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Many players have contributed to this —John Miller, Arlyn Andrews,
Pieter Tans, Oksansa Tarasova, and a host of partners.

Whatever measurements are made supporting urban systems must
be compatible with global networks.
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The reason we have climate change is increasing RF in Earth’s
atmosphere

Long lived greenhouse gases are most important, as we’re stuck
with them and their heating influence for a long time

Of these, the most important, by far, is CO2, owing to its high rate of
increase.

We did get a break in CFC’s once the MP was instituted and acted
upon, which gives us hope that things can be done.

Remember, the lower right plot is rates of increase, not amounts.

GEO Carbon — Tarasova and Butler



Atmospheric CO, - The
Primary Driver of Climate aof
Change

Atmospheric CO, at Mauna Loa Observatory

Pre-industrial
level of CO, was 280 ppm

380
* Atmospheric CO, continues
to increase every year

» The trend is largely driven by
fossil fuel emissions
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* The Earth System 2sF
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® Whatis happening with CO2?

® (02 was 280 ppm before the industrial revolution and for the
entirety of human civilization !! It’s increasing in the atmosphere
at accelerating rates, which poses a real risk for our future well
being

® Good news is bullet 3 — removal of immediate emissions by the
Earth system continues at 50%, no matter how much is emitted

® |PCC(2007) noted that
® (1) climate is changing, driven by greenhouse gases,
® (2) CO2isthe most important GHG, and

® (3) human activities are the cause.
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Development of the
in situ Global Network
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‘siem Charles “Dave” Keeling
1928 - 2005

Keeling began the longest continuous
carbon dioxide record on Earth at the
Mauna Loa Observatory in Hawaii
during the International Geophysical
Year in 1957-58. The “Keeling Curve”
is now recognized as one of the most
important environmental records in
existence.

Atmospheric CO, at Mauna Loa Observatory

I Scripps Institution of Oceanography
NOAA Earth System Research Laboratory
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Dave Keeling started real-time atmospheric observations with
measurements at MLO and SPO back in 1957 and 58.

Scripps since added several sites, but NOAA built a global network
from them, and WMO GAW built from that network.

Scripps (Ralph K et al.), NOAA, and WMO continue to collaborate.
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Oksana will talk more about the WMO network, so | will focus on
NOAA here.

NOAA’s global carbon cycle monitoring network has grown over the
years owing to evolving scientific needs. This is shown in clockwise
view, starting from the top.

»In the 1970s, we just wanted to know the general distribution and
growth of CO2 in the remote atmosphere. Few sites were required.

> In the 1980s, we realized that the distributions were more
complex with intrahemispheric variations, so we added sites to the
network, still focusing on the remote atmosphere.

»In the 1990s, our data demonstrated that there was a large
northern hemispheric sink of carbon and that this sink was land
based, so we addedcontinental sites to our system and began model
development.



BIPM, 6 Jun-1 Jul, 2015

»In the past decade, our driver has been to quantify the North
American sink of CO2, requiring more measurements across the
continent and measurements of vertical distributions of CO2 and
other gases. It is this effort that led to the development of
CarbonTracker to explain these evolving observations.
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NOAA'’s Marine Boundary Layer Networkﬁ ,

= All 40+ sites in the MBL
are at or near sea level.

» Each site is "
representative of a e
latitude and large region. e

* Flask pairs are collected P4
weekly at each site and . Joan

analyzed 3x each. - o®n® e
» Repeatability of a Q , b ®
measurement is < 1/8000. } e @

+  Weighted means are J
computationally smoothed ¢
to provide monthly and
annual averages. °

» Annual trends are goodto W

0.1 ppmly. ; /

» Decadal trends are much
better than that.

Monitoring World Carbon Butler et al.
BIPM Workshop 2015 30 June 2015

Within NOAA’s network is this extremely valuable resource, our
Marine Boundary Layer Network.

Identical sampling and analysis of all flasks, 1-week intervals, for
decades.

No local or regional interference in measurements

Best, most robust data on global trends and distributions out there.
If you want a global average or a trend, this is it.

GEO Carbon — Tarasova and Butler



C 7o} Gridded Maps in Space and Time@%ﬁ

Monitoring World Carbon Page 10 Butler et al.
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Maps from the MBL (visual or gridded data set) show large scale
trends and distributions, reflecting activities of the world in general
— physical and human-driven.

GEO Carbon — Tarasova and Butler



WMO GHG Network
¢ Includes NOAA Sites + Many are regional in
* Adds another 50-75% nature

WMO has built on NOAA’s network, doubling the number of sites
and allowing us to peek even further into terrestrial influences.

GEO Carbon — Tarasova and Butler



GLOBALVIEW-CO2, 2013
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For example, from partners largely within the WMO GAW domain,
we’ve been able to create GlobalView and ObsPak

These are designed to provide modelers with the data tools they
need to answer continental and some sub continental questions,
while ensuring consistency with global trends and distributions

A robust system of systems

Note the sites for dual, treble, quadruple, and even quintuple
sampling

GEO Carbon — Tarasova and Butler



Sub-continental Information Needed

» Global averages and trends are robust and highly
certain

» 40+ marine boundary layer sites
» Quality control and comparisons ensure compatibility
» Calibrations are traceable to WMO World Standards

+ Society needs robust information on “policy-
relevant scales”
» Much more difficult than global average

» Requires more observations, better analysis,
improved modeling

> Must be globally coherent (thus bias can be a BIG
problem)

Page 13

But, to answer today’s questions, we need more.

What is decided and what happens in the early to mid- 215t century
will transform the world.

We need to provide the best possible information necessary to
ensure the best decisions.

GEO Carbon — Tarasova and Butler
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Getting Subcontinental Information

Monitoring World Carbon Page 14 Butler et al
BIPM Workshop 2015 30 June 2015
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Tall Tower Measurements

« 1000-1500 ft high
«  “Continuous” sampling at 3-6 levels
+ Additional flask samples for ~50 tracers

Page 15

Going into the continents, tall towers, even medium towers are
increasingly important

This is a NOAA tall tower; Europe is developing a network as well.

GEO Carbon — Tarasova and Butler
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R Quantitative signatures of biological ~ ~ =
CO, uptake and release

Park Falls, WI, July

Large diurnal cycle at
lowest levels results

£
o i .
o from combination of
@ . . . .
2 nighttime respiration
8 and shallow boundary
g layers.
8
71192007
Page 16 Butler et al.
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Results here show the variability you can find at one site in a few
days

500-600 ppm at night down to ambient during the day

— meteorology

— respiration

GEO Carbon — Tarasova and Butler



Automated Flask Sampling from Aircraft:
*One twelve-pack per flight
e Typical profile from 500 m AGL to 8000 m ASL
* Species: CO,, CO, CH,, N,0O, SF,,
stable isotopes, halocarbons, COS,
hydrocarbons...
14C0O, on a limited number of samples Aircraft

Monitoring World Carbon Page CF-4-17 Butler et al
BIPM Workshop 2015 30 June 2015

Light aircraft have shown what we can do with vertical profiles to
understand biological fluxes and physical transport

Inexpensive, frequent, and cover much of the troposphere (¥63% at
8000 m), in and out of the boundary layer

By sampling flasks, up to 50 gases can be measured, providing
tracers and additional greenhouse gases to our suite

17
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Climatology of 12 of 16 currently running the NOAA/ESRL carbon
cycle aircraft project sites.

This dataset is made of 5000 flasks measurements a year or roughly
400 profiles a year (assuming 2-3 profiles a month at each site).

This view gives you a clear picture of the increase in amplitude in
the seasonal cycle from west to east.
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Largely through WMO cooperation, the number of networks is
increasing

ICOS has towers, aircraft, and surface sites; includes flux and
ecosystem measurements

CONTRAIL (NIES) gets tons of vertical profiles, but in limited areas;
example for IAGOS et al.

Brazil is mostly light aircraft with an analyzing system identical to
that in Boulder

China is surface sites with an analyzing system identical to that in
Boulder

GEO Carbon — Tarasova and Butler
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Central Asia is a Japanese NIES program

SE Asia is trying to organize across international boundaries to
provide a coherent regional product

GEO Carbon — Tarasova and Butler 19



“New” Players for Observations

+ IAGOS

~ Builds on efforts from MOSAIC (Euro airlines),
CARIBIC (Lufthansa), and CONTRAIL (Japan
Airlines)

~ Fourth package approved for CO, and CH, on
commercial aircraft

o Operational, but not much funding for instrument
construction

» Many airlines are interested in participating

« Earth Networks

» Investing $25M over 5 years to enhance global
network with ~100 sites
o Enhancement of ~40% over existing network
o Committed to high quality positions

- Satellites (Existing and *Forthcoming)
~ AIRS/IASI (passive, mid-tropospheric sensors)
» SCHIAMACHY (passive sensor)
» GOSAT (passive sensor, large footprint)
» OCO-2 (passive sensor, small footprint)
» *ASCENDS (active laser)

20

New players include multinational programs, private corporations, and satellite systems

GEO Carbon — Tarasova and Butler
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Characterizing Urban Emissions

B Residential Buildings
Commercial, Industrial,

I ciccuicity Production &
Airports
Vehicle Emissions

ANNBAL CO2 EMISSIONS

70% of GHG emissions come from urban areas, yet we really
understand them poorly.

A key subject of this meeting and one that needs more attention

Sources are legion in an urban zone, yet characterizing the region
with measurements and tracers can help us understand the changes
we observe

GEO Carbon — Tarasova and Butler 21



s W
BIPM
Monitoning World Carbon Page 22
BIPM Workshop 2015

Butler et al
30 June 2015

GEO Carbon — Tarasova and Butler

22



Small east-west differences
(especially in the column) require high
accuracy and precision

CarbonTracker 2005 CO, sampled at 13:30 LST
400m AGL

‘c\ . 4

column

range 3.9 (378.9 to 382.8) pmol mol™! range 1.4 ppm (378.6 to 380.0) umol mol™

ST — [CO,] pmol mol™! NOAA Earth System Research Laboratory

378 379 380 381 382 383 CarbonTracker CT2013B release V

The E-W CO2 gradient across N America in the boundary layer is 3.9
ppm or 1% of total observed

For the total column of air, however, it is 1.4 ppm, or 0.3% of the
total observed

It is a special problem for satellites; Detecting the amount is one
thing, detecting a trend is another.

Focusing on hot spots may be the way to best use the satellite
retrievals

23



Expanded suite of satellites
for the future

+ Constellations of CO, satellites, including
geo-stationary platforms (not considered
below)

From “CEQOS Strategy for Carbon Observations from Space

Satellite, Instrument {Agencies) CO; CHy Fov 2012 2013 2014 2015 2016 2017 2018 2019 2020 2021 2022 2023 2024 2025

ENVISAT SCIAMACHY (ESA) . . 30%x60 km®
GOSAT TANSO-FTS (JAXA-NIESMOE) e e 10.5 km (d)

0CO-2 (NASA) . 1.29x2 25 km?
Sentinel-5P TROPOMI (ESA) . 7x7T km?
TanSat (CAS-MOST-CMA) . X2 knt?
0CO-3 (NASA) . ~4 km®
GOSAT-2 TANSO-FTS (JAXANIESMOE) @ e  105km(d)
MERLIN (DLR-CNES) . 0.135 km (w)
MicroCarb (CNES) . 25 km?
PCW.PHEOS FTS (CSA) 7 e 10x10km?
MetOpSG Sentinel 5 (ESA-EUMETSAT) . %7 ke
CarbonSat (ESA) LI 23 km®
ASCENDS (NASA) . 0.100 km (w)
GEOQ.CAPE (NASA) . 4x4 km?
d = diameler

Based on information from various sources wvewano's [ . . s =
namowstip  QOperating Planned Considered  Mission Extension
along orbit track

The important thing here is how many CO2 satellites are planned
over the next 15 years.

For sure, satellites cannot be counted on to deliver trends.

They do allow expansion of spatial coverage, especially where in situ
samples are not possible.

GEO Carbon — Tarasova and Butler
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Improved satellite validation with
expanded TCCON, Aircore and aircraft

0C02 XCO
Nov 4, 2014 to Nov 11, 2014 90‘ N
= . 3
" i June 2002
May 2004 semgg%clzuua
+ y 0% Feb z0D3e e
45 N o i July 2008 by
Ul L] in
Y May 2007 Spring 2008
() 135w s0'W 45w 0 45E 90 ESIBE
L2
Jan 2009 Sept200s -
. |* Operational Site May 2'105. 4
e ®  Future Site TCCON June 2004
90's

Linkage to WMO CO,
Calibration scale

Aircore Aircraft profiles

To make the most of the satellite retrievals, we need ground-based
valildation.

How does one best compare in situ and remotely sensed
measurements?

This is a challenge, but we think it can be done.

The latest “toy” in this game is Air-core.



’ In-situ Measurements Help
£ Understand Remote Signals
g, 800 \\
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Monitoring World. %g on Page 26

BIPM Workshop 2015, 7"

Comparing in situ measurements with remote signals.

In situ measurements are traceable to World Calibration Scales,
ultimately to Sl units.

Demonstrating compatibility reduces bias.
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The Future

Monitoring World Carbon Page 27 Butler et al
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To provide useful information on GHGs requires understanding of
the carbon and some other cycles, including the ocean and land
reservoirs.

WMO'’s domain is the atmosphere.

But, all these are connected and information needs to be shared
among them.

GEO Carbon — Tarasova and Butler
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== Providing Policy-Relevant Information® <=
Data Integration —— Products

“Land” exchange

A —_
\ WMd Domai VA
N (with partners, €.g., GCOS, CEOS) Emission
SurfBE&BESEd Airci’aft’ -’ & Inventories
ey e -
Satellite
Satellite Mapping
Deep Ocean Surface Ocean Blospher'e

Inventories &
Fluxes
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== An Integrated, Global, Greenhouse Gas™¥
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Information System (IG3IS)

Over the next few years, governments will likely
become more involved in efforts to limit atmospheric
concentrations of greenhouse gases.

» Changes in emissions will vary by location and type

» Strategies will vary by nation, region, and economic sector

» Many nations are already pursuing such activities and some
are coordinating efforts.

Any large-scale emission reduction effort requires
independent validation.

A suitable verification system would include

» ground-based and space-based observations,
improvements in transport and carbon-cycle modeling,
fossil fuel-use, terrestrial trends, and oceanic processes,

» information about sources and sinks of greenhouse gases at
sub-continental, policy-relevant scales.

Butler et al
30 June 2015

Focus on two main bullets here

GEO Carbon — Tarasova and Butler
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|G31S Implementation Plan
(within WMO)
CAS Nigt \ / WMOGHE ;
, Groip —> Scieptists —>
\_ (May2043) / o (ud 2013y / \_ (Nov"2043)
"-4\_.7/ . / 5 \/\, 4 _‘ _\«‘ N . \ . \.\'
* Bimodal approach
+ Active Orgs within ™ A &
~ WMO ~ SOWMOS \
o ICOS, China, \e
Brazil INAGP, Congess
SE Asia, etal_~ (dun 2015)
y - Partners g
[ o FAO, UNEP, X
3 ICSU, GEO, .
% GCOS, GOoS,
\.___ BIPM, et al. ’,’
30

WMO is going forward today with an implementation plan for
integrating atmospheric measurements and coordinating other

bodies.

All approvals are

Partners, internal and external, will be important to its success.

in and we are now proceeding.

It includes addressing urban emissions.

GEO Carbon — Tarasova and Butler
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An Integrated Global Greenhouse Gas Information System (IG3IS)

BIPM
Atmosphere
IG3IS
(WMO)

Terrestrial
(GTOS)

(GOOS)

(GCOS = Global Climate Obs. Sys. WMO = World Meteorological Organization
GOOS = Global Ocean Obs. Sys BIPM = Bureau Int'des Poids et Mesures
GTOS = Global Terrestrial Obs. Sys CEOS = Commi. on Earth Obs. Satellites
[AOPC = Atmos. Obs. Panel for Climate GEO = Group on Earth Observations
(OOPC = Ocean Obs.Panel for Climate GFCS = Global Framework for Climate Serv.
[TOPC = Terrestrial Obs. Panel for Climate WCRP = World Climate Res.Programme

This is a thought diagram and shows how international agency and
program roles overlap and suggests a path for success.

Metrology Institutes have a role

-- ensure traceability of all measurements to
international units and scales

-- advance measurement approaches

GEO Carbon — Tarasova and Butler
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