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CO, emissions from fossil fuel combustion and industrial
processes contributed about 78 26 of the total green

house gas (GHG) emission increase from 1970 to 2010
(IPCC, 2014)
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The globally averaged combined land and ocean
surface temperature data as calculated by a linear
trend show a warming of 0.85° C over the period
1880 to 2012 (IPCC 2014).



The goal of the Global Carbon Project (GCP) is
to develop comprehensive, policy relevant understanding of

the global carbon cycle, encompassing its natural and human
dimension and their interactions.
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PROJECT

1. Patterns and variability 2. Processes and Interactions

What are the current temporal
and geographical distributions of
the major pools and fluxes in the
global carbon cycle?

) What are the control and feedback
mechanisms - both anthropogenic and
non-anthropogenic - that determine
the dynamics of the carbon cycle?

3. Carbon Management

What are the likely dynamics of the carbon-
climate-human system into the future, and what
points of intervention and windows of opportunity
exist for human societies to manage this system?

GCP Report No. 1



Carbon cycle and Anthropogenic CO2

Monthly Carbon Dioxide Concentration
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@Marine Satellite Remote sensing
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Diagram of inverse radiative transfer elements. Many further

productivity. (IOCCG 5, p9)
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@ Framework of satellite-based
marine carbon research
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Estimation of CO, flux

CO, Emission

Source

CO, absorption
Flux = s(solubility) X k (gas transter velocity ) X (pCO,,-pCO,...)

The equilibrium of gaseous and aqueous CO,: Photosynthesis
co,.,, « CO I
2) 2(e) Marine | 500, +122H,0+16HNO
Carbonate
Subsequent hydration and dissociation reactions: System s+HsPO,
COypq + Hy0 © H,COy & HCO; + H* <->(CH;0)106(NH3)
K1*={H }[H(7()3_] 16H,P0O,+1380,
[€O,] Respiration,
- -2 +
HCO3 AR CO3 tH , Mineralization, etc.
. HCO]]
Asterisk (*) indicates a “stoichiometric” constant - [ HCO% ] ( WOQ, DIC, le T A)




Parameters of the flux calculation

Air-sea CO, flux
F=SXKX (pCOZSea' pCOZair)

Air partial Pressure




CO., gas transfer velocity (K)

z) SatCO-

F=SXKx (pCOZSea' pCOZair)

N

250

Wind |

| " | Wind

{ Waves | 150l
Surface ‘ Bubbles [ | k §
Film § 100+

Near Surface

Turbulence
x

il

‘ [=

K =f(u™) Sc™"
u® — frictional velocity
Sc — schmit number (v/D)
s - solubility

l 200+

50~

Liss et al (1986)
+— Wanninkhof (1992, short-term)
—s—\Wanninkhof (1992, long-term)
Wanninkhof and McGillis (1999, short-term)
*  Wanninkhof and McGillis (1999, long-term) .

+— Jacobs etal. (1999) /aria
—— Nightingale etal. (2000a) ;

+ Nightingale etal. (2000b) T
—=— McGillis etal. (2001) i

« Kuss etal. (2004, square) ! i

Kuss etal. (2004, cubic)
+— McGillis etal. (2004)
Ho etal. (2006)
—+—\Weiss etal. (2007)
*  Sweeney etal. (2007)
-~ \Wanninkhof (2009, square)
Wanninkhof (2009, cubic)
+— Asher (2009)
Takahashi etal. (2009)
* Sarma et al. (2010)
+— Prytherch et al. (2010)

5 10 15
Un (ms™)

20

Parameterization of the K with sea wind,
wave height, etc. with can obtained
from satellite products

e.g. Wanninkhof et al. (2002), Sweeney
et al. (2007), Jiang et al. (2008), etc.



Satellite observation of atmosphere CO,

® Lidar-can measure CO, at bottom layer, IOW ) errrrereeee—e————
spatial resolution. st
:
® Thermal emission- measure CO, at middle e
1“,; F— Thermal Emission
layer, insensitive to the bottom layer . — NIR Absarption
2 st
® Reflected Sunlight (NIR CO, absorption)- N st AR
measure CO, at whole column, high accuracy. % ¢ 04 )& 15 10 12
Down-
Measurement _ CO, Measurement ons
Instrument . . track
Method Measurement Precision .
Sampling
Reflected OCO Total Colummn | 1 ppm 2.3 km
Sunlight SCIAMACHY | Total Column | 3-10 ppm 60 km
GOSAT Total Column | 4 ppm 10.5 km
Thermal AIRS Mid-Trop 1 -2 ppm 45 km
Emission [ASI Mid-Trop 38 ppm 100 km
TES Mid-Trop ~5 ppm ~50 km
Active ASCOPE Lower-trop 2 — 4 ppm ~100 km
(LIDAR) ASCENDS Lower-trop 2 —4 ppm ~100 ki




OCO—NASA

® NASA approved the OCO satellite (Orbiting Carbon Observatory) mission
In 2002 to monitoring global atmosphere CO,. Accuracy goal of 0.3~0.5%(1-
2ppm). Reflected Sunlight method

® OCO was launched on 24 Feb. 2009, but failed.
® NASA launched in Jul. 2014 successfully.

GOSAT-JAXA (Japan)

® GOSAT-Greenhouse Gases Observing Satellite, launched on 23 Jan.
2009. Reflected Sunlight method.

® GOSAT-2 was launched in Oct. 29, 2018.



CarbonSat
Global CO, & CH,

from space

Earth Explorer 8 (EES)
Candidate Mission

ESA new €O, mission

Band: NIR
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Chinese CO, satellite mission

PEEN_AEHENMETRIE (TanSat)

® Scientific experimental
satellite. Main payloads
Include high spectral CO,
sensor, multiple channel
cloud and aerosol.

® | aunched in 2017. CO,
measuring accuracy to be
4ppm.

The first global map of
atmospheric carbon dioxide
In China's carbon satellite,
(above) April 2017, (below)
July 2017. The color
iIndicates the average dry
air mixing ratio (XCO2) of
the atmospheric Carbon
dioxide column.




@Air CO, from the model simulation data

PCO, i = XCOosatm X (P /1013.25 - pH,0)

Climatologic atmospheric pCO,

» NOAA/CMDL/Carbon (2003-2009) monthly-averaged
Tracker

»XCO,,.¢y, =CO, Dry
Ailr Mole Fraction
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Parameters of the flux calculation

Air-sea CO, flux
F=SXKx (pCO,...- pCO,:)

SOU Fce Air partial Pressure

I




CO, Speciation

CO,(g) has many possible transformations upon dissolution in H,0O

Major dissolved forms:
COyq (aqueous carbon dioxide - a dissolved gas)
H,CO, (carbonic acid - trace amount)
HCO4  (bicarbonate ion)
CO;2  (carbonate ion)

Partial pressure
of carbon dioxide

(PCOy)

The equilibrium of gaseous and aqueous CO,:
COyg > COxp)

Subsequent hydration and dissociation reactions:
CO,pq t HO © H,CO; <> HCO; + HY

Species composition (%)

3 4 5 6 7 8 9 10 1 1
pH

. {H"[HCO, |
Lo,

HCO; « CO,2+ H*
H}[CO]

*

Asterisk (*) indicates a “stoichiometric” constant

[HCO, |

‘ Seawater values shown --- freshwater curves are shifted left

* pH =-log {H"}

v Total Alkalinity (TA) represents ability of seawater to
resist pH change upon addition of acid

+ Any two of the four CO, properties (2CO,, Py, pH,
and carbonate alkalinity) can be used to determine

the CO, system



Remote sensing algorithm of Aquatic pCO,

Sea-air flux of CO5 in the Morth Pacific using shipboard

and satellite data

PpCO, vs. SST
Mark P. Stephens, Geoffrey Samucls, Donald B. Olson, and Rana A. Fine

Fosensteel School of Marine and Almospheeric Science, Umiversity of Biamd, Bliamd, Florda

Taro Takahashi

Lamont-Doherty Eamb Observatory, Codumbia University . Palisales, Mew Yaork

JOURMAL OF GEOPHYSICAL RESEARCH, VOL. 100, MO, C7, PAGES 13,.571-13 583, JULY 1%, 1995
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Figure 4. Seasonal relationship between ln pCOy, o ey, and S5T. The curves represent the least squares
fits of In pCOw, _pgaey to 55T, The carves for (a and b) winter and spring represent the equations wsed o
calculate In

jr=1try [rom satellite SST, bui the equations for (¢ and ) summer and fall include a
longitude term, pot included in these curves.
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Remote sensing of pCO,-regression

Empirical algorithms

)

Aquatic pCO,

()

X

Proxies:ssT, Chla, Lon, Lat,

Salinity, Mixing Layer Depth, etc.

Estimation the Aquatic pCO2 from Empirical algorithms (e.g. Linear Regression)

Proxy Equation Research area (References)
e.g.North Pacific(Stephens et al. 1995: Olsen et al.,
2003, 2004:). Green land(Hood, et al. 1999:),

- (M Sarga.sso Sea(Nelson, et .al,. 2001), Caribbean
Sea(Cosca et al., 2003:), Chile coastal(Levefre et al.,
2002). sub-Antarctic Ocean(Metzl et al., 1999:), North
Atlantic(Lefévre et al., 2004:)
e.g. North Pacific (Ono et al., 2004)

Chloraphyll a f(T and/or Chla) Southern Ocean (Rangama, et al., 2005)
Northern SCS (Zhu, et al., 2009)

. e.g. Carbbean Sea (e.g. Wanninkhof, et al., 2007

Location (Lon, Lat) | f(T, Lon, Lat)
Lueger, et al.,2009)

Mixing laver depth | (T, MLD, Lon, Lat) | ¢.g. North Atlantic (Lueger, et al..2009)

ChOM f(T, aCDOM) ¢.g. Hudson Bay (Else, et al., 2008 ),

Salinity (S, etc.) e.g. North Pacific( Sarma et al., 2006)

Neutral Network (T, S, Chlorophyll, ect.)

e.g Northern SCS (Yan etal., 2011)

Principal Component analysis

¢.g.Northern Gulf of Mexico (Lohrenz and Cai, 2006)

Satellite data with Model

e.g.Mediterranean (D’Ortenzio)

PCO, (uatm)

pPCO (uatm)
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Sea surface pCO,,., (Marginal Sea)

F=S X Kx (PCOssea- PCOLy;r)

Spring/Early Summer (Moderate or Declining Discharge)
Far-field BfOIngCﬂ’ Pump and Near-field
J Biology - Filie Mixing Effects on pCO, Plte

'/"  Remineralization
| Photodegradation

pCQZSea ]_ ST

Transport |

Marine carbgnate system

¥

‘m{ B o Sl s i }E‘ s

The controlling factors in the marginal sea system are
very complicated, including biological, thermodynamic
(SST), and mixing (transport) effects, etc.




Remote sensing algorithm of Aquatic pCO,

D,

Sea-air flux of CO5 in the Morth Pacific using shipboard

and satellite data

Mark P. Stephens, Geoffrey Samucls, Donald B. Olson, and Rana A. Fine

Fosensteel School of Marine and Almospheeric Science, Umiversity of Biamd, Bliamd, Florda

Taro Takahashi

Lamont-Doherty Eamb Observatory, Codumbia University . Palisales, Mew Yaork

PpCO, vs. SST
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Mechanistic-based semi-analytical algorithms

Mixing Biological effect

Mixing index Photosynthesis
Carbonate system indirectly

OpCOzatherm OpCO2amix OpCOzabio
ApCO, = XAV, + XAV i dH X AV
p 2 ( avtherm ) therm ( avmix mix aVbio bio

P CO2aflux OP COzafactorn
+ X AV, LT + X AV, o+
i OVaux ) flux ( WViactorn factor-n T €,

Iterative Conm Air-sea CO, flux

The variation of pCO, is analytically expressed as the sum of
the first-order partial-difference of individual pCO,
components contributed by each process or controlling factor.
Hence, the critical issue is how to derive the analytical
expressions of each process?



Mechanistic-based semi-analytical algorithms

ECS (RioMar) Bering Sea (OceMar)
(Bai et al, 2013,2014 , 2015, JGR) (Song, Bai* et al, 2016, RS)
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e 1) Prediction of thermodynamic control

o Here we only consider the temperature-dependent
component of the thermodynamic effects on sea surface
pCO,. This fractional thermodynamic effect is known to
have an effect of 4.23%/1° C [Takahashi et al., 1993, 2002,
2009] as:

pCO,@T, =pCO, AT, xexp[0.0423x (T, —T,.)]

e In our method, we combine the variation of pCO,
contributed by temperature change with that caused
by the water mass mixing process using the
calculation of the carbonate system; we do put the
thermodynamic effect as a separately item.



Mechanistic-based semi-analytical algorithms

Mixing Biological effect

Mixing index Photosynthesis
Carbonate system indirectly

OpCOzatherm OpCO2amix OpCOzabio
ApCO, = XAV, + XAV i dH X AV
p 2 ( avtherm ) therm ( avmix mix aVbio bio

P CO2aflux OP COzafactorn
+ X AV, LT + X AV, o+
i OVaux ) flux ( WViactorn factor-n T €,

Iterative Conm Air-sea CO, flux

The variation of pCO, is analytically expressed as the sum of
the first-order partial-difference of individual pCO,
components contributed by each process or controlling factor.
Hence, the critical issue is how to derive the analytical
expressions of each process?



Marine
carbonate
calculation| mixing model (TR E{ER)

Parameterization of the two end-members

dpCO2 = £—8pC02de [ P02 decoz ; (—8pC02 deALK i (_apcozjds
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Conservative mixing behavior
Zhai et al., Marine Chemistry, 2007



Mixing

Index

@Satellite-derived salinity by ocean color remote
sensing in Changjiang River plume can be used as
the mixing index in the ECS

BAI ET AL.: SATELLITE SALINITY OF CHANGJIANG PLUME
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increase of ehla concentration based on the bio-optical model
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BlO-
Effect

@3) Parameterization of the biological effect

we assume that there is a general relationship between pCO, and chla,

& represents the pCO, contribution from other factors, which does
not overlap the contribution from the biological effects.

pCO, = A-Bxlog(chla) + ¢

partial-difference of pCO, due to chla

0(pCO,g,) O[A-Bxlog(chla)+e] B 1
o(chla) d(chla) ~ In(10) chla

an integration of the increment of chla with time because the
biological drawdown of pCO, is a cumulative process.

opCO,q cla, B 1
ApCO, gy, = aV—AVbio = _Lh,ao - In(10) chla d (Chla)

bio

B
=) x[In(chla,) - In(chla,)]



3) Parameterization of the biological effect
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MeSAA algorithm in ECS In summertime

pC02 ZPCOZ@Hmix + APCOZ@bio
PCOanmix =LUT(TAq, DICy, NTA3s, NDICss, SST, Salinity)
ApCOszapio=—117.5X[log (chla)—log (0.2)]



Satellite Result and validation

The inputs of MSAA include satellite products of chla, SST, salinity,
and DIC and TA values for two pairs of end-members.

Satellite salinity in August 2009
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Satellite Result and validation

Satellite pCO,
in August 2009

16 day composite
during the cruise
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Lateral mixing
Vertical mixing
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Semi-Analytical pCO,,, Algorithms
All seasons

Ocean Color

Particle optics can denote the mixing state of water column
both at vertical and horizontal directions.
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Validation- Aquatic pCO,
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Sea surface pCo,
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Selection of reference water-mass

OPCO, 6 term PCO; g o

oV

AV, .+ (

2 = PCO,,, +( JAV,;, +&

8V therm

bio

(-]
Temperature( C)

July 2010 cruise

Selected pCO,
= 381.8£5.08 uatm

- =
(=T X

Calculated pCO,summen)
—=385.9 gatm

= NWhR DN DO

Song, Bai* et al., RS, 2016



Mechanistic-based semi-analytical algorithms

Biological effect

9
Mixing index
Carbonate system
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epCO, change from last winter to summer
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pCO, = A-Bxlog(chla) + ¢
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Satellite-derived pCO, In summer
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pCO, = A-Bxlog(chla) + ¢
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Validation (1)-monthly
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Influence by pervious spring
algae bloom on summer pCO,

Validation (2)-daily
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Contribution of different controlling factors
on the variation of pCO,
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@Ongoing wotk...... (MeSAA-pCO,)

1. Parameterization of the Physical Mixing Effect or
Meso-scale processing (Imixing index, SSS, SST, MLD,

other proxy?)

2. Parameterization of the Biological Effect (C/chla, NCP,
phytoplankton types, etc.)

3. Parameterization of Processes at Different Time
Scales (re-equilibrium time?)
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@QOutline (¢) SatCO-

O Framework of satellite-based marine
carbon research

o Inorganic Carbon : pCO,
O Carbon flux estimation

0SatCO2-- Satellite-based marine carbon
monitoring and analysis system



@ From surface to the water column
Estimation of POC inventory

Z

OC = J Ocsurf * f (Z,L )dZ Spoc =— f Cpocs f(Z,---)dz,
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@Water mass and
models of DOC profile

SatCO-=

(a) (b)

Bottom boundary of
pycnocline

Uniform
distribution

Stratification
distribution

33

a

LAbbhudbbbfhihdsnow

Figure 6. Two simplified models of the vertical DOC profile: (a) a uniform model and (b) a stratification model.
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Estimation of lateral DOC transport in marginal sea based on remote sensing and
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numerical simulation
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@POC export flux (sequestration) ¢) SatCO=

® direct sinking flux of large

The Carbon Pumps phytoplankton and associated

Removal Rates and Time-scales aggregates by gravity

® flux of zooplankton feces by grazing

Export of sinking particles

Excursion ll: Particle Sinking and Degrad

(removal time scale)

Euphotic zone

............ Base of Euphotic Zone

= Export production
(weeks to years)

Photic zone

Twilight zone

...................... Base of Twilight Zone J(ZUUIES)

Sediment surface LAY

Sediment burial ~ JEWN)

Aphotic zone

Neuer, Iversen, Fischer doi:10.4319.01.2014 sneuer miversen.gfischer ASLO Neuer hrersen. Fischer



POC export flux estimated based on Food-web model

bbp490, bbp510, bbp550
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Model-input data =
L1, Bai*, etc. 2018, JGR
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Model results

Li, Bai*, etc. 2018, JGR
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@Outline (@) SatCO-

O Framework of satellite-based marine
carbon research

o Example: pCO, and POC export flux

0 SatCO2-- Satellite-based marine carbon
monitoring and analysis system



e Satellite-based marine carbon
monitoring and analysis system (SatCO2)

@ SatCO-

Marine Satellite Data Online Analysis Platform (SatC02-Pro)

SURPORT for multiple sources & time series data sharing and analysis

» Online access of unique satellite remote sensing data

» 3D Earth visualization and scientific computation

* Analysis and evaluation of multi-source (satellite, in situ and model) data
» User-defined algorithms and product generations

« Calculation and evaluation of ocean carbon fluxes

» Easy integration of professional modules

State Key Laboratory of Satellite Ocean Environment Dynamics, Second Instituton of Oceanograph, SOA, China

Key Laboratory of Resources and Environmental Information System of Zhejiang Province, Zhejiang University




@Concluding remarks

1. We want to develop an integrated marine
carbon monitoring and assessing system, to
better quantify, understand and predict the
changing marine carbon system, especially in
the highly dynamic marginal sea.

2. It need the joint research on multi-disciplines
and the collaboration.
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