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Using an icosahedral grid transport model and the 4D-Var method, a new atmospheric greenhouse gas (GHG) inversion system has been developed.
Identical twin experiments were conducted to investigate optimal system settings for an atmospheric CO2 inversion problem in terms of the adjoint
models and the optimization schemes as well as to demonstrate the validity of the developed system. Consequently, it is found that a model set of the
forward and adjoint models that have less model errors but have non-linearity performs better than another model set that conserves linearity and exact
adjoint relationship. Moreover, the effectiveness of prior error correlations was reconfirmed; the global error had reduced by about 15 % by adding prior
error correlations that were simply designed. With the optimal setting, the developed inversion system successfully reproduced spatiotemporal variations
of the surface fluxes that span from regional anomalies such as biomass burnings to the continental and the global scales. The optimization algorithm
introduced in the system does not require any matrix decomposition that is sometimes a difficult task but necessary to consider correlations among the
prior flux errors. This enables us to design the prior error covariance matrix more freely. A future study with the developed inversion system and a
sophisticated prior error covariance would exploit satellite observations and provide valuable information of GHG flux variation mechanisms.

For optimization, we have introduced the scheme of POpULar (Fujii and Kamachi, 2003; Fujii, 2005).
The POpULar scheme is based on the optimizing scheme of Derber and Rosati (1989) (DR89). Fujii
and Kamachi (2003) extended the linear conjugate gradient method of DR89 to non-linear cases using a
quasi-Newton method.
The method uses the L-BFGS formula that updates the search direction with an approximated inverse
Hessian of H:
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where ak,l and bk,l are scalar coefficients that are determined by hk and m pairs of p and z. It should be
noted here that the above equation does not require B-1 calculation. Further to avoid the calculation of B-
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Furthermore, ck and qk can be updated respectively as  
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Practically, POpULar uses the initial condition of 
:D = T,
ID = 0,
GD = T, 
=D = L,Q$- L:D − AMNOP ,
@D = (=D,
AD = −@D.
At last, we can see that the sequence of these equations do not 
require B-1.

A schematic figure of NICAM-TM 4D-Var

largely captured by the WUE gradient based on NPP
in this study.

c. Temporal variability

The historical simulation indicated that global total
WUE increased gradually during the last century
(Fig. 5). The estimated average WUEC increased from
7.5 g C kg21 H2O in 1901–40 to 8.0 g C kg21 H2O in
1995–2004 (Fig. 5e), and the estimated average WUES

increased from 0.82 g C kg21 H2O in 1901–40 to
0.92 g C kg21 H2O in 1995–2004 (Fig. 5f). This in-
crement was largely attributable to the increase in
photosynthetic carbon uptake (Figs. 5a,b), which com-
pensated for the small increase in water loss (Figs. 5c,d).
For example, the estimated average NPP increased from
50.5 3 1012 kg C yr21 in 1901–10 to 58.5 3 1012 kg C
yr21 in 1995–2004 (115.9%), whereas the estimated
average AET increased from 61.4 3 1015 kg H2O yr21 in
1901–10 to 63.6 3 1015 kg H2O yr21 in 1995–2004
(13.6%). Such an incremental trend of carbon uptake is
consistent with previous historical simulation studies
(e.g., Cramer et al. 2001; Piao et al. 2009). Note that 1)
both water and carbon cycles are driven largely by solar
radiation and precipitation, and variability in the water
and carbon processes were significantly correlated even
at the global annual scale (GPP versus TR, r2 5 0.96,
p , 0.05; NPP versus AET, r2 5 0.74, p , 0.05); 2)

impacts of disturbances such as land-use change and
wildfires on the carbon cycle and water budget were
included through the decline in LAI, change in the ra-
diation budget, and carbon release by biomass burn-
ing; 3) atmospheric CO2 concentration increased from
291 ppmv in 1901 to 380 ppmv in 2005, leading to a CO2

fertilization effect on photosynthetic carbon gain; and
4) the decrease in stomatal aperture due to the elevated
CO2 concentration did not result in a considerable de-
crease in the total AET (or an increase in total runoff
discharge; data not shown) during the experimental
period. Indeed, several field studies (e.g., Polley et al.
2002) observed that leaf-level WUE increases linearly
with ambient CO2 level. Consequently, the historical
increase and interannual variability in GPP and NPP
explains 97% of the temporal variability in WUE at the
global scale (Fig. 5).

Physiological and ecohydrological studies revealed
that plant WUE is closely related to the stable isotopic
composition (i.e., d13C) of photosynthate. Using histor-
ical tree-ring records and archived specimens, many
studies (e.g., Bert et al. 1997; Saurer et al. 2004; Köhler
et al. 2010) have reconstructed WUE of terrestrial plants
during past decades and centuries. Bert et al. (1997)
analyzed tree-ring data from silver fir trees in France
and found that intrinsic (i.e., stoma level) WUE in-
creased by 30% in the twentieth century. Saurer et al.

FIG. 3. Global distribution of (a) AET and (b) annual NPP, simulated by the VISIT model for
1995–2004.
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Identical twin experiment

Locations of surface flask observation site 
(magenta triangle) and four distributions of 
error correlation introduced in the off-
diagonal elements of B.

Global root-mean-square error (GRMSE) changes with iterations for the linear (red) 
and non-linear (blue) models. Sensitivities to the optimization schemes (DR89: left, 
POpULar: right) and to the prior error covariance matrixes (diagonal: upper, off-
diagonal: bottom) are evaluated.

Root-mean-square error (RMSE) distributions of the posterior fluxes derived by 
POpULar with NON-LINEAR with the diagonal B (a) and the off-diagonal B (b). 
The difference between them (b–a) is also shown in (c) as well as the RMSE 
distribution of the prior flux (d).

Monthly mean distributions of the prior (left), posterior (middle) and true (right) CO2 fluxes. 
Fluxes for three months, March (a-c), July (d-f) and September (g-i) of 2010 are presented. 
Note that the fluxes do not include fossil fuel emissions, which are not optimized in the inversion. 

Monthly variations of the true (gray), prior (green) and posterior
(blue) CO2 fluxes integrated for latitude bands of 30–90°N (a,b),
30°S–30°N (c,d) and 30-90°S (e,f). Terrestrial (non-fossil fuel
flux) (right) and ocean (left) fluxes are separately shown.

We first run a forward simulation to make pseudo observations using a prescribed flux dataset considered
as “true fluxes”. In the experiment, a different flux dataset is used as the prior fluxes and the pseudo
observations are assimilated into the system to modify the prior fluxes, which is expected to become
close to the true fluxes. The validity of the inversion system can be elucidated by evaluating how close
the posterior fluxes have reached to the true fluxes after the assimilation. The analysis period, i.e.,
assimilation window, is set 1 year of 2010 and monthly mean CO2 fluxes are optimized in the inversion.
Therefore, the number of control variables to be optimized is 12 (months) × 10,242 (the number of
horizontal grid points) = 122,904. As not optimizing the initial concentrations, we use the same initial
concentrations for the true and assimilation runs. we have tested two forward and adjoint model sets: one
preserves linearity and complete adjoint relations using the forward model without the flux limiter and
the discrete adjoint model (LINEAR) and the other one is a non-linear and non-exact adjoint set using the
forward model with the flux limiter and the continuous adjoint model (NON-LINEAR).

Prior fluxes

(Ito and Inatomi, 2012) (Iida et al., 2015) 

• Terrestrial biosphere flux of VISIT (Ito and Inatomi, 2012)
• Air-sea flux of JMA (Iida et al., 2015)
• Fossil fuel emission of CDIAC (Andres et al., 2013)

True fluxes
• Terrestrial biosphere flux of CASA (Randerson et al., 1997) 

modified by the inversion of Niwa et al., (2012)
• Climatological air-sea flux of Takahashi et al., (2009)
• Biomass burning emission of GFED v3.1 (van der Werf et 

al., 2010)
• Fossil fuel emission of CDIAC (Andres et al., 2013)

Nonhydrostatic Icosahedral	Atmospheric	Model
(Tomita and Satoh 2004; Satoh et al. 2008, 2014)
–based	Transport	Model	(Niwa et al. 2011)

Owing to the consistency with continuity 
property, tracer mass is perfectly conserved 
without any numerical mass fixer, which is 
favorable for simulations of the long-lived 
tracers. The off-line forward and adjoint modes 
of NICAM-TM are used in the 4D-Var system.
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