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California’s Air Pollution Problem 

Geography and meteorology confine air 
pollutants, so necessary per capita 
pollution reduction much greater than 
Atlanta, Houston, New York City, etc.  
 
Despite progress, over 90% of 
Californians breathe unhealthy air 

39 M people 
90 people per km2 
24 M gasoline cars 
1.3 M diesel vehicles 
1.4 B km per day 
18 M off-road engines 
3 large container ports 
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California’s Climate Goals 

Total GHG 
(MMTCO2e) 

Emissions to be 
reduced by 2020  

AB 32 
Requirement 

SB 32 
Requirement 

Executive 
Order 

BAU 



California’s Climate Legislation 

 Senate Bill 350 (2015)  
o 50% renewable energy by 2030  
o Double energy efficiency 

 Senate Bill 1383 (2016) – Requires reductions in SLCPs 
o 40% reduction from 2013 levels by 2030 for CH4 and HFCs 
o 50% reduction from 2013 levels by 2030 for BC 

 Assembly Bill 197 (2016) 
o GHG, criteria and toxic emissions to be posted annually, including locations 

 Assembly Bill 398 (2017) 
o Extends State’s cap and trade program thru 2030 

 Assembly Bill 617 (2017) 
o Identification of communities with disproportionate pollution burden 
o Monitoring and mitigation 

 Senate Bill 100 (2018) 
o 100% carbon-free electricity by 2045 

 Executive Order B-55-18 
o Carbon Neutrality by 2045 
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California “Super Pollutant” Legislation 

 Senate Bill 605 (Lara, 2014) – Develop SLCP Strategy by January 1, 2016 

 Senate Bill 1383 (Lara, 2016) – Implement SLCP Strategy by January 1, 2018 

 Assembly Bill 1496 (Thurmond, 2016) – Investigate methane emission "hot spots“ 

 Senate Bill 888 (Allen, 2016) – Fully mitigate Aliso Canyon and any future disasters 

 Senate Bill 1013 (Lara, 2018) – Adopt U.S. EPA high-GWP prohibitions vacated by federal court 
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(a) 100-year and (b) 20-Year Global Warming Potential values 



Progress to Date - Decoupling 
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 Improve understanding of emissions 
o Inform inventories 

oCapture spatial and temporal emissions 

o Identify high-emitters 

oProvide California-specific emission factors 

oStudy unknown or under-represented sources 

Find opportunities for emission 
reductions 
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Climate Research Program Goals 



California Tiered GHG Measurement Program 
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Mt. Wilson Observatory Station 
Los Angeles County 

GHG Emissions 

Atmospheric mixing 

Mt. Wilson 

Station 

Prevailing Wind 
Direction 
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Super site in Los Angeles 

10 

Ideal for tracking long-term trends in urban emissions 

Source: Kuwayama, et al. 2018 manuscript in preparation 



Super site in Los Angeles 

11 Reference: Hsu, et al. (2010) Atmospheric Environment, pp. 1–7 

Spatial disaggregation of inventory improved 



Super site in Los Angeles 
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Reference: Gallagher, et al. (2014) Environmental Science & Technology, pp. 1084-1093 

 Results from national EPA-based method differed significantly from 2007 Mt. Wilson 

measurements 

 New California-specific emissions inventory is consistent with 2007 Mt. Wilson measurements 

Additional research improved models and inventory 



Individual Point Source Characterization 

13 https://ww2.arb.ca.gov/our-work/programs/methane/ab1496-research 

Facility Name Latitude Longitude Air Basin Sector Facility Type Date CH4 Emission (kg/hr)  Uncertainty (kg/hr) Data Status

Zero Waste + San Jose Wastewater + Zanker Landfill 37.4313 -121.9478 San Francisco Bay Waste Management Wastewater Treatment 10/05/2017 630.5 139.8 Final

Newby Island Landfill 37.4585 -121.9413 San Francisco Bay Waste Management Landfill 10/05/2017 2075.4 586.7 Final

Altamont Landfill 37.7539 -121.6517 San Francisco Bay Waste Management Landfill 10/06/2017 2976.8 653.2 Final

Keller Canyon Landfill 38.0039 -121.9365 San Francisco Bay Waste Management Landfill 10/06/2017 639.6 208.8 Final

Potrero Hills Landfill 38.2134 -121.9819 San Francisco Bay Waste Management Landfill 10/06/2017 2292.2 385.0 Final

Toland Landfill 34.4015 -118.9907 South Central Coast Waste Management Landfill 10/16/2017 3200.3 767.2 Final

Sunshine Canyon Landfill 34.3273 -118.5149 South Coast Waste Management Landfill 10/16/2017 1434.6 282.8 Final

Chiquita Canyon Landfill 34.4295 -118.6466 South Coast Waste Management Landfill 10/17/2017 2153.3 679.2 Final

Simi Valley Landfill 34.2945 -118.7954 South Central Coast Waste Management Landfill 10/17/2017 489.4 88.0 Final

Scholl Canyon Landfill 34.1560 -118.1937 South Coast Waste Management Landfill 11/09/2017 70.7 15.5 Final

Olinda Alpha Landfill 33.9416 -117.8331 South Coast Waste Management Landfill 11/09/2017 1698.6 327.8 Final

BKK West Covina Landfill 34.0364 -117.8995 South Coast Waste Management Landfill 11/09/2017 93.0 9.9 Final

Puente Hills Landfill 34.0161 -118.0146 South Coast Waste Management Landfill 11/09/2017 360.9 55.3 Final

Foothill Landfill 38.0378 -120.9372 San Joaquin Valley Waste Management Landfill 11/18/2017 680.1 146.0 Final

Ostrom Road Landfill 39.0731 -121.3935 Sacramento Valley Waste Management Landfill 11/18/2017 504.3 317.8 Final

Lopez Canyon Landfill 34.2937 -118.3914 South Coast Waste Management Landfill 11/19/2017 497.5 148.6 Final

Scholl Canyon Landfill 34.1560 -118.1937 South Coast Waste Management Landfill 11/19/2017 474.7 95.8 Final

Olinda Alpha Landfill 33.9396 -117.8347 South Coast Waste Management Landfill 11/19/2017 1339.2 435.4 Final

Kiefer Landfill 38.5167 -121.1867 Sacramento Valley Waste Management Landfill 12/09/2017 1728.2 563.4 Final

Forward Landfill 37.8742 -121.1883 San Joaquin Valley Waste Management Landfill 12/09/2017 1933.0 942.7 Final

Forward Landfill 37.8742 -121.1883 San Joaquin Valley Waste Management Landfill 05/08/2018 2683.5 417.6 Final

Toland Landfill 34.4015 -118.9907 South Central Coast Waste Management Landfill 05/14/2018 1529.5 463.9 Final

Olinda Alpha Landfill 33.9340 -117.8410 South Coast Waste Management Landfill 05/15/2018 1097.4 150.5 Final

Kiefer Landfill 38.5167 -121.1867 Sacramento Valley Waste Management Landfill 06/21/2018 2756.2 383.4 Final



Area Source Characterization 
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Flux Towers 
• Landfills 
• Dairies 



California GHG Monitoring Network 

 Network started in 2010 

 Current network 
o 7 CARB-managed stations (more coming) 
o Additional collaborated sites 

 Measurements 
o Picarro CH4, CO2, H2O 
o LGR N2O, CO, H2O 
o BC, F-gases, VOC (Mt. Wilson) 
o PBLH/wind profilers (red circles) 
o Adding real-time GC/MS at selected sites 

 CARB data available to research community 
o https://www.arb.ca.gov/aqmis2/res/aqdselect.php  
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CARB Inverse Modeling Program 
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(a) (b)

(c)

Source: Cui, et al. 2018 manuscript in preparation 

Top down approximately 30-50% > Bottom up in California 

2014-2016 



Top down inventory comparisons 
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Dairy 
Livestock 

Non-Dairy 
Livestock 

Landfill 

Oil and Gas 
Production 

Refinery 
and Mobile 

Waste- 
water 

Crops/  
Rice 

Wetland 

Source: Marc Fischer, Final Report ARB research contract 11-306, 
https://www.arb.ca.gov/research/apr/past/11-306.pdf 

• Based on geography of emissions 
 

• Working on adding VOC observations 
 

• Initiated research to characterize methane 
emissions at dairies and develop California 
specific manure management and enteric 
fermentation emission factors and to 
develop mitigation options  



California Methane Survey 
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 CALIFORNIA	BASELINE	METHANE	SURVEY	–	INTERIM	PHASE	1		REPORT	 
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3.2. AVIRIS-NG	instrument	and	methane	retrievals	
The	 next	 generation	 Airborne	 Visible/Infrared	

Imaging	 Spectrometer	 (AVIRIS-NG)	 measures	 ground-
reflected	 solar	 radiation	 from	 the	 visible	 to	 infrared	
spectral	 regions	 (350	 to	 2,500	 nm).	 This	 push	 broom	
instrument	 has	 a	 34°	 field	 of	 view	 and	 operates	 	 on	
high	 performance	 aircraft,	 allowing	 for	 efficient	
mapping	 of	 large	 regions.	 Increasing	 flight	 altitude	
affects	the	ground	resolution,	i.e.,	the	size	of	each	image	
pixel	 increases	 while	 the	 image	 swath	 increases	
(Figure	 3-2,	 Table	 3-1).	 For	 most	 of	 the	 Fall	 2016	
campaign,	AVIRIS-NG	flew	at	3	km	above	ground	level,	
resulting	in	3	m	image	pixels.	

The	 methane	 retrieval	 is	 based	 on	 absorption	
spectroscopy	 (Figure	 3-3)	 and	 has	 been	 used	 for	 a	
number	 of	 prior	 NASA	 research	 campaigns	 including	
Bakersfield	 area	 oil	 fields	 (Thompson	 et	 al.,	 2015),	 a	
campaign	 to	 the	 Four	 Corners	 region	 in	 Colorado	 and	
New	 Mexico	 (Frankenberg	 et	 al.,	 2016),	 Aliso	 Canyon	
(Thompson	 et	 al.,	 2016),	 and	 a	 study	 of	 California	
landfills	 (Krautwurst	 et	 al.,	 2017).	 A	 methane	
controlled	 	 release	 experiment	
indicated	 consistent	 detection	 of	
plumes	 for	 releases	 as	 low	 as	 14.16	
m3/h	 (~10	 kgCH4/hr)	 at	 multiple	
AVIRIS-NG	 flight	 altitudes	 and	
variable	 wind	 speeds	 (Thorpe	 et	 al.	
2016).		

The	 methane	 retrieval	 is	 a	
linearized	 matched	 filter	 that	 models	
the	background	of	radiance	spectra	as	
a	 multivariate	 Gaussian	 having	 mean	
μ	 and	 covariance	 Σ.	 	 We	 estimate	 background	 parameters	 using	 the	 image	 data	 in	 the	
appropriate	 pushbroom	 cross	 track	 location.	 	 This	 compensates	 for	 subtle	 uncorrected	
variations	 in	 radiometric	 response	 or	 dark	 current	 level	 by	 different	 focal	 plane	 array	
elements,	 permitting	 accuracy	 beyond	 what	 is	 possible	 from	 a	 purely	 first-principles	
laboratory	 calibration	 (Thompson	 et	 al.,	 2015).	 	 The	 matched	 filter	 tests	 the	 null	
background	case	H0	against	the	alternative	H1	 in	which	the	background	is	perturbed	by	a	
signal	t:	

	
! ! : !  ~ ! ! , !      	 	 	 	 (1)	
! ! : !  ~ ! !  +  ! ", ! 		 	 	 	
	
	 	 In	this	equation,	α	 is	a	scaling	of	the	perturbing	signal.		The	matched	filter	α*(x)	is	
the	optimal	discriminant	between	these	hypotheses.		It	estimates	α	by	projecting	the	mean-	

	

Figure	3-2.	AVIRIS-NG	flight	
parameters:	L=image	swath	
width,	V=aircraft	velocity,	
FOV=field	of	view,	IFOV	=	
instantaneous	FOV	(Murai,	1995).	

	

Table	3-1.	AVIRIS-NG	image	parameters.	

Flight	
altitude	
(meters	
above	
ground	level)	

Image	swath	
width	(meters)	

Ground	
resolution	
(meters)	

1,000	 611	 1	
2,000	 1,223	 2	
3,000	 1,834	 3	

Spectrometer	

Telescope	

Detector	Array	

Slit	

100s	of		Parallel	Spectrometers	

Calibrated	
Image	Cube	

Methane	Map	

Airborne	Imaging	Spectrometer	

Aliso	Canyon	

 Survey area selected to capture majority of methane point sources in California 

 Phase 1 study completed in 2016, covering 15,000 km2, (~3% of CA area) 

Joint CEC – CARB – NASA/JPL Study 

Report available at: https://www.arb.ca.gov/research/methane/CA_CH4_Survey_Phase1_Report_2017.pdf?_ga=2.67533009.1778891176.1542106381 -362007903.1522798261 



California Methane Survey - Study Results 
This study identified 329 point sources across the State 
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Source Sector 
 
 
 
 
 

Methane plumes from storage tank 

Methane emissions from landfills 

Gas leaks in 
communities 
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California Methane Survey - Study Results 
This study identified 329 point sources across the State 



Satellite for Continued Observations - Mitigation 
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ROSES 2016  INSTRUMENT INCUBATOR PROGRAM (IIP) 

 GREENHOUSE GAS EMISSIONS MAPPER, G2EM 

2-3 

require a detailed 
process-based 
understanding of the 
underlying drivers of 
CH4 emissions4.   

Current bottom-up CH4 
emission inventories 
show large 
disagreements with 
top-down estimates 
based on atmospheric 
measurements5, 6, 7. 
Top-down inversions 
of CH4 sources can be 
performed using 
ground-based stations 
and/or satellite data, 
such as SCIAMACHY8 
and GOSAT9 or, in the 
future, TROPOMI10 and 
Merlin11. Emphasis in 
these inversions has 
been on coarse regional scales (~100-1,000 km) due to limitations in the spatial resolution of satellite 
observations and the sparse coverage of ground stations. This prevents attribution of inversion 
results to specific source types (e.g., oil & gas, livestock, landfills), which strongly overlap on regional 
scales. In addition, the coarse spatial resolution of atmospheric sounders compromises the ability to 
quantify concentrated local sources of CH4, as the signal from these sources is diluted over the pixel 
size and contrast with the background is muted thus the signal is difficult to measure. Currently, there 
is a scale gap between the granularity of CH4 sources and the existing observational system that 
limits our ability to derive top-down constraints on individual CH4 source types. 

Recently, a study in the Four Corners area has shown how this gap can be closed effectively. An area 
spanning about 2,000 km2 has been identified as a local CH4 hotspot from space using the SCIAMACHY 
satellite, with individual ground pixels of 30x60 km2 size12. A dedicated airborne campaign using the 
AVIRIS-NG13 and HyTES14 imaging spectrometers mapped much of the region at 1-3 m spatial 
resolution, revealing more than 250 individual CH4 point sources (Fig. 1). Emission sources were 
diverse, including gas processing plants, tanks, well pads, and buried natural gas pipelines, and follow 
a heavy-tail flux distribution totaling 0.3 Tg CH4/yr with the largest 10% of the sources contributing 
60% to the overall point source flux15. This experiment demonstrates a pathway for effectively 
identifying CH4 sources within regions of interest. With TROPOMI providing global CH4 

measurements at 7 km spatial scale, there is a unique opportunity for complementary measurements 
at much finer spatial scale to disentangle source contributions within regional CH4 hot-spots. Fig. 2 
shows how localized extreme CH4 emissions can be, especially in un-regulated countries. Mapping 
these areas of interest in bottom-up inventories as well as TROPOMI hotspots, G2EM will 
unequivocally attribute CH4 sources, providing knowledge which is indispensable for a process-
based understanding of the global CH4 budget as well as informing effective mitigation strategies. 
Here, we propose the Greenhouse Gas Emissions Mapper G2EM to fill this scale gap and enable  

 
Fig. 1. a. AVIRIS-NG CH4 plume extending 110 m downwind of tank shown at 2.7 m 
ground resolution. Image width is 0.27 km and 200 kg/h flux15. b. Result resampled to 10 
m spatial resolution and would be clearly visible with G2EM instrument from orbit due 
to increased CH4 sensitivity from improved 1 nm spectral resolution. c. At 50 m 
resampling, the plume would be more difficult to resolve. d. CH4 plumes extending 600 
m downwind of gas processing plant shown at AVIRIS-NG 1.2 m ground resolution. Image 
width 0.84 km and 6,100 kg/h flux15. e. Result resampled to 10 m spatial resolution. f. At 
50 m resampling. 
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Summary and Challenges 

Black Carbon (BC) 

Nitrous Oxide (N2O) 

Hydrofluorocarbons (HFC) 

Methane (CH4) 

Carbon Dioxide (CO2) 

S
L
C
P 

Identify Specific 
Sources 

Evaluate Source 
Emissions  

Identify GHG 
Reduction  

Opportunities 

Track Emission 
Reductions  


