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Satellite anthropogenic CO, monitoring: Outline
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The beginning

JOURNAL OF GEOPHYSICAL RESEARCH, VOL. 105, NO. D12, PAGES 15,231-15,245, JUNE 27, 2000

Buchwitz et al., JGR, 2000 SCIAMACHY/ENVISAT
launch: 2002

A near-infrared optimized DOAS method for the fast
global retrieval of atmospheric CH4, CO, CO,, H;0, and
N,O total column amounts from SCIAMACHY
Envisat-1 nadir radiances

Michael Buchwitz, Vladimir V. Rozanov, and John P. Burrows

Institut fir Fernerkundung, Universitat Bremen, Bremen, Germany
6. Potential Application of
SCIAMACHY Measurements for the

4 - "\ Study of Greenhouse Constituen
A COﬂC|US|On: Thiif]io‘zmiss(ies:: F(‘)liiees onstituents and
Kyoto Protocol relevant The potential of SCIAMACHY to measure regional

anthropogenic CO, CO; a,nd (?Hd emission ﬂgxes 1’1133 been investigated
T - _ assuming simplified conditions with respect to atmo-
emission monltorlng with spheric dynamics, scan pattern, and source variability.
SCIAMACHY?: The estimated (best case) errors indicate that the total
_ column measurements of SCTAMACHY in combination
* VERY Chall_eng_lng but with 3-D source/sink transport/chemistry models of the
some contribution atmosphere might contribute to the assessment of Ky-
might be possible oto Protocol compliance. This, however, needs further
studies based on real SCIAMACHY measurements.
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XCO, from satellite NIR/'SWIR spectra

Column average CO (XCOE) from satelhtes
@ 410 ? SCIAMACHY/Enwsat (until 2012) & TANSO FrS/GOSAT (smce 2009) =
E 400 E- Copernicus C3S/0Obs4MIPs(v3.1) =
a g -
g 390 é_ 9 2018: global: "3
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e (preliminary} 3
370 & =
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Time [year]
Annual mean global XCO,, growth rate
®) 5 4E  satelite Via surface CO, (from: NOAA) :
>
s ? ®
& -
'u_:' 1 R, Mean+/-StdDev:  2003-2008: 0.34, -0.06 +/- 0.38 ppm/year
S 0 2010-2017: 0.93, -0.07 +/- 0.18 ppm/year
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XCO,: Column-
averaged dry air CO,
mole fraction

CO, information via
(absorbed and)
reflected solar radiation

-> sensitive to near
surface CO,
concentration changes
(averaging kernels
approx. 1 near surface)

SZA 20 40 — 60

CWP Og/m? — 30g/m’ — 100g/m’

albedo sand —_ comfers — ocean
0017 T

Tl
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pressure [p,]

02 04 06 08 1.0
column averaging kernel
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XCO, satellites: From SCIAMACHY to CO2M

SCIAMACHY GOSAT 0CO0-2 MicroCarb Copernicus
(until 2012) (since 2009) (since 2014) (project) CO, Mission

30 x 60 km? 85 km? 2.3 x1.3 km? 6 x 5 km? 2 x 2 km?

City

Country

Sampling too sparse Sampling sparse Sampling dense
Accuracy moderate Accuracy good Accuracy good

Resolution too low
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CO, emissions: SCIAMACHY XCO,: ,First detection”

I?opulation 1()2000)

Atmos. Chem. Phys., 8, 3827-3853, 2008 - —K—
www.atmos-chem-phys.net/8/3827/2008/ Atmospherlc
© Author(s) 2008. This work is distributed under 5 Chemlstry

the Creative Commons Attribution 3.0 License. and PhyS ics

Schneising et al., ACP, 2008

Three years of greenhouse gas column-averaged dry air mole
fractions retrieved from satellite — Part 1: Carbon dioxide

0. Schneising, M. Buchwitz, J. P. Burrows, H. Bovensmann, M. Reuter, J. Notholt, R. Macatangay, and T. Warneke

Institute of Environmental Physics (IUP). University of Bremen FB1. Bremen. Germany

Carbon Dioxide SCIAMACHY/ENVISAT 2003-2005
: ‘ N
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CO, emissions: OCO-2 XCO.:

,<JJmproved detection”

@AGU PUBLICATIONS | w—

Geophysical Research Letters

RESEARCH LETTER Direct space-based observations of anthropogenic

TR R0TAIECS CO, emission areas from OCO-2

Key Points:

-V\;’ev:pr::rsl the first observation of J. Hakl i 1, 1. lalongo’, and J. T: i 1

anthropogenic CO; o

from 0CO-2 data 0OCO-2 mean XCO2 anomalies, 2014-2016
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Hakkarainen et al., GRL, 2016

0C0-2 XCO, anomalies, 2014-2016
= :

Tehran u

(ppm)

Key Points:

« We report the first observation of
anthropogenic CO, emission areas
from OCO-2 data

« We present a novel methodology
for direct fine-scale mapping of
CO, emission areas

« We observe positive correlation
between XCO, anomalies and
emissions inventories

(molec/cmz)

(gC/m?/d)
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CO, emissions: SCIAMACHY XCO,

EDGAR CO, 7e 1 M
. . ‘ 12009
SCIAMACHY XCO, emissions [ |
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Schneising et al., ACP, 2013
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CO, emissions: SCIAMACHY XCO, & NO,

nature North America & Europe:
gCOSCICIlCC LETTERS 34+/-15% less CO, emitted during weekends
PUBLISHED ONLINE: 28 SEPFTEMBER 2014 | DOI: 10.1038/NGE02257

=@ Local anthropogenic XCO; in North America / Europe

Reuter et al., 2014
Decreasing emissions of NO, relative to CO, in

East Asia inferred from satellite observations

M. Reuter*, M. Buchwitz, A. Hilboll, A. Richter, O. Schneising, M. Hilker, J. Heymann, H. Bovensmann
and J. P. Burrows

deviation from average [%]

Satellite derived trends of anthropogenic
NOx and CO2 emissions

MON TUE WED THU FRI SAT SUN

* Anthropogenic CO, emission signal
from localized sources isolated via
simultaneous SCIAMACHY XCO,
and NO, observations & new spatial
filtering method

* North America & Europe:
Decreasing emissions (but

uncertain for CO,)

North America
Europe

NOx CO2 « East Asia: Increasing
-2.7%/a  -1.3%/a emissions but less NOx per

- CO,: Trend towards cleaner
East Asia technology in East Asia /)

Reuter et al., 2014 (Nature Geoscience) W maximilian.reuter@iup.physik.uni-bremen.de k
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CO, emissions: OCO-2 XCO,

&JAGU PUBLICATIONS

Geophysical Research Letters

RESEARCH LETTER
10.1002/2017GL074702

Key Points:
- The combustion of coal for electricity
generation accounts for more than

| .

o

Quantifying CO, Emissions From Individual Power
Plants From Space

Ray Nassar'

Dylan B. A. Jones®*

Distance from source (km)

-1

, Timothy G. Hill®
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400

Distance perpendicular to wind (km)

Ghent 2015-08-13, wind 1.01 m/s, -111.9°

, Chris A. McLinden?

, and David Crisp®

Observed Xco, enhancement

20

20+

Number of points # plume: 33
C glozer ¥

a-2130 LW &
Background 5:393.847 ppm, i

e 0 5 10 15 20 25

Xco, enhancement relative to background

Distance along wind (km)

099 0995 1.0 1.005 1.01

Nassar et al., GRL, 2017

, Debra Wunch® (),

Model Xco, enhancement

; ; i
10 15 20 25
Distance along wind (km)

Co,
Human
Emissions

Key Points:

« The combustion of coal for electricity
generation accounts for more than
40% of global anthropogenic CO,
emissions

« Orbiting Carbon Observatory 2
observations can be used to quantify
CO, emissions from individual coal
power plants, in selected cases

« This work suggests that a future
constellation of CO, imaging satellites
could monitor fossil fuel power plant
CO, emissions to support climate

policy
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CO, emissions: OCO-2 XCO, & S5P NO,

Reuter et al., ACP (submitted)

Medupi and Matimba power plants in South Africa on 11-July-2018:
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See also poster ,0C0O-2 XCO, retrievals using the FOCAL algorithm*®

@ Universitat Bremen £

=, CO, *
.@ Human &IFY

Emissions

11




CO, emissions: OCO-2 XCO, & S5P NO,

Reuter et al., ACP (submitted)

Moscow on 25-Aug-2018:
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See also poster ,0C0O-2 XCO, retrievals using the FOCAL algorithm*®
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CO, emissions: OCO-2 XCO, & S5P NO,

Reuter et al., ACP (submitted)

Baghdad on 31-July-2018:
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XCO, satellites: From SCIAMACHY to CO2M

SCIAMACHY GOSAT 0CO0-2 MicroCarb Copernicus
(until 2012) (since 2009) (since 2014) (project) CO, Mission

30 x 60 km? 85 km? 2.3 x1.3 km? 6 x 5 km? 2 x2 km?

City
CO, emissions
via
CO, imaging:
Carbon Dioxide (CO,)
Country

XCO, anomaly [ppm]
EEn A
-0.30 0.00 0.30 0.60 0.90

Sampling too sparse Sampling sparse
Accuracy moderate Accuracy good

Sampling dense
Accuracy good

Resolution too low

Only CO2M:
CO, imaging
@ Universitat Bremen = E:m ‘.&'ER.FY ”




XCO, satellites: CarbonSat: XCO, imaging

Atmos. Meas. Tech., 3, 781-811, 2010 D :

Wwww.atmos-meas-tech.net/3/781/2010/ Atm osp he ric
doi:10.5194/amt-3-781-2010 G Measu re_ ment
© Author(s) 2010. CC Attribution 3.0 License. Techniques

Bovensmann et al., AMT, 2010

A remote sensing technique for global monitoring of power plant
CO; emissions from space and related applications

H. Bm'ensmannl, ML Buc]n\itzl, J. P Burruwsl, M. Reuterl, T. Krings1 K. GEl"ill)“"Skil, 0. Sl:]meisingl, J. He}'mannl,
A. Tretner?, and J. Erzj]lgm2

Unstitute of Environmental Physics (IUP), University of Bremen FB1, Otto Hahn Allee 1, 28334 Bremen, Germany
2Helmholtz Centre Potsdam — GFZ German Research Centre for Geosciences, Telegrafenberg, 14473 Potsdam, Germany

Simulated CO; plume

Simulated CO; plume 2 km x 2 km
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_Schwarze Pumpe ] - observation |
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1 [ = | L ) |
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5 10 15 20 25 30 0
Normalized CO, column [-]

.
1.000 1.002 1.004 1.006 1.008

Co,
Human
Emissions

Model (after fit)
[ ]

5 10 15 20 25 30 [
Normalized CO, column [-]

.
1.000 1.002 1.004 1.006 1.008
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-0.100 -0.050 0.000 0.050 0.100

Emission: F,,, = 13.00 MtCO,/yr
d,= 1.0km

Ve = 6000.0 gfm”

0,= 047%

5 10 15 20 25 30 Meteorological parameter:

Para. True  Model

|u] 20 20 m/s
6, 60.0 600 deg
a/a, 100 1.00

Observation statistics:
AVN, . = + 1.78%
N(AVV>0.50,) = 37
N(AVV>1.00,) = 20
N(AVNV>2.00,) = 5
N(AVV>8.00,) = 1

5 10 15 20 25 30 Fluxinversion results:
CO, column difference [%]

F = 13.22 +/- 1.469 MICO,jyr
S = -0.000 +/- 0.00033
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CO, emissions: Simulations CarbonSat / CO2M

Atmos. Chem. Phys., 16, 9591-9610, 2016
www.atmos-chem-phys.net/16/9591/2016/
doi: 10.5194/acp-16-9591-2016

© Author(s) 2016. CC Attribution 3.0 License.
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and Physics

Case study for Berlin

Satellite data: Simulation for

Pillai et al., ACP, 2016 CarbonSat / CO2M (2x2km?, swath

width 240 km & 500 km), 1 year
 Model: WRF-GHG

Tracking city CO, emissions from space using a high-resolution
inverse modelling approach: a case study for Berlin, Germany

Dhanyalekshmi Pillai' >, Michael Buchwitz', Christoph Gerbig?®, Thomas Koch’, Maximilian Reuter',
Heinrich Bovensmann', Julia Marshall®, and John P. Burrows'

« Bayesian inversion

N

A priori & a posteriori errors

Institute of Environmental Physics, University of Bremen, Bremen, Germany
ZMax Planck Institute for Biogeochemistry, Jena, Germany

L st o3 n s Summary:
!
i . SW-500km: RE <5 wco; y'for 33 % data SW-240 km: RE <5 mico, w'for 24 % data Inventory: EDGAR
XC02 simu I ations 501 RE <10 mico; yifor 80 % data RE <10 MtO: yrifor 83%data | RE (MeansSD), MIcO, yr'

SW-500 km: 8.043.5 °

Number of ,good*®

RE <15 Mwo; yr'for 100 % data —

using EDGAR & IER T e SW-240km: 87538
o e g or ] overpasses per year. 17
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b oseN

» Single overpass random
o — . error: Typically 9
ke | , "" MtCO,/year

L osaen]

82N

. -

| 80 RE <20 % for 74 % data RE <20% for 71% data _| RE(Mean5D), %
LD son SW-500 km: 17.7+8.0
<25% 0% datz 5 % +
[ ap RE <25 % for 100 % data RE <25% for 100 % data SW-240 km: 200487
4ot v k4N T o . .
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CO2M: Number of cloud-free overpasses per year

= 80 r;l;;mbev of E}ays with E:;M Fve% oneervatgm(\’n;pc 1 sau:u:g_a5 ) bfu;;lw of l;ays with (i::uu "“00050"3"‘(:"5(1“;;!’;0 2 Sﬁ‘ﬂlll:gg
60 ;. HE
] . Assumed
g swath
©
(] 0 ol .
5 4 width:
8
£ o
=
=z
w T 200 km
o BE i1 (pessimistic)
0 ; .
City 1 satellite 2 satellites 3 satellites 4 satellites
Berlin 14 292 38 52
Paris 15 28 34 51
New York 14 26 39 54
Moscow 12 24 36 46
Cairo 18 34 52 69
Beijing 14 27 45 56
Uni B Los Angeles 16 31 47 04
@ niversitat Bre—-— T 17




Anthropogenic CO, Monitoring (CO2M) mission

4 Spatial resolution 2 x 2 km? )

Carbon Dioxide (CO,)

* Wide swath (> 200 km) and gap-free across and along
track sampling (,,CO, Imaging”)

* Coverage = every 2-3 days (polwards of 40°)
* Constellation of = 2-3 satellites

 Low random (0.5-0.7 ppm) and systematic (< 0.5 ppm)
XCO, errors

XCO, anomaly [ppm]

-0.30 0.00 0.30 0.60 0.90

* Optimal spectral coverage and resolution 74 i
CO,(FP) rando error ]

\° Information on NO,, CH,, H,0, SIF, aerosols, ... )
& 0,-A-band CO,(weak) & CH, CO,(strong) & H,0
§ 5 T gF NIR band | 5 SWIR1| 18 SWIR-2
E 20f 4 g
@ 10 ©O: Co,
g’ 151 Aerosols, 1 37 l
‘m_: 10 N CIFI‘US, i ot COQ CH4 i prm]
= surface 0.5 0.40 050 060 070  0.80
® 57 pressure 1 H,0 H,0 _ i
8 o ol . . . . 00l ~ Aerosals, cirrus
o)
& 750 755 760 765 770 1600 1620 1640 1660 2000 2020 2040 2060 2080

Un Wavelength [nm] VERIFY
— g 3= Emissions “
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One day simulation of 3 CO2M satellites

21.09.2008 00:05
0

-135 -90 -45

90

-135 -90 -45 0 45

45 90 135

135

Clouds: MODIS Terra 1 km x 1 kmm MOD35 L2 cloud mask
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Single satellite:
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error

) XCO,(FP) random error [ppm]
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CO, Monitoring System

CO2M: Core component of an integrated system:

CcO

Satellite CO,

Sentinel &
C02 M international

constellation

In-situ CO,
Ground-based
networks

Meteorology
Satellite & in-situ

Auxiliary
Satellite
observations of
CO2M CO, NO,, night
(NO,, CH,, lights, ..
SIF, ...)

@ Universitat Bremen

CO, fluxes, model
parameters, emission

reports, economic
statistics.

Coupled Data
Assimilation
(minimises predefined
cost function)

$

Models
(Atmospheric, Transport,
Anthropogenic Emissions,

Natural Fluxes....)

Epife &5

Emissions

=l

7
VERIFY

Consolidated
Hot-spot Fossil
Fuel emissions

with
uncertainties

Consolidated
Country/region
Fossil Fuel
emissions with
uncertainties
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CO2M: Schedule

Towards an anthropogenic CO, Monitoring &
Verification Support Capacity

European
Commission

Paris Global Stock Global Stock -
Agreement Take 1 Take 2 \\\u\\
using Q& esa
CO, Task Force inventories of
—2IIIIIIIIIIIIIIII> 2026
2015 2017 2021 2023 2028
Inltlal system
co, capacity built up
- S =
—— Launch target for
_ Copernicus CO,
Support Studies constellation
(ESA, EC (H2020 CHE, VERIFY, ...))
CO2M
@ Universitat Bremen = wife &k ;"\:c‘m »




CO2M: Further reading ...

Atmos. Meas. Tech.. 3. 781-811. 2010 y —* - Atmos. Meas. Tech.. 6. 3477-3500. 2013 Atmospheric &
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Summary

Anthropogenic CO, emissions from space:
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Retrieved quantity: Near-surface-sensitive column-averaged dry-air CO,,
mole fractions = XCO,

First satellite sensor SCIAMACHY/ENVISAT (launch 2002)

Satellite XCO, currently generated operationally in Europe via C3S &
CAMS

None of the past & present sensors optimized for this application (currently
focus is on natural fluxes); nevertheless: several relevant peer-reviewed
publications using SCIAMACHY, GOSAT, OCO-2: from ,detection” to more
& more quantitative results (with and without NO,) including comparisons
with emission inventories

Only the planned Copernicus anthropogenic CO, monitoring (CO2M)
mission will be optimized for anthropogenic CO, emission monitoring of
localized emission sources globally thanks to its ,XCO. imaging” capability
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