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!
Objectives:!

• In%this%paper,%we%describe%the%variational%inversion%system%developed%as%part%of%the%
CMSIFlux%and%demonstrate%the%performance%of%this%system%in%the%context%of%an%
Observing%System%Simulation%Experiment%(OSSE).%!

• The%study%uses%an%OSSE%to%investigate%the%impact%of%JAXA%Greenhouse%gases%Observing%
SATellite%‘IBUKI’%(GOSAT)%sampling%on%the%estimate%of%terrestrial%Biospheric%flux%with%the%
NASA%Carbon%Monitoring%System%Flux%(CMSIFlux)%estimation%and%attribution%strategy.%!

• The%study%investigated%the%impact%of%GOSAT%sampling%on%(1)%flux%estimation%for%random%
error%uncertainty%reduction%and%(2)%the%global%and%regional%bias%in%posterior%flux%that%
results%from%the%spatiotemporally%biased%GOSAT%samples.%!

• The%OSSE%uses%simulated%observations%based%on%the%actual%column%carbon%dioxide!
(XC02)b2.9%retrieval%sensitivity%and%quality%control%for%2010,%processed%through%the%
Atmospheric%CO2%Observations%from%Space%(ACOS)%algorithm.!

• Monte%Carlo%calculations%were%used%to%find%average%flux%uncertainty%reduction%ranges.!
!

New!Science:!
• The%results%show%that%the%ACOSIGOSAT%observations%reduce%uncertainty%of%the%monthly%

global%mean%flux%ranges%from%25%%in%September%to%60%%in%July.!
• The%annual%mean%uncertainty%reduction%ranges%from%10%%over%North%American%Boreal%to%

38%%over%South%American%temperate,%which%was%driven%by%the%observational%coverage%
and%the%magnitude%of%prior%flux%uncertainty.!

• The%uncertainty%reduction%over%the%South%American%tropical%region%is%30%,%although%the%
observation%coverage%is%sparse.%!

• This%large%uncertainty%reduction%is%mainly%from%observations%over%Central%America,%
South%American%temperate%and%South%Africa,%where%the%CO2%concentrations%are%
sensitive%to%South%American%tropical%flux.%!

• The%study%shows%that%the%reduction%results%from%the%large%prior%flux%uncertainty%and%the%
impact%of%nonIlocal%observations.!

• The%impact%of%GOSAT’s%spatiotemporal%sampling%of%the%posterior%flux%was%found%to%have%
a%0.7%gigatons%of%carbon%bias%in%the%global%annual%posterior%flux%resulting%from%the%
seasonally%and%diurnally%biased%sampling%when%using%a%diagonal%prior%flux%error%
covariance.%!

!
!Significance:!

• CO2%plays%a%crucial%role%in%climate%forcing,%and%in%the%uncertainties%related%to%carbon%
climate%feedbacks%in%global%models.%%%

• To%better%understand%this%role,%it%is%crucial%to%accurately%monitor%CO2%change%and%to%
understand%and%quantify%the%processes%causing%changes%in%CO2.%%



• This%study%demonstrates%the%significant%impact%on%flux%estimation%of%assimilating%
simulated%ACOSIGOSAT%observations%with%CMS%Flux%inversion%system.%%

• There%is%no%OSSE%study%so%far%that%uses%the%real%GOSAT%retrieval%sampling%and%
sensitivities%and%few%studies%have%discussed%the%impact%of%spatiotemporally%biased%
sampling%on%CO2%flux%estimation.%%

• This%study%demonstrates%the%significant%impact%on%flux%estimation%of%assimilating%
simulated%ACOSIGOSAT%observations%with%CMS%Flux%inversion%system.%%

• A%followIon%paper%by%these%authors%will%describe%the%assimilation%of%real%ACOSIGOSAT%
observation.%%

• The%CMS%Flux%inversion%system%has%some%problems%in%common%%with%other%inversion%
systems%(including)%the%specification%of%prior%flux%error%statistics,%uncertainty%
quantification%and%the%impact%of%transport%errors%which%require%further%investigation.%%

!

!

Figure%1:%%(a)%Global%CO2%flux%seasonal%cycle%(black:%the%truth;%blue:%the%prior%flux;%red:%the%
posterior%flux%assimilating%ACOSIGOSAT%Xco2;%green:%the%posterior%flux%assimilating%randomI
sampled%XCO2.%%Unit:%GtC/month.%%%
(b)%Global%total%flux%uncertainty%reduction%as%a%function%of%month.%%
!

!

sampling on the estimated annual flux at the global

scale under the condition of our specific inversion setup.

Averaged zonally, the seasonality of the posterior flux

from the control inversion has been improved over all

latitudes (Fig. 1f). The root mean square (RMS) error of

the monthly zonal mean flux has been reduced by as much

as 50% (Fig. 1g). However, the annual global total flux has

become !6.0GtC/yr after optimisation. It is worse than

the prior flux (!5.3GtC/yr), which is constructed to be

equal to the true annual flux. Spatially, the annual mean

flux also becomes worse over some locations, for example,

over Europe (Fig. 1c). Why does the annual flux become

worse while the monthly zonal mean flux is improved in

all months? We find that the extra 0.7GtC/yr sink in

the annual total posterior flux is due to both the specific

inversion setup and the difference between the observed

value forced by the true flux and the model-predicted

observations forced by the prior flux. Since the prior flux

error covariance matrix is diagonal (Section 2.6), the

adjustment to the prior flux during inversion would be

more subject to the difference between the observations and

the model simulated values than otherwise. Averaged over

the globe, the annual mean simulated ACOS-GOSAT XCO2

forced by the true flux is 387.12 ppm, and the annual mean

simulated ACOS-GOSAT XCO2
forced by the prior flux is

387.49 ppm. If we assume that an equivalent net CO2 flux

into the atmosphere is the same between a 1-ppm increase

in ACOS-GOSAT XCO2
and a 1-ppm increase in the global

mean CO2 provided NOAA (http://www.esrl.noaa.gov/),

the 0.37-ppm difference is equivalent to 0.8GtC/yr since

a 1-ppm increase in global mean CO2 is equivalent to a !2.

1276GtC net CO2 flux into the atmosphere (Gruber et al.,

2009; Sarmiento et al., 2010). The 0.1GtC difference from

the actual posterior flux bias is because the CO2 has not

been well mixed towards the end of the year, which affects

the accuracy in transferring CO2 difference into flux. As we

shall show, this 0.37-ppm difference is a consequence of the

sampling of GOSAT.

In order to better understand where the 0.37-ppm

difference comes from, we plot 10-d running-mean XCO2

from the nature run sampled with different strategies in

Fig. 5a. XCO2
here is a pressure-weighted column CO2

without using the ACOS-GOSAT averaging kernels. When

only sampled at the ACOS-GOSAT locations and times

(black line), the annual mean XCO2
is 0.14 ppm smaller than

the annual mean XCO2
sampled at all grid points every

3 hours (blue line). This difference is a combination effect

of ACOS-GOSAT seasonally dependent partial geographic

sampling and daytime only sampling. When we sample

XCO2
at ACOS-GOSAT locations every 3 hours (red line

in Fig. 5a and b), the annual mean XCO2
is 0.05 ppm

smaller than the annual mean XCO2
sampled at all grid

points every 3 hours. When only sampled at the ACOS-

GOSAT observing time, the annual mean XCO2
is 0.09 ppm

smaller than the annual mean XCO2
sampled every 3 hours,

even though both strategies sample the same ACOS-

GOSAT locations. It indicates that the ACOS-GOSAT

daytime only sampling results in !0.09-ppm bias, while

partial geographic sampling introduces !0.05-ppm bias.

The low bias from the daytime only sampling is because

the terrestrial biosphere absorbs CO2 from the atmos-

phere during the daytime. Miller et al. (2007) show that

the XCO2
sampled at 13:00 pm (local time) is most close to

daily average XCO2
. However, the difference between XCO2

sampled at 13:00 pm and the daily average XCO2
depends

on the magnitude and phase of terrestrial biosphere diurnal

cycle. The seasonally dependent sampling introduces a low

bias in XCO2
is because of the ACOS-GOSAT preferentially

global flux(black:truth;red: posterior(ACOS-GOSAT);
blue: prior; green: posterior (random-sampled))
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Fig. 4. (a) Global CO2 flux seasonal cycle (black: the truth; blue: the prior flux; red: the posterior flux assimilating ACOS-GOSAT XCO2
;

green: the posterior flux assimilating random-sampled XCO2
. Unit: GtC/month). (b) Global total flux uncertainty reduction as a function of

month.
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!
!
!Figure%2:%Flux%seasonal%cycle%comparison%among%the%truth%(black),%the%prior%flux%(blue)%and%the%
posterior%flux%(red)%at%11%TransCom%regions%over%land;%purple%line%is%the%total%number%of%
simulated%ACOSIGOSAT%observations%at%each%region%as%a%function%of%month%(unit:%100,%right%
yIaxis);%(a)%North%American%Boreal;%(b)%North%American%Temperate;%(c)%South%American%Tropical;%
(d)%South%American%Temperate;%(e)Northern%Africa;%(f)%Southern%Africa;%(g)%Eurasian%boreal;%(h)%
Eurasian%temperate;%(i)%Tropical%Asia;%(j)%Australia;%(k)%Europe.%On%the%top%of%each%panel%lists%the%
RMS%error%of%the%prior%flux%(first%number)%and%the%posterior%flux%(second%number).%Unit:%
gC/m2/d;%(l)%the%geographic%boundaries%of%the%11%regions.%

Chevallier et al. (2009) showed that the fractional uncer-

tainty reduction ranges from 25 to 80% over terrestrial

TransCom 3 regions when assimilating simulated GOSAT

observations without transport errors, which is larger than

we find here. We speculate that the main reason is due to

the difference in the number of observations assimilated

(Section 2.4).

3.3. The sensitivity of remote CO2 concentrations to
the surface flux over the South American tropical region

The South American tropical region is home to one of the

world’s largest tropical rainforests and is experiencing

rapid land-cover change (e.g. Lepers et al., 2005). Under-

standing the carbon budget over this region is crucial to

North American Boreal
rms(prior)=0.166862, rms(post)=0.0815982

South American temperate
rms(prior)=0.185222, rms(post)=0.0845465

Eurasian Boreal
rms(prior)=0.127042, rms(post)=0.0668039

Australia
rms(prior)=0.151488, rms(post)=0.0847109

Europe
rms(prior)=0.22356, rms(post)=0.116675

Eurasian temperate
rms(prior)=0.0935887, rms(post)=0.0430561

Tropical Asia
rms(prior)=0.0990572, rms(post)=0.0636073

North American temperate
rms(prior)=0.16387, rms(post)=0.0857835

North Africa temperate
rms(prior)=0.141106, rms(post)=0.0928145

South American tropical
rms(prior)=0.242319, rms(post)=0.093843

South Africa temperate
rms(prior)=0.379953, rms(post)=0.15464
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TransCom 3 regions over land
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Fig. 6. Flux seasonal cycle comparison among the truth (black), the prior flux (blue) and the posterior flux (red) at 11 TransCom regions

over land; purple line is the total number of simulated ACOS-GOSAT observations at each region as a function of month (unit: 100, right

y-axis); (a) North American Boreal; (b) North American Temperate; (c) South American Tropical; (d) South American Temperate; (e)

Northern Africa; (f) Southern Africa; (g) Eurasian boreal; (h) Eurasian temperate; (i) Tropical Asia; (j) Australia; (k) Europe. On the top of

each panel lists the RMS error of the prior flux (first number) and the posterior flux (second number). Unit: gC/m2/d; (l) the geographic

boundaries of the 11 regions.
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