint	for	one	receptor John	Henderson,	AER



3.	Elements	of	a	model-data	synthesis

Carbon	BudgetAircraft	Obs

Tower	Obs

Meteorology
NARRàWRF

Flux	/Biology
PVPRM

Transport
STILT

Simulated	obs
CO2 data

“Weather	Research	and	Forecast	Model	(WRF)”	– high	resolution	mesocale
model	driven	by	operations	reanalysis	meteorological	fields
Prior	emissions	model,	e.g.	spatially	explicit,	functional	model	of	biological	
fluxes	of	CO2	



Elements	of	a	model-data	synthesis

Carbon	BudgetAircraft	Obs

Tower	Obs

Meteorology
NARRàWRF

Flux	/Biology
e.g.	PVPRM

Transport
STILT

Simulated	obs
CO2 data
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Elements	of	a	model-data	synthesis

Carbon	BudgetAircraft	Obs

Tower	Obs

Meteorology
NARRàWRF

Flux	/Biology
PVPRM

Transport
STILT

Simulated	obs
CO2 data

“Weather	Research	and	Forecast	Model	(WRF)”	– high	resolution	mesocale
model	driven	by	operations	reanalysis	meteorological	fields
Prior	Emissions	Model,	e.g.	spatially	explicit	functional	model	of	biological	
CO2	fluxes



Related	questions:
1. Are	CH4 releases	significant	 from	the	USA	

fossil	fuel	industry?	From	agriculture?
2. Are	urban and	end-user sources	important?

First	Case	Study	:
Does	US	production	of	natural	gas	explain	

why	global	CH4 rising	again?
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NOAA	Flask	
Samples,	tall	
tower	%	
aircraft
Arlyn Andrews
Colm Sweeney

~14,000
Observations	
for	North	
America,	
2007--2008

DATA	– Atmospheric	CH4 time	series
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Miller	et	al.,	2013

Regional	ΔCH4 :	30	– 80	ppb

Vertical	column	information	ómass	loading	è
essential distinguish	distant-stronger	from	close-weaker
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DATA	–Atmospheric	CH4profiles



Slide:		Arlyn	Andrews
WRF:	Janusz Eluskiewiscz,	Thomas	Nehrkorn,	John	Henderson

Weather	Research	and	Forecast	Model (WRF)
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Miller	et	al.,	2013

Regional	ΔCH4 :	30	– 80	ppb

Vertical	column	information	ómass	loading	è
essential distinguish	distant-stronger	from	close-weaker
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DATA	and	Model	Simulations
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Analysis:	Optimized	North	American	Inversion	using	WRF/STILT	and	NOAA	aircraft	
and	tower	data	[Miller	et	al.,	PNAS,	2013]
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US	anthropogenic	methane	budgets.	
(	Cf.	Total	Global	Emissions	~	400	Tg C	as	CH4	/yr.)

~2%	of	
production	
lost

biogenic	≅
natural	gas	
(fossil)

(Lyons;	EDF
Barnett	
Studies)



Q2: Is arctic warming contributing to 
rising CO2 and CH4 in the 
atmosphere: positive feedback? 

Permafrost	degradation	on	the	North	Slope.	
http://northslope.org/

CO2:
Arctic	soils	contain	
1300+/-200	PgC,	

500 non-permafrost	

700 at	the	top	(<1	m	depth)

Pre-industrial	atmosphere	
600	PgC,	
Today	840	PgC.
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Methane	(CH4)
by	Rachel	Y.-W.	Chang	et	al.	2015

Donatella	Zona et	al.,	2016

Magnitude,	
Seasonality	
of	biogenic	
emissions	of	
CH4 in	the	
Arctic

January,	2016



Prof. Rachel	Chang
(Prof.)	Róisín Commane

CARVE	–Alaska	CO2 and	CH4 Source	Studies

Steve	Dinardo;	Chip	Miller



CH4 emissions	in	the	Arctic	are	shifted	into	a	long	shoulder	season,	
possibly	providing	a	mechanism	for	strong	amplification	(in	the	“zero	
curtain”)	due	to	climate	warming.								 êêêê

Source	from	CARVE	data:	eddy	flux:	Zona,	Oechel (SDSU);	aircraft+WRF+STILT:Commane,	
Lindaas,	Chang	(HU),	Sweeney,	Karion (NOAA	GMDL),	Miller	(JPL)

North	Slope
“eddy	fluxes”
aircraft/STILT

Alaska	total	emissions:	4	TgCH4 /yr (<	1%	of	global;	<<		annual	rise	of	0.5%/yr)



CH4 sources	in	Alaska	consistent	with	global	– and	with	past	data	è
baseline	for	assessing	future	changes.

1.7-2.6	Tg CH4 /	5	months

Hundreds	of	profiles	like	the
ones	above

CH4 O3

è



The	fall—winter	transition	period	
produces	the	most	biogenic	CO2
release	to	the	atmosphere…due	to	
the	“zero	curtain”	where	soil	T	is	
poised	near	zero	(2-3	months).
Zona	et	al.	2016

2013																									2014

Warming	increases	
both the	length	of	the	
“zero	curtain”	and	the	
volume	of	thawed	soil.

Slowing	down
Respiration
Staying	high

Adapted	from	a	figure	by	D.	Zona and	W.	Oeschel



wet	sedge	tundra
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NEE,	Wet	Sedge	
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Arctic—permafrost/boreal	peat
carbon	feedbacks:	how	important	?

warming	à

melt	permafrost,	deepen	active	layers	à

increase	CO2 and	CH4 emissions	à

more	warming

Toolik Hourly	CO2 Fluxes	2013
ê ê

Daily	CO2 Fluxes	2013

Toolik Lake	data	 (source:	 E	Euskirchen,	 S.	Bret-Harte)

warm	anomaly ê

Arctic	CO2 :	also	a	huge	“shoulder	season”	for	emissions



Climate	and	Weather	data;	NARR

Solar	Induced	Fluor.
-- GOME	,	OCO-2

Chl light	
response

Veg	Type
MODIS
LandSat

Eddy	Flux
Tower	Data

Validation &
Optimization

GEE	=	(λ x	SIF)x	PAR	/	(	1	+	PAR/PARo)

{	Respiration	=	α x	Tair +	β }	(Snow,	Tsoil)

Flux	of	CO2	(NEE)	=	-GEE	+	R

P-VPRM:		prior	flux	model,	provides	time/space	explicit	CO2
emission	field	(prior)	based	on	eddy	flux	+	remote	sensing	in	
a	functional	form	Mahadevan (2008);	Luus/Lin	2013-15

Very	large	amounts	of	
disparate	data	go	into	a	
compact	result	in	the	P-VPRM



08	Jul	2012	Polar	VPRM;	Niina Luus

Midnight	
local	time
8	July	2012

Noon	
local	time
8	July	2012

+

Heterogeneity	of	CO2 emissions	is	captured	by	a	very	simple	model	
tied	to	remote	sensing	and	NARR radiation	and subsurface	data:	
Polar	Vegetation	Photosynthesis	and	Respiration	Model	
[Mahadevan et	al.,	2008	<MODIS>;	Luus at	al.,	2013,	2015	<	+ NARR>]
Coefficients	estimated		using	eddy	flux	site	data;	MODIS	land	cover.



K.	Luus,	Dublin;	
R.Commane,	Harvard



Simulations	of	the	aircraft	data	using	the	Model-Data	
Synthesis	are	excellent…	the	P-VPRM	needs	little	adjustment



Alaska	net	biogenic	CO2 flux,	from	CARVE	data	with	PVPRM+	spatial	ΔF

Flts



Biogenic	CO2 flux	from	Alaska

Alaska	net	biogenic		and	total	CO2 fluxes



Biogenic	CO2 flux	from	Alaska



Have	there	been	increases	in	CO2
emissions	in	response	to	Arctic	warming?



40	years	of	land	sector	CO2
data	at	Point	Barrow,	AK
è Long	term	change	ç
Pieter	Tans,	Colm Sweeney,	
NOAA	ESRL/GMD



Barrow	data	show	distinct	
differences	between	land	and	
ocean	sectors,	and	revealing	
seasonal	patterns
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mean
～1.4

Warming	summer	temperatures	over	the	last	35	year	have	stimulated	
release	of	CO2 from	organic	matter	in	frozen	soils	of	the	North	Slope—

almost	doubled	 in	the	autumn



Science	results:		
• We	find	that	Alaska	was	a	net	source	of	CO2 to	the	
atmosphere,	about	half	from	the	biosphere	and	another	
half	from	biomass	burning.

• Regional	scale	studies	can	answer	fundamental	
questions	about	the	carbon	cycle	and	climate.

• To	interpret	regional	scale	studies,	a	very	diverse	set	of	
data	must	be	synthesized	in	a	framework	with	parallels	
to	“big	data”…and	a	long	way	to	go	to	reach	maturity.

• The	dearth	of	long	term	measurements	implies	that	we	
may	find	it	very	difficult	to	determine	how	feedbacks	
actually	operate	in	the	carbon—climate	system.



1. Are	CH4 releases	significant	from	the	
USA	fossil	fuel	industry?	Yes.	From	
agriculture?

2. Are	emissions	from	the	Arctic	rising	
rapidly,	as	some	have	predicted?	No	
(at	least	not	yet).	Need	to	watch	the	
so-called	“dormant	season”.

Our	questions	for	CH4 sources



1. Are	CO2 releases	significant	from	arctic	
tundra?	Yes. Have	emissions	 increased	
due	to	climate	warming?	Yes,	at	least	
on	the	North	Slope.

2. Are	emissions	from	the	whole	Arctic	
(tundra	and	forests)	rising	rapidly?	
Not	known.	Need	to	watch	the	so-
called	“dormant	season”,	forest	fires,	
etc.

Our	question	about	arctic	CO2



Questions	?




