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Abstract: In order to study the influence of the assimilation of OCO-2 satellite column-averaged
dry air mole fractions of CO,(XCQO,) data on global CO, simulation, the study, based on GEOS-
Chem V12.6. 3, adopts the four dimensional variational (4D-Var) method to develop a global at-
mospheric CO, concentration assimilation system that assimilates OCO-2 satellite XCO, data.

First, the finite difference method is used to validate the correctness of the calculation results of
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the observation operator, the cloud convection, the planetary boundary layer, and the advection

modules. Then, two experiments on simulation and assimilation are designed taking the year

2018 as an example, with three observation data of TCCON, ground and aircraft used for com-

parison and validation. The results show that the mean errors between the assimilation experi-

ment results and independent TCCON, ground and aircraft observations are 0. 37 ml./m®, 0. 41
mL/m®, and 0.51 mL/m®, respectively, which are improved by 40.32% ., 42.25%, and 45.15%

compared with the simulation experiment results. It shows that the assimilation system could sig-

nificantly improve the accuracy of the global atmospheric CO; concentration estimation.
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Fig. 4 Validation of adjoint modules
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B TRl AL S 56 A 25 A0 CT20198 BB 40 il k17
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TCCONMLIMZHig A7 XL, 2 3 th gl T AL [R]
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BB RE 5288 .CT2019B &5 TCCON MR = [8] 15 22 43 7 25 51

Tab. 3 Evaluation results between TCCON observations and the corresponding results

from simulation experiment, assimilation experiment and CT2019B

ME/(mL *+ m ) MAE/(mL * m ®) RMSE/(mL * m *) CORR

KA uli M %4
B [k CT B Wik CT Bl Wi CcT  #e Fik  CT
Ascension 0.01 0.52 0.82 0.67 0.82 1.01 1.03 1.18 1.36 0.61  0.58 0.58
Burgos 0.48 0.47 0.58 0.83 0.70 0.74 1.08 0.91 0.94 0.82 0.88 0.89
} Izana 0.61 0.42 0.27 0.68 0.56 0.53 0.87 0.70 0.66 0.93 0.94 0.94
3{;{ Saga 0.54 0.38 0.06 0.8 0.86 0.67 1.12  1.11 0.90 0.89  0.87  0.90
ﬁg Reunion —1.14 —0.59 —0.69 1.32 0.99 1.03 1.58 1.23 1.28 0.04 0.00 —0.03
Rikubetsu 1.65 1.19 0.73 1.67 1.29 0.8 1.99 1.62 1.14 0.93 0.93  0.96
Ny Alesund ~ 1.75  1.33  0.44 1.80 1.46 0.80 1.97 1.60 0.95 0.98  0.98 0.98
Tsukuba 0.47 0.18 —0.13 0.8 0.82 0.68 1.11  1.08 0.90 0.89  0.88 0.92
Anmyeondo  1.22  1.10  0.83 1.22  1.11 0.92 1.47 1.36 1.19 —0.51 0.15 —0.42
g Caltech —1.05 —1.30 —1.43 1.19 1.35 1.47 1.51  1.65 1.74 0.79  0.82 0.83
’;i Darwin —0.16 —0.34 —0.39 0.46 0.52 0.60 0.67 0.70 0.79 0.68 0.65 0.55
R Pasadena —1.24 —1.10 —1.00 1.33 1.21 1.10 1.65 1.52 1.40 0.73  0.75 0.79
Wollongong  —0.39 —0.44 —0.59 0.59 0.62 0.73 0.80 0.82 0.98 0.76 0.81  0.77
Bialystok 1.14 0.8 0.05 1.20 0.96 0.69 1.47  1.27 0.93 0.97 0.96 0.97
Bremen 1.52 0.93 0.62 1.55 1.14 0.8 1.85  1.43 1.14 0.91  0.90  0.93
Dryden 0.75 0.39 0.07 0.83 0.54 0.47 0.95 0.66 0.60 0.91  0.92 0.91
East Trout Lake 1.76  1.37 0.56 1.80  1.47 0.89 2.0l  1.68 1.11 0.95 0.96  0.97
Eurcka 0.09 —0.27 —1.36 0.73 0.70 1.36 0.87  0.94 1.60 —0.10 —0.13 —0.27
Garmisch 1,30 0.94 0.47 1.33 1.04 0.81 1.51 1.25 1.00 0.95 0.94  0.95
,;';] Karlsruhe 1,00 0.61 0.07 1.19 1.03 0.87 1.47 1.26 1.11 0.90  0.90  0.92
ﬁg Lauder 0.29 0.48 0.25 0.69 0.63 0.54 0.87 0.83 0.72 0.75 0.75 0.74
Lamont 0.37  0.09 —0.29 0.89 0.72 0.68 1.20 1.02 0.97 0.88  0.91 0.92
Orleans .51 1.05 0.45 1.53 1.11 0.69 1.71  1.34 0.94 0.94 0.94 0.95
Paris 1.38  0.98 0.34 1.51 1.17 0.77 1.78  1.47 1.08 0.88  0.88 0.90
Park Falls 1.08 0.75 0.02 1.18 0.95 0.70 1.45 1.18 0.89 0.96  0.96  0.97
Sodankyla 1.29  0.93 0.25 1.32 1.04 0.69 1.52 1.25 0.86 0.98 0.97 0.98
Zugspitze 1.00  0.60 0.28 1.63 1.50 1.52 2.12  1.95 1.93 0.63 0.65 0.66
e E RIS ) 0.67 0.51 0.26 1.03 0.91 0.74 1.33 1.17 0.96 0.89  0.91 0.93
g 7 3 5 —0.74 —0.8 —0.94 0.92 0.98 1.05 1.27 1.31 1.36 0.89 0.90 0.89
PAY T s A5 1 1.06 0.74 0.20 1.22  0.97 0.73 1.50 1.25 0.98 0.93  0.94 0.95
EL LN S 0.62 0.37 —0.02 1.12 0.96 0.80 1.42 1.25 1.06 0.89 0.90 0.93
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Fig. 5 Boxplots of the different types of observations and the corresponding

results from simulation experiment, assimilation experiment and CT2019B in 2018
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Fig. 6

Boxplots of the TCCON and surface observations and the corresponding results

from simulation experiment, assimilation experiment and CT2019B in 2018

M 3 FIE 5Ca) FT LU i [R) Ak 52 56 245 5 Fn A
LS A e, 5 TCCON WL () ME #1 RMSE, 43
S 0. 62 mL/m® Fl 1. 42 mL/m®, T F& %] 0. 37
mL/m® il 1. 25 mL/m’, & ¥ T 40. 32% #i
11.97%,iX 5 Wang 55 [l {6 OCO-2 TL R 445 1%
FAYE TCCON M 0. 80 mL/m® ) ME K & #
.5 O’ Dell 143 H Y OCO-2 T A& XCO,
# 5 TCCON Z [i] 5 ME #l RMSE 4% %1 24 0. 30
mL/m’ Fl 1. 08 mL/m® 1 &5 & A M 45, Ui B [F] 1k
25 R 5 TCCON Z[a) iy 2 , HAIRF T OCO-2 T
B XCO, Bl i FE R

M 3 FE 6 ) F] LA i, % T 16 7 F A Bl X
2 FZEARIA) TCCON 3 mi 5 [7) 1 52 55 285 S Lh A5 400 58

5 235 B A U Y 23 , MEE 43 51N 0. 67 mL/m? Al
1.06 mL/m* &% T 0. 51 mL/m*#l 0. 74 mL/m’,
M T 23, 88% Al 30. 19% , RMSE 43 5 M\ 1. 33
mL/m’Fl 1. 50 mL/m*F&%] T 1. 17 mL/m* 1 1. 25
mlL/m’, 3 T 12. 03% #l 16. 67% . {HJ& X} F
FEZEAA TCCON uh &, B4 52 50 ) ME Fl RMSE
S —0. 74 mL/m® fil 1. 27 mL/m®, [F 4L S2 56 1Y
ME F1 RMSE 43 %]} — 0. 86 mL/m’ #l 1. 31 mL/
m’ FW LM RIFEARE, (ENSBW
CT2019B 5 [a {45 5 1% B AR, 53 & TCCON
vl 5 2Z ) ME F1 RMSE 435128 —0. 94 mL/m® il
1.36 mL/m®, Wl i KT 5 FEM A TCCON # s5
Z [ ME 1 RMSE,
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1 CT2019B ARG , 22 P 47 {5 20 08I0 £5 48 oF 1z 1) <
JEr 2 TG AT X L Ar B, 2B 45 2R L CT2019B
B 55 T S 00 00 K AR X L 43 A 0 45 SR L3R 4, X
JO7 ) AR T B LI 5 Ch) T 6 (h) o 5O 454 xof
TS ESE e G VA NN 5 P ON S
WLE 5 FIE 7,

F 4 BRI CT2019B 5 b DU 22 8] (14 15 2 53 B1 45 2R

Tab. 4 Evaluation results between surface observations and the corresponding

results from simulation experiment, assimilation experiment and CT2019B

ME/(mL + m™*) MAE/(mL + m™*) RMSE/(mL + m™*) CORR
FUR Iz
L [k CT2019B  #E4l  [fk  CT2019B 4l  [Ffk  CT2019B #E#l  [fk  CT2019B
SORAE 0.70 0,40 0.06 1.75  1.60 1.43 2.63 2.52 2.82 0.89 0.89 0.85
PFP RAfE  0.27 —0.17 —1.06  3.56 3.45 3.29 6.03  6.00 5.75 0.72  0.72 0.76
B 0.74  0.44  —0.18  2.74 2.60 1. 92 4.56  4.44 3.65 0.79 0.80 0. 87
EEWFEY 071 0.41  —0.21  2.74  2.60 1.97 4.58  4.47 3. 74 0.79  0.80 0. 86
5 BB ERIEE CT2019B S W 2 (8] /152 22 73 B 45 2
Tab.5 Evaluation results between aircraft observations and the corresponding
results from simulation experiment, assimilation experiment and CT2019B
ME/( mL +» m*) MAE/( mL * m™ %) RMSE/( mL * m ?®) CORR
T A
il [k CT2019B  #il  [Wfk  CT2019B #4l [k CT2019B #4l [k CT2019B
Brig  —0.05 —0.36 —0.58 1.63 1.51 1.45 3.16  3.27 3.00 0.64 0.62 0.69
OCM 0.75 0.44 0.08 1.94  1.90 1.30 2.70  2.61 1.73 0.84 0.85 0.93
EP 0.68 0.25 —0.44 1.47 1.31 1.15 2.15  2.01 1.82 0.89 0.89 0.91
ETL 1.82 1.25 0.19 2.19 1.88 1.18 2.99 2.62 1.62 0.92 0.92 0. 96
Homer 1.03 0.47 —0.52 1.64 1.53 1.45 2.55 2.39 2.32 0.89 0.89 0.91
PaF 1.48 1.04  —0.8 2.13 1.92 1.88 3.10  2.93 3.24 0.93 0.93 0.91
opP 0.92 0.32 —0.29 1.36 1.27 1.16 2.14 1.78 1.89 0.93 0.94 0.94
PoF 1.55 1.09  —0.56 1.95 1.69 1.12 2.62 2.37 1.52 0.93 0.93 0.97
Raro  —0.41 —0.30 —0.27 0.55 0.52 0.52 0.70 0.67 0. 66 0.82 0.79 0. 80
ocC 0.84 0.43 0.09 1.17  1.00 0.85 1.85 1.62 1.29 0.90 0.91 0.94
SGP 1.14 0.74 —0.29 1.81 1.76 1.37 2.53  2.41 1.94 0.85 0.85 0.91
WB 0.58 0.27  —0.67 1.40 1.34 1.16 2.12  2.05 2.01 0.90 0.90 0.92
WY 0.93 0 0.51 —0.38  1.64 1.49 1.25 2.50 2.34 2.10 0.89 0.89 0.92
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Fig. 7 Comparison of observations from 12 aircrafts with the CO, vertical profile of simulation

experiment, assimilation experiment and CT2019B
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FH LE # A 8, ME 43 31 0. 70 mL/m® 1 0. 74
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BiE 2z [E i ME.MAE 1 RMSE, B ./ T 5%
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TE < B PRT 2 T [ 58 19 8 B U A o o 3 121 IR 55 00 i o 125 Sl GS(2016) 1666 5 By o o 3 121 4 40 I 18T G A8

6 BRI CT2019B Z (8] iy iR 22 40 H7 45
Tab. 6 Evaluation results between CT2019B and the corresponding

results from simulation experiment and assimilation experiment

s ME/(mL + m™*) MAE/(mL * m *) RMSE/(mL * m *) CORR

(E) 7 1k [E) 7 1k G E) [ 1 AL 71k

HEHME 0.62 0.75 0. 70 0.75 1.08 0. 94 0.99 0. 99
HRH 0.82 0.61 0.82 0.61 0.96 0.72 0.95 0.97

BE M 1.01 0.65 1.01 0.65 1.02 0.67 0.98 0.98

L& SOl 1.13 0. 84 1.13 0. 84 1.24 0.88 0. 99 0. 99
FEHME 0.77 0.68 0.77 0.68 0.93 0.75 0.98 0.99

3.2.4 SER/NE I o 100 () A S5 4 55 3ok S 0L I 5 A AR Bk T Rk 2 2R

SRS 25 RA L WL T OCO-2 P A HR R AL 5 3k S U I 5 AR ) £
XCO, B (1 R A0 52 56 25 5 53 w5 4 = a] 1) PPN
22 #5471 8 B 3% L 2EoR 5 TCCON b i 385 0 =
MO 2z 8] Y OF AR 22 ME, 43 G B T AL HET GEOS-Chem V12, 6.3 #il OCO-2 T
40.32% .42, 25% F1 45, 15% ., ¥ H: 5 [ 1k 92 56 4% B XCO, Bl R 09 4748 3 1) J7 ik #E T 23k K
A, CT2019B5 3 Rl £cds Z w22 /N, R COMREERML R G, FFR R AT B 22 4335 R ST 19
XJEH A CT2019B A H g [F 46 T Obspack HL i %k TCCON ., Hi 187 . AT 8O I XoF £ Bt A5 Bk 1ok J32 ] 1k 2
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