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Table S1. Specifics for the HCHO and NO2 SCD retrieval of TROPOMI operational products. 

Parameter HCHO (v2.4.1) NO2 (v2.4.0) 

Type of DOAS fit Optical fit Intensity fit 

Fitting interval 328.5-359 nm 405-465 nm 

Absorption cross sections HCHO, Meller and Moortgat (2000), 298 K 

NO2, Vandaele et al., (1998), 220 K 

O3, Serdyuchenko et al. (2014), 223 + 243 K 

BrO, Fleischmann et al. (2004), 223 K 

O2-O2, Thalman and Volkamer (2013), 293 K 

Ring effect, Chance and Spurr (1997)  

Non-linear O3 absorption effect, Puķīte et al. 

(2010) 

NO2, Vandaele et al. (1998), 220 K 

O3, Serdyuchenko et al. (2014), 243 K 

O2-O2, Thalman and Volkamer (2013), 293 K 

H2Ovap based on HITRAN 2012 data (Van 

Geffen et al., 2015) 

H2Oliq, Pope and Fry (1997)  

Ring effect, Chance and Spurr (1997) 

Slit function Pre Flight Model Pre Flight Model 

Polynomial 5th order 5th order 

Intensity offset correction Linear offset Currently turned off 

Reference spectrum I0 Average of radiances, per row, selected in the 

equatorial Pacific within the last 5 valid days 

Daily measured solar spectrum from 

TROPOMI 

High-resolution solar 

irradiance spectrum for 

wavelength calibration 

Chance and Kurucz (2010) Chance and Kurucz (2010) 

 

Table S2. Comparison of the specifications between GEOS-CF and TM5-MP. 

Specification 
GEOS-CF  

(Keller et al., 2021) 

TM5-MP 

 (Huijnen et al., 2010; Williams et al., 2017) 

Resolution Horizontal: 0.25° × 0.25° 

Vertical: 72 hybrid-eta levels 

Horizonal: 1° × 1° 

Vertical: 34 layers 

Meteorological 

field 

GEOS-FP for instrument teams (GEOS FP-IT; 

https://gmao.gsfc.nasa.gov/pubs/docs/Lucchesi865.pdf) 

ERA-Interim re-analysis (Dee et al., 2011) 

NOx & VOC 

emissions 

(1) Anthropogenic: HTAP v2.2 (Janssens-Maenhout et al., 

2015); RETRO (Schultz et al., 2008); DICE-Africa 

(Marais and Wiedinmyer, 2016) 

(2) Aircraft: AEIC Stettler et al. (2011) 

(3) Biomass burning: QFED v2.5 

(https://ntrs.nasa.gov/citations/20180005253) 

(4) Lightning NOx: Murray et al. (2012) 

(5) Soil NOx: Hudman et al. (2012) 

(6) Biogenic VOCs: MEGAN v2.1 (Guenther et al., 2012) 

(1) Anthropogenic: MACCity (Granier et al., 

2011) 

(2) Aircraft (only for NO): a homogeneous 

hourly flux estimate 

(3) Biomass burning: GFED v3 (van der 

Werf et al., 2010) 

(4) Lightning NOx: parameterization using 

convective precipitation fields (Meijer et al., 

2001) with the constraint on the annual 

global emission term at ~ 6Tg N yr-1 

(5) Biogenic component: CLM-MEGAN 

v2.1 (Zeng et al., 2015); MEGAN 

(Sindelarova et al., 2014) 

Chemistry (1) Full tropospheric chemistry for NOx + HOx + VOC + 

O3 + halogen + aerosols 

(https://wiki.seas.harvard.edu/geos-

chem/index.php?title=Simulations_using_KPP-

built_mechanisms) 

(2) Stratospheric chemistry fully coupled with the 

tropospheric chemistry through the Unified tropospheric-

stratospheric Chemistry eXtension (UCX; Eastham et al., 

2014) 

(1) Modified CB05 (mCB05) chemical 

mechanism for gas-phase chemistry 

(Williams et al., 2013) 

(2) No aerosol scheme 

(3) no explicit stratospheric chemistry 

Advection scheme Finite-volume dynamical core (Lin, 2004) with a cubed 

sphere grid discretization (Putman and Lin, 2007) 

Slopes scheme (Russell and Lerner, 1981) 

https://gmao.gsfc.nasa.gov/pubs/docs/Lucchesi865.pdf
https://ntrs.nasa.gov/citations/20180005253
https://wiki.seas.harvard.edu/geos-chem/index.php?title=Simulations_using_KPP-built_mechanisms
https://wiki.seas.harvard.edu/geos-chem/index.php?title=Simulations_using_KPP-built_mechanisms
https://wiki.seas.harvard.edu/geos-chem/index.php?title=Simulations_using_KPP-built_mechanisms


Convection 

Scheme 

Relaxed Arakawa-Schubert scheme (Moorthi and Suarez, 

1992) 

Convective mass fluxes and detrainment 

rates from the ERA-Interim re-analysis (Dee 

et al., 2011) 

Boundary layer 

diffusion 

Non-local Lock scheme (Lock et al., 2000) interfaced 

with the Richardson-number-based scheme of Louis and 

Geleyn (J-F. Louis et al., 1982) 

Holtslag and Boville (1993) 

 

Table S3. Statistics of separate validation results against ground-based MAX-DOAS and PGN measurements. 

HCHO 
MAX-DOAS PGN 

POMINO RPRO POMINO RPRO 

Slope 0.54 0.62 0.57 0.61 

Offset  

[1015 molec.cm-2] 
2.19 0.37 0.79 0.22 

Correlation 0.68 0.70 0.61 0.66 

NMB −26.3% −32.3% −31.7% −35.6% 

     

NO2 
MAX-DOAS PGN 

POMINO RPRO POMINO RPRO 

Slope 0.65 0.58 0.77 0.69 

Offset  

[1015 molec.cm-2] 
0.77 0.70 0.70 0.81 

Correlation 0.83 0.85 0.84 0.86 

NMB −17.5% −27.8% −5.3% −14.9% 

 



 

 
Figure S1. Flow chart of global POMINO-TROPOMI algorithm for consistent HCHO and NO2 AMF calculation.



 

 
Figure S2. Spatial distribution of ground-based MAX-DOAS and PGN sites selected for validation in this study.



 

Figure S3. Absolute and relative differences between POMINO and RPRO (a) HCHO and (b) NO2 tropospheric columns 

averaged in April, July, October 2021, and January 2022 in seven regions. Regions are sorted as a function of POMINO mean 

HCHO or NO2 columns, with values (in the unit of “P” as Pmolec.cm-2 = 1 × 1015 molec.cm-2) shown in the brackets in the 

bottom axis. Mean POMINO (red) and RPRO (black) columns are also plotted with the absolute differences in the upper panel. 

Error bars represent the standard deviations of the columns. Pink areas indicate 10% and 20% relative differences. 



 

Figure S4. Relative differences of tropospheric HCHO columns of RPRO to POMINO in April 2021, July, October 2021 and 

January 2022. The regions in gray mean that there are no valid observations.  



 

 

Figure S5. Similar to Figure S4 but for NO2. 



 

Figure S6. Scatterplots of POMINO tropospheric HCHO (a and b) and NO2 (c and d) VCDs retrieved using either aerosol-

corrected and cloud-corrected total AMF (x-axis) or aerosol-corrected clear-sky AMF (y-axis), from all pixels where the 

difference between surface pressure and FRESCO-S cloud top pressure is equal to 100 hPa or less. The left column shows the 

results for July 2021, and the right column for January 2022. The slope, offset and correlation from a linear regression using 

the robust Theil-Sen estimator and normalized mean bias (NMB) are given in each panel and plotted as the red line. The black 

dashed line is the 1:1 line. 



 

Figure S7. Comparison of cloud parameters used for sensitivity tests in July 2021. (a) POMINO-based effective cloud fraction 

calculated at 440 nm; (b) cloud top pressure from FRESCO-S product; (c) POMINO-based effective cloud fraction calculated 

at 340 nm; (d) cloud top pressure from OCRA/ROCINN-CRB product; (e) effective cloud fraction from OCRA/ROCINN-

CRB product and (f) difference of (d) to (b). Pixels with HCHO QA > 0.5 and ECF of each case > 0.01 are included. The 

regions in gray mean that there are no valid observations. 



 

Figure S8. Spatial distribution of monthly AOD in July 2021 and January 2022 used in POMINO retrieval at 340 nm (first 

row) and 440 nm (second row). The regions in gray mean that there are no valid TROPOMI observations.



 

Figure S9. Absolute differences of cloud radiance fractions retrieved with implicit aerosol corrections (Cases “Fst_imaer” and 

“Nst_imaer”) to those with explicit aerosol corrections (Case “Fst_ORcp” and POMINO NO2) in July 2021 and January 2022 

at 340 nm (first row) and 440 nm (440 nm). The regions in gray mean that there are no valid observations.



 

Figure S10. Spatial distribution of MODIS BRDF-derived blue-sky albedo (a and b), KNMI TROPOMI v2.0 DLER at 440 

nm (c and d), and their absolute differences (e and f) in July 2021 and January 2022. The regions in gray mean that there are 

no valid observations.



 

Figure S11. Spatial distribution of GEOS-CF and TM5-MP tropospheric HCHO (first and second rows) and NO2 (third and 

fourth rows) VCDs in July 2021 and January 2022.



 

Figure S12. Comparisons of monthly collocated HCHO and NO2 profile shapes between models (GEOS-CF or TM5-MP) and 

ground-based MAX-DOAS measurements in July 2021 and January 2022. 



 
Figure S13. Relative differences of tropospheric NO2 columns of sensitivity test “Nst_joint” (Case N4) to POMINO (first row) 

and those of RPRO to POMINO (second row) in July 2021 and January 2022. The regions in gray mean that there are no valid 

observations. 



 
Figure S14. Box-and-whisker plots for the bias and spread of the relative difference of tropospheric HCHO (left) and NO2 

(right) columns between TROPOMI products (POMINO in red and RPRO in blue) and ground-based measurements. The box 

extends from the first quartile to the third quartile of the data, and the vertical solid line inside it represents the median 

difference. Mean difference is also shown by the diamond mark, and the whiskers extend from the box to the farthest data 

point lying within 1.5 times the inter-quartile range (IQR) from the box. The sites are ordered as a function of mean ground-

based tropospheric columns in April, July, October 2021, and January 2022 (shown in the brackets in the unit of “P” as 

Pmolec.cm-2 = 1 × 1015 molec.cm-2). “MD” represents MAX-DOAS sites and “PGN” represents PGN sites. 
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