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Agenda

Session 1: XCO2 from OCO -2 and OCO -3: Mission Recap, and
Data Characteristics and Limitations

® 12:00 pm -2:00 pm U.S. East Coast Time (UTC-4:00)
®  Tuesday July 9, 2024

® Invited Instructor: Vivienne Payne (JPL)

Session 2: The Impact of Drought on CO2
® 12:00 pm -2:00 pm U.S. East Coast Time (UTC-4:00)
®  Wed. July 10, 2024

® Invited Instructors: Junjie Liu (JPL), Karen Yuen (JPL), David
Moroni (JPL)

Homework due date:

Session 3: CO2 Measurements over a Large Urban Area
® 12:00 pm -2:00 pm U.S. East Coast Time (UTC-4:00)
® Tuesday July 16, 2024

® Invited Instructors Abhishek Chatterjee (JPL), Karen Yuen
(JPL), David Moroni (JPL)

Aug. 14, 2024

Certificate : will be given to participants that attend all the live
sessions and complete the homework by the due date.
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Part 3 Objectives

By the end of Part 3, participants will be able to:

Recognize the importance of observing carbon dioxide over metropolitan areas.

Identify important aspects of space  -based carbon dioxide measurements over urban areas.

Access, subset, download, and analyze a multi -year OCO -3 SAM dataset using a provided  Jupyter
notebook.

Visualize OCO -3 SAM data over urban areas and be able to do interpretive and comparative
analysis.
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How to Ask Questions

» Please write your questions in the Questions box and we will answer them at the end of the webinar.

* Feel free to enter your questions as we go. We will try to answer all the questions during the Q&A
session after the webinar.

 The remainder of the questions will be answered in the Q&A document, which will be posted to the
training website about a week after the training.
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Part 3:
Section 1: Urban Areas and CO , Emissions




Urban Areas

Urban Areas E Where more than 50% of the global population reside, cover only 2%
of the worl|l dodos surface, consume 78% of
more than 60% of fossil fuel CO , emissions.
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Expected Growth of Urban Areas

Global forecasts of probabilities of urban s
expansion, 2030 :
A. Sgnificant variation in the amount and
likelihood of urban expansion. | | .
B. Much of the forecasted expansion is likely to o £Py. SN

occur in eastern China. LK mbr ot o0
N o Likelihood to become urban by 2030
100%

C. Some regions have high probability of urban

expansion in specific locations. = B[ cl e D
D. Others have large areas of low probability of § B .

urban growth. o -* - ..'.L;u}k;;, .
Dashed lines denote northern and southern : e (B s
boundaries of the tropics. From  Seto et al. 2012 < W s | ¥

With 68% of the worl dodos popul ation projected to
surprising to see various entities now taking a keen interest in climate action, monitoring
and measuring GHG emissions from cities.
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See more resources on Urbanization and Environmental Impacts of Urban Growth . .
8


https://www.pnas.org/doi/full/10.1073/pnas.1211658109
https://education.nationalgeographic.org/resource/resource-library-urbanization/
https://urbanization.yale.edu/research/theme-4

Significance of Urban GHG Emission Monitoring

e
'fﬁl‘:‘i‘. cﬂ P28 Switch to Low Carbon Version
S UAE

s

COALITION FOR HIGH AMBITION

MULTILEVEL PARTNERSHIPS
(CHAMP) FOR CLIMATEACTION .. ... WORLD BANKGROUP

Policy -
Drlven and ICI.EI

==================

C40
CITIES
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Urban -Scale Prototype for the U.S. GHGMMIS Framework

NATIONAL STRATEGY TO
ADVANCE AN INTEGRATED
U.S. GREENHOUSE GAS
MEASUREMENT,
MONITORING, AND
INFORMATION SYSTEM

A REPORT BY THE GREENHOUSE GAS MONITORING AND
MEASUREMENT INTERAGENCY WORKING GROUP

NOVEMBER 2023

THE WHITE HOUSE

Conceptual illustration of how an urban -scale prototype could look like.

NASA ARSETO Applications of Carbon Dioxide Measurements for Climate -Related Studies




Sources of Carbon Emission in Cities

Mixing Height

C 0, =29 co,

=

. A\ CO, AND CARBON
Emissions from EMISSIONS FROM CITIES

power plants

(often outside Linkages to Air Quality, Socioeconomic Activity, and

Stakeholders in the Salt Lake City Urban Area

cities) that
ge nerate Joun C. LN, Locan MitckeLL, Erik Crostan, Daner L. MeNDOZA, MARTIN BUCHERT,
L. RYAN Baggs, Ben Fasou, Davip R. Bowung, DIane Patakl, Dougias CATHARINE.
elec tric |ty COURTENAY STRONG, KEVIN R. GURNEY, RiSA PATARASUK, MUNKHBAYAR BAASANDOR),
ALEXANDER JACQUES, SEBASTIAN HOCH, JoHN HOREL, AND JiM EHLERINGER
consumed by
cities. Observations and modeling of atmospheric CO, in the Salt Lake City, Utah, area help to

quantify and understand urban carbon emissions and their inkage to air quality.

(Lin et al., BAMS 2018)

s TR
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Classification of Urban GHG Emissions

EPA Guidance on

Scope 1, 2 and Scope 2 Scope 1
Scope 3 INDIRECT DIRECT
Scope 3
“ INDIRECT
purchased S—.
g:;(iicaer;d l:rans_poﬁatipn
d: purchased electricity, steam, ‘ and distribution
heating & cooling for own use o
% leased st company ‘
; Facilities
capital ‘-:; b J
gOOdS . e .;r’
employee processing of
fuel and commuting sold products
energy related X _Q-
activities Business o 00
- R company
transportation vehicles
and distribution waste
generated in
operations
Upstream activities Reporting company
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>
g
E leased assets

use of sold
P end-of-life
treatment of
sold products

Downstream activities
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https://www.epa.gov/climateleadership/scope-1-and-scope-2-inventory-guidance
https://www.epa.gov/climateleadership/scope-3-inventory-guidance

Bottom -Up Estimation of Urban Emissions

Activity -based
ACTIVITY EMISSION EMISSIONS approaches multiply
DATA FACTORS INFORMATION activity data

e.g., fuel consumption e.g., fuel carbon content, specific to emission asset, (representative
statistics, traffic counts, pipeline leak rates, fuel, sector, or spatial unit indicators or drivers of

meat production statistics vegetation growth greenhouse gas [GHG]
. @@ S U~ emissions, such as fuel
§ consumption statistics,

// .. population, equipment
- ‘. et count, traffic counts)

by an emission factor

(a coefficient that
represents the emission
or removal of a GHG
per unit of activity) to

ogpo
|\)! produce GHG emission

totals or emissions by
sector.

o
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Greenhouse Gas Emissions Information for Decision Makin . NAS 2022 .
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https://nap.nationalacademies.org/catalog/26641/greenhouse-gas-emissions-information-for-decision-making-a-framework-going

Bottom -Up Estimation of Urban Emissions 9o Example

FFDAS ODIAC

40
40

o Comparison of global fossil fuel
CO , emissions inventory
representations of the Middle
East, shown with square root
scale: FFDAS, ODIAC, and

Latitude
kgCm72y™

Latitude

20

EDGAR.

* The three representations differ 30 40 50 60 30 40 50 60
in both spatial distribution and Longitude Longitude
magnitude of emissions. EDGAR

40

 Note that all inventories are
shown at their native resolutions.

Latitude

20

15

Yang et al. 2020 ,
30 40 50 60 (JGR-Atmospheres)
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https://agupubs.onlinelibrary.wiley.com/doi/full/10.1029/2019JD031922

Bottom -up emission inventories are improving, but differences persist.

Abidjan Accra Addis Ababa Amman Amsterdam Athens Auckland Austin Barcelona Berlin
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Figure 1. Overview of the 78 C40 cities analyzed in this study. The area size for each city is shown. Color scales show ODIAC’s Ahn et al., 2023 ’ Environ. Res. Lett.
fossil fuel CO, emissions (unit: ktCO, km =2 yr~!, year 2015).
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https://iopscience.iop.org/article/10.1088/1748-9326/acbb91

Can space -based data provide a check on estimates derived from
bottom -up inventories, book -keeping, and modeling studies?

Nile Delta seen from the Space Station.
Credit: International Space Station
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Part 3:
Section 2: OCO -3 Snapshot Area Mapping (SAM) Mode
Observations




Recap fromPart1 0 OCO-2 and OCO -3

e Orbiting Carbon Observatory -2 (OCO -2): e Orbiting Carbon Observatory -3 (OCO -3):
— Launched July 2, 2014 — Launched May 4, 2019
— Sun-synchronous polar orbit (A -Train) — 1SS (JEMEF Port 3),+ 52° inclined orbit
— Measures both column average CO — Measures both column average CO
(XCO,) and solar -induced chlorophyll (XCO,) and solar -induced chlorophyll
fluorescence (SIF) fluorescence (SIF)

Aqua ;&‘/ GCOM-W1
CALIPSO o -

Ty
CloudSat R '~‘\‘ V‘”‘ﬁ :
P j Cceggs . J\a‘
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OCO-306s Unique FourthoSAhMMedevi ng Mode

Snapshot Area Mapping (SAM)
Observation Mode:

 Focuses on localized emissions
from human activities
(megacities, power plants, 4
| andfills) b¥di kags
measurements '

e Collects data over ~80 km  x
80 km area in 2 minutes

« Complements the near -global
nadir & glint measurements
from routine operations

Lk N oS- 2 X :
/'» 2 - P 7 : (S S s R ~

Video : Animation showing SAM operation mode over a point source; in this
example, we see XCO , measurements over the B e g ¢ h apbwenplant (Poland)
from three ISS overpasses.

NASA ARSETS Applications of Carbon Dioxide Measurements for Climate -Related Studies 19 .



Location of OCO -3 SAMs Across the Globe

0OCO-3 SAMs/Targets, 26 July 2019 - 12 November 2023, N = 16530

7

Y
180° 120°W 60°W 0° 60°E 120°E 180°
All the blue dots on the map are emission hotspots d either urban areas/megacities,

power plants, or other super -emitters. See OCO -3 SAM webpage

NASA ARSETS Applications of Carbon Dioxide Measurements for Climate -Related Studies 20 .


https://ocov3.jpl.nasa.gov/sams/

OCO -3 SAM Observations Over Urban Areas 90 2 Examples

Los Angeles - 2021-02-19 21:08:59.698 UTC

Mexico City - 2022-03-02 16:25:57.617 UTC

< Los Angeles
Mexico City >
- Similar OCO -3 SAM .
ek 5 observations made over g o T 5
'mms\:""“w"” = other urban areas have e :
S e 2 been used to estimate b, 2

urban CO , emissions.

e While several studies are

100.4°wW 99.4°W

now available, some key D ———
416 417 - 417.0 417.5 418.0 418.5 419.0 419.5 420.0 420.5 421.0
OCO-3 XCO; [ppm] StUd IeS have been OCO-3 XCO; [ppm]

highlighted in the list
below. §

XCOz [ppm]
XCO; [ppm]

60 80
Scan Time [sec]

60
Scan Time [sec]

Key References: Kiel et al. 2021 (RSE);Wu et al. 2022 (ACP); Lei et al. 2022 (RSE);MacDonald et al. 2022  (ACP); Yang et al. 2023 (JGR-
Atmospheres); Roten et al. 2023 (GRL); Fonseca and Francis 2024 (Front. Environ. Sci.), Che et al. 2024 (JGR-Atmospheres)
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https://www.sciencedirect.com/science/article/pii/S0034425721000328?via%3Dihub
https://acp.copernicus.org/articles/22/14547/2022/acp-22-14547-2022.html
https://www.sciencedirect.com/science/article/pii/S0034425722003479?via%3Dihub
https://acp.copernicus.org/articles/23/3493/2023/
https://agupubs.onlinelibrary.wiley.com/doi/10.1029/2022JD037736
https://agupubs.onlinelibrary.wiley.com/doi/10.1029/2023GL104376
https://www.frontiersin.org/articles/10.3389/fenvs.2023.1289142/full
https://agupubs.onlinelibrary.wiley.com/doi/10.1029/2023JD040063

Top-Down Approach for Estimating Urban Emissions

OCO -3 observations carry information about emissions and processes in the upwind source region.

(1) Boundary

conditions
(from Q‘
transport ==l
emissions
outside of Q‘

(4) Observations
at receptor

(2) Emissiong

o
c
>
o
=
(@]

¥4
&}
©

m

domain)

But the atmosphere is an imperfect communication channel (loss of information through mixing);
And our ability to decode the information through atmospheric inverse modeling is subject to
uncertainties, a key aspect being the 0
NASA ARSET0 Applications of Carbon Dioxide Measurements for Climate -Related Studies 22
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Determining the Background CO , Concentrations

e Background = Atmospheric XCO ,t hat i s not ocontaminatedd by emis
area of interest.

e Definitions of obackgrounddé vary among studies witdl
have used 0

T Geographic definitions  (Kort et al., 2012 ; Schneising et al., 2013 ) or statistical estimates
(Hakkarainen et al., 2016 ; Silva and Arellano, 2017 ) to select upwind measurements for deriving
background values,

T Total column measurements made upwind  (Kiel et al., 2021 ),

T Trajectory -endpoint method (Lin et al., 2017 ) that establishes the background based
on CO, extracted at endpoints of back trajectories from modeled regional/global
concentration fields, andeée

T Overpass -specific method (Wu et al., 2018 ) that requires a model -defined urban plume and
measurements outside the plume is examined.

Note: For the exercise later, we are going to use the simplest approach and choose a constant,
random background value of 410 ppm for visualization and illustration purposes only. For scientific
research, one should use the techniques mentioned above.

NASA ARSET0 Applications of Carbon Dioxide Measurements for Climate -Related Studies


https://agupubs.onlinelibrary.wiley.com/doi/10.1029/2012GL052738
https://acp.copernicus.org/articles/13/2445/2013/
https://agupubs.onlinelibrary.wiley.com/doi/10.1002/2016GL070885
https://www.mdpi.com/2072-4292/9/7/744
https://www.sciencedirect.com/science/article/pii/S0034425721000328
https://acp.copernicus.org/articles/17/5561/2017/
https://gmd.copernicus.org/articles/11/4843/2018/gmd-11-4843-2018.html

Uncertainties in Urban Emissions Estimates

Top-Down Approach

e Grid resolution used to estimate emissions o
limited spatial and temporal definition

e Can only provide Scope 1 emissions estimates

« Errors due to wind, meteorology, and
determining background conditions

* Influence of urban biosphere that can
confound the observed signal in observations

But é
e Considers real -world atmospheric observations

* Provides an important sanity check on bottom -
up emission estimates

Bottom -Up Approach

* Relies on self-reported economy/energy
activity data across socioeconomic sectors

 May miss specific sectors and have under
reporting of emission estimates

« Cantemporallylag by multiple years due to
the large scope of input data required

* Sensitive to the construction methodology
used

But é

 Can be generated at high spatial and
temporal resolutions

 Provides Scope 1+2+3 emission estimates

NASA ARSETS Applications of Carbon Dioxide Measurements for Climate -Related Studies 24 ‘



Part 3:

Section 3: Pairing OCO -3 CO, Observations with Measurements
of Co -Emitted Species




Co-Emitted GHGs and Other Species from Urban Areas

RADIATIVE  Well-mixed
AL \ 2 greenhouse gases
(left) and shorter -
lived gases and
aerosols (top right)

Aerosols < impact climate,
7 ozone, and air
guality. Greenhouse

gases and aerosols
Impact radiative
forcing and changes
in global

Particulate temperature.

Matter Ozo A
&

NMVOCs

Fluorinated Gases

Greenhouse Gas Emissions Information for Decision Making . NAS 2022
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https://nap.nationalacademies.org/catalog/26641/greenhouse-gas-emissions-information-for-decision-making-a-framework-going

Why Use Co -Emitted Species Alongside CO ,?

« CO, by itself is a great tracer for net emissions (for whole  -city, total area) but because it has a long
|l i fetime (ranging from years to mil |l ennjergncementd | ar ¢
due to urban emissions are often swamped by its own background values and changes due to
natural variability.

« Co-emitted species 9 for example, NO , CH,, CO 8 can help with both sectoral attribution and more
robust total emission estimates.

 For example:

— Nitric oxide (NO) is co -emitted with CO , during the combustion of fossil fuels. It rapidly reacts
with ozone (O ;) to form nitrogen dioxide (NO ). NO, vertical column densities in plumes released
from fossil fuel combustion exceed background values and sensor noise, typically by orders of

magnitude. This makes NO, a suitable tracer for recently emitted CO,. Reference: See Yang et
al. 2023 (JGR-Atmospheres).

— Carbon monoxide (CO) is a valuable tracer for combustion, has a longer lifetime than NO/NO 5
and can help pinpoint hotspots with poor combustion efficiency, which can inform sub -City

emission/pollution control efforts. Reference: See Wu et al. 2022 (Atmos. Chem. Phys.).

NASA ARSETS Applications of Carbon Dioxide Measurements for Climate -Related Studies 27 .


https://agupubs.onlinelibrary.wiley.com/doi/10.1029/2022JD037736
https://agupubs.onlinelibrary.wiley.com/doi/10.1029/2022JD037736
https://acp.copernicus.org/articles/22/14547/2022/#bib1.bibx73
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CO 5 and NO 5 Coincident oeom e D“ﬁ’?iif.;”ia{‘if?f”5321"52; TosTLvi0a oo Dry”ij!;i'l"f”.32278222?8233533(3??07:“:f9‘7°°z
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CO,, NO, and CO Utilized from Space -Based Measurements

(a)

Dalian
Tianjin
Rhine-Ruhr
Tehran -
Verona -
Shanghai
Tokyo/Yokohama -
Hyderabad
Mumbai §
LosAngeles 4
Taiyuan
Kolkata -
London -
Dallas 1
Donetsk -
Amsterdam -
Daegu
Leeds
Lahore §
Porto
Frankfurt -
Chicago
Aix-en-Provence -
Manchester A
Paris 4
Naples 1
Busan -
Perpignan -
Minneapolis
Seoul 1
NewHaven -
Rome -

Lyon A
PearlRiverDelta §
KansasCity -
Izmit
Portland

Barcelona -
Jiexiu 4
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(b)

Milan 4
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https://www.sciencedirect.com/science/article/pii/S0034425720306192?via%3Dihub
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Part 3:
Section 4: Summary




Summary

 There is now rapidly increasing demand from a range of users (public, private, and government
entities) for trusted information about greenhouse gas (GHG) emissions over urban areas and

megacities.
« OCO -3 SAM observations have advanced our scientific understanding of urban CO , emissions,
helped develop new top -down approaches to address increasing demand, and demonstrated that

space -based CO , measurements -

T Have the information content and the ability to quantify emissions changes happening across
urban areas

T In conjunction with co -emitted species (such as NO ,, CO) improve sectoral attribution

1T Track socioeconomic/regional characteristics in ¢
T And finally, provide a check on bottom -up emissions estimates, helps boost transparency in
carbon accounting, and assists with decision -making processes

NASA ARSETS Applications of Carbon Dioxide Measurements for Climate -Related Studies 32 .



Part 3:
Demonstration




Applications of Carbon Dioxide Measurements for Climate
Related Studies
Summary




Training Summary

e OCO -2 has a 10 -year record with a temporal resolution of 16 days. It overflies the equator at 1:30 pm
local time.

e OCO -3 has a 5 -year acquisition record. The sensor is on the International Space Station and the
coverage is limited to  £52° latitude. Its observations cover all hours of the day.

* Both sensors make acquisitions in Nadir, Glint and Target modes. OCO -3 also makes acquisitions in
the SAM mode.

« The XCO2 data from these missions is the column average volume mixing ratio of CO2 in the
atmosphere.

« The data between OCO -2 and OCO -3 are consistent over time and are complementary.

e Itisrecommended that you use the Level -2 Lite XCO2 data - which have been filtered and
corrected for bias. They are openly available through GES DISC.

o Surface carbon fluxes are related to the biosphere and oceans.
 The global average atmospheric CO2 concentration is the integration of all surface carbon fluxes.
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Training Summary

The temporal change of local and regional CO2 concentrations is related to surface carbon fluxes

and lateral transport or background values.

Surface carbon fluxes are linked to atmospheric concentrations by means of atmospheric transport

models.

The process to calculate carbon fluxes from atmospheric CO2 concentrations is called atmospheric

CO2 flux inversion.

SAM acquisitions:

are useful for quantifying changes in emissions occurring in urban areas.
together with co -emitted species, such as NO2 or CO, they can aid in sectoral attribution,

have the potential to monitor the socioeconomic/regional characteristics of global urban
emissions,

help increase transparency in carbon accounting and aid in the decision -making process.
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Homework and Certificates

« Homework:
— One homework assignment
— Opens on Jul. 16, 2024
— Access from the training webpage
— Answers must be submitted via Google Forms
— Due by Aug. 14, 2024

o Certificate of Completion:
— Attend all three live webinars (attendance is recorded automatically)
— Complete the homework assignment by the deadline

You will receive a certificate via email approximately two months after completion of the course.
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Contact Information

Invited Instructors: « ARSET Website

e Abhishek Chatterjee e Follow us on X (Twitter)!
— abhishek.chatterjee@jpl.nasa.gov — @NASAARSET

e David Moroni e ARSET YouTube

— david.f.moroni@ijpl.nasa.gov

e Karen Yuen
— karen.yuen@ijpl.nasa.gov

Visit our Sister Programs:

+ Junjie Liu ® DEVELOP
— junjie.liu@jpl.nasa.gov # SERVIR

* Vivienne Payne
— vivienne.h.payne@jpl.nasa.qov

ARSET Instructor:

e Erika Podest
— erika.podest@jpl.nasa.gov
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Thank You!
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