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S1 Seasonal cycle fits

In this section, we report parameters from and show plots of seasonal cycle fits to a skewed sine wave, using the methods of
Lindqvist et al. (2015) and further explained in Sect. 2.6 of the manuscript. Designated 5◦ latitude by 20◦ longitude zones are
mapped in Fig. 1 of the manuscript and labels for zones follow the numbering on that map. Regions are abbreviated in this
supplement as follows:5

ASB Asian Boreal

ASTem Asian Temperate

ASTun Asian Tundra

EUB European Boreal

EUTem European Temperate10

NAB North American Boreal

NATem North American Temperate

NATun North American Tundra.

The names of the five ground sites considered (see descriptions in Sect. 2.1, 2.2, and 3.1 as well as locations in Table S1) are
abbreviated as follows:15

BIA Bialystok, Poland

BRE Bremen, Germany

ETL East Trout Lake, Saskatchewan, Canada

SOD Sodankylä, Finland

UAF Fairbanks, Alaska, U.S.A.20

S1.1 Seasonal cycle fits for ground sites and 5◦ latitude by 10◦ longitude coincidence regions

Tables and figures in this section show the details of seasonal cycle fits to daily average XCO2
across three scales at five

northern high latitude sites (see abbreviations and names of sites, above), the results from which are compared in Sect. 3.1 of
the manuscript. The ground sites considered include four TCCON sites and EM27/SUN measurements collected in Fairbanks,25
Alaska (see details in Sect. 2.2 of the manuscript). Seasonal cycles at the ground sites are obtained by fitting a skewed sine
wave function (see methods described in Sect. 2.6) to near noon ground-based (NNG) observations, as well as CAMS and GC-
CT2019 model estimates at the model grid-point nearest to the location of each site (see coordinates of sites and corresponding
model grid-point in Table 1 and Fig. 1 in the manuscript). Tables S1, S2, S3, and S4 provide the standard errors used in each
fit, the seasonal fit parameters, and an estimate of parameter uncertainty for fits to NNG data and model estimates at each30
site, as well as for OCO-2 data, CAMS, CT2019B, and GC-CT2019 model estimates of XCO2 averaged spatially over the 5◦

latitude by 10◦ longitude coincidence regions centered on each site (labeled "5x10"). OCO-2 observations in this analysis have
an alternative bias correction (ABC) applied, following methods described by Jacobs et al. (2020b), and Fig. S1 shows that the
ABC yields both SCA and HDD with better agreement between OCO-2 data in the coincidence regions and NNG observations
than the standard global bias correction for ACOS B9 retrievals (B9 BC). Figures S2, S3 and S4 show the plotted time-series35
of observational and model-derived daily XCO2 and corresponding fits at the five sites and at all three spatial scales, including
single-point information at or nearest the ground site, averaged within the 5◦ latitude by 10◦ longitude coincidence region, and
averaged within the 5◦ latitude by 20◦ longitude zone that encompasses each site (see map in Fig. 1 for the manuscript).
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Figure S1. SCA and HDD from NNG observations correlated with those from OCO-2 data in the 5◦ latitude by 10◦ longitude coincidence
regions corrected by either the alternative bias correction (ABC), described by Jacobs et al. (2020b), or the standard global bias correction
for ACOS B9 retrievals (B9 BC).
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Figure S2. Daily average time-series and seasonal cycle fits of CAMS model estimates (2014-2019) and observations (OCO-2 2014-2019
and NNG as available 2014-2019) at ground sites, within the 5◦ latitude by 10◦ longitude coincidence region, and within the 5◦ latitude by
20◦ longitude zone encompassing the ground site. 5



Figure S3. Daily average time-series and seasonal cycle fits of CT2019B model estimates (2014-2019) and observations (OCO-2 2014-2019
and NNG as available 2014-2019) at ground sites, within the 5◦ latitude by 10◦ longitude coincidence region, and within the 5◦ latitude by
20◦ longitude zone encompassing the ground site. 6



Figure S4. Daily average time-series and seasonal cycle fits of GC-CT2019 model estimates (2014-2016) and observations (OCO-2 2014-
2019 and NNG as available 2014-2019) at ground sites, within the 5◦ latitude by 10◦ longitude coincidence region, and within the 5◦ latitude
by 20◦ longitude zone encompassing the ground site. 7



S1.2 Seasonal cycle fits for OCO-2 data in 5◦ latitude by 20◦ longitude zones

In this section, details of seasonal cycle fits to OCO-2 daily averages (see details of data handling in Sect. 2.1 of the manuscript)
within all 5◦ latitude by 20◦ longitude zones are provided. Figures S5 through S12 show plots of time-series of OCO-2 data
and the corresponding fits, and Tables S5 and S6 report standard errors used in each fit, the seasonal fit parameters calculated,
and an estimate of parameter uncertainty.5

Figure S5. Daily average time-series of OCO-2 observations by zone in the North American Boreal region, with seasonal cycle fits and fit
residuals.

8



Figure S6. Daily average time-series of OCO-2 observations by zone in the European Boreal region, with seasonal cycle fits and fit residuals.

9



Figure S7. Daily average time-series of OCO-2 observations by zone in the Asian Boreal region, with seasonal cycle fits and fit residuals.

10



Figure S8. Daily average time-series of OCO-2 observations by zone in the North American Temperate region, with seasonal cycle fits and
fit residuals.

Figure S9. Daily average time-series of OCO-2 observations by zone in the European Temperate region, with seasonal cycle fits and fit
residuals.

11



Figure S10. Daily average time-series of OCO-2 observations by zone in the Asian Temperate region, with seasonal cycle fits and fit residuals.

Figure S11. Daily average time-series of OCO-2 observations by zone in the North American Tundra region, with seasonal cycle fits and fit
residuals.

12



Figure S12. Daily average time-series of OCO-2 observations by zone in the Asian Tundra region, with seasonal cycle fits and fit residuals.

13
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S1.3 Seasonal cycle fits for CAMS estimates in 5◦ latitude by 20◦ longitude zones

In this section, details of seasonal cycle fits to CAMS daily averages (Chevallier (2020b); Chevallier (2020a); see Sect. 2.5 of
the manuscript) within all 5◦ latitude by 20◦ longitude zones are provided. Figures S13 through S20 show plots of time-series
of CAMS model estimates, the corresponding fits to CAMS estimates, and the fit to OCO-2 data (to allow for easier direct
comparison between the model-derived and OCO-2 observational fits). Tables S7 and S8 report standard errors used in each5
CAMS fit, the seasonal fit parameters calculated, and an estimate of parameter uncertainty.

Figure S13. Time-series of CAMS XCO2 by zone in the North American Boreal region, with seasonal cycle fits to CAMS and OCO-2.
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Figure S14. Time-series of CAMS XCO2 by zone in the European Boreal region, with seasonal cycle fits to CAMS and OCO-2.
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Figure S15. Time-series of CAMS XCO2 by zone in the Asian Boreal region, with seasonal cycle fits to CAMS and OCO-2.
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Figure S16. Time-series of CAMS XCO2 by zone in the North American Temperate region, with seasonal cycle fits to CAMS and OCO-2.

Figure S17. Time-series of CAMS XCO2 by zone in the European Temperate region, with seasonal cycle fits to CAMS and OCO-2.
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Figure S18. Time-series of CAMS XCO2 by zone in the Asian Temperate region, with seasonal cycle fits to CAMS and OCO-2.

Figure S19. Time-series of CAMS XCO2 by zone in the North American Tundra region, with seasonal cycle fits to CAMS and OCO-2.
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Figure S20. Time-series of CAMS XCO2 by zone in the Asian Tundra region, with seasonal cycle fits to CAMS and OCO-2.
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S1.4 Seasonal cycle fits for CT2019B estimates in 5◦ latitude by 20◦ longitude zones

In this section, we provide details of seasonal cycle fits to CT2019B daily XCO2
estimates (see Sect. 2.6 of the manuscript)

averaged across each 5◦ latitude by 20◦ longitude zone. Figures S21 through S28 show plots of time-series of CT2019B model
estimates, the corresponding seasonal cycle fits, as well as the fit to OCO-2 data (to allow for easier direct comparison between
the model-derived and OCO-2 observational fits). Tables S9 and S10 report standard errors used in each CT2019B fit, the5
seasonal fit parameters calculated, and an estimate of parameter uncertainty.

Figure S21. Time-series of CT2019BXCO2 by zone in the North American Boreal region, with seasonal cycle fits to CT2019B and OCO-2.
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Figure S22. Time-series of CT2019B XCO2 by zone in the European Boreal region, with seasonal cycle fits to CT2019B and OCO-2.
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Figure S23. Time-series of CT2019B XCO2 by zone in the Asian Boreal region, with seasonal cycle fits to CT2019B and OCO-2.
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Figure S24. Time-series of CT2019B XCO2 by zone in the North American Temperate region, with seasonal cycle fits to CT2019B and
OCO-2.

Figure S25. Time-series of CT2019B XCO2 by zone in the European Temperate region, with seasonal cycle fits to CT2019B and OCO-2.
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Figure S26. Time-series of CT2019B XCO2 by zone in the Asian Temperate region, with seasonal cycle fits to CT2019B and OCO-2.

Figure S27. Time-series of CT2019BXCO2 by zone in the North American Tundra region, with seasonal cycle fits to CT2019B and OCO-2.
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Figure S28. Time-series of CT2019B XCO2 by zone in the Asian Tundra region, with seasonal cycle fits to CT2019B and OCO-2.
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S1.5 Seasonal cycle fits for GC-CT2019 estimates in 5◦ latitude by 20◦ longitude zones

In this section, we provide details of seasonal cycle fits to GC-CT2019 daily XCO2
estimates (see Sect. 2.7 of the manuscript)

averaged across each 5◦ latitude by 20◦ longitude zone. Figures S29 through S36 show plots of time-series of GC-CT2019
model estimates, the corresponding seasonal cycle fits (with three years of extrapolation to cover 2014-2019), and the fit to
OCO-2 data (to allow for easier direct comparison between the model-derived and OCO-2 observational fits). Tables S11 and5
S12 report standard errors used in each GC-CT2019 fit, the seasonal fit parameters calculated, and an estimate of parameter
uncertainty.

Figure S29. Time-series of GC-CT2019 XCO2 by zone in the North American Boreal region, with seasonal cycle fits to GC-CT2019 and
OCO-2.
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Figure S30. Time-series of GC-CT2019 XCO2 by zone in the European Boreal region, with seasonal cycle fits to GC-CT2019 and OCO-2.
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Figure S31. Time-series of GC-CT2019 XCO2 by zone in the Asian Boreal region, with seasonal cycle fits to GC-CT2019 and OCO-2.
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Figure S32. Time-series of GC-CT2019 XCO2 by zone in the North American Temperate region, with seasonal cycle fits to GC-CT2019
and OCO-2.

Figure S33. Time-series of GC-CT2019 XCO2 by zone in the European Temperate region, with seasonal cycle fits to GC-CT2019 and
OCO-2.
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Figure S34. Time-series of GC-CT2019 XCO2 by zone in the Asian Temperate region, with seasonal cycle fits to GC-CT2019 and OCO-2.

Figure S35. Time-series of GC-CT2019 XCO2 by zone in the North American Tundra region, with seasonal cycle fits to GC-CT2019 and
OCO-2.

36



Figure S36. Time-series of GC-CT2019 XCO2 by zone in the Asian Tundra region, with seasonal cycle fits to GC-CT2019 and OCO-2.
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S2 Comparing observed and model-derived SCA and HDD

The alternative bias correction (ABC) proposed by Jacobs et al. (2020b), which is parameterized to account bias related to
temperature at 700 hPa, was applied to OCO-2 data used in this study. Figures S37, S38, and S39 show the direct correlations
of SCA and HDD from model estimates in CAMS, CT2019B, and GC-CT2019, respectively, versus observed SCA and HDD
from OCO-2. In these figures, OCO-2 B9 retrievals of XCO2 are corrected with either the standard global bias correction for5
B9 retrievals (B9 BC) or the ABC proposed by Jacobs et al. (2020b), and seasonal cycle fits to OCO-2 B10 retrievals of XCO2

with the standard global B10 bias correction are also considered. These results demonstrate that there is a slight improvement
in the agreement between observational (OCO-2) and model-derived (CAMS CT2019B, and GC-CT2019) SCA when the ABC
is applied to OCO-2 data.

Figure S40 shows the correlations of SCA and HDD from fits to a six-year time-series for 2014-2019 versus SCA and10
HDD from fits to a three-year time-series for 2014-2016, using OCO-2 observations, as well as CAMS and CT2019B model
estimates. Figure S40 tests the possible impact on SCA and HDD of constraining the time-series to the 2014-2016 period, so
that we can speculate on the possible impacts of comparing GC-CT2019 model-derived seasonal cycles fit for the 2014-2016
period, to seasonal cycle fits with CAMS, CT2019B, and OCO-2 data that cover 2014-2019.
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Figure S37. Correlations of CAMS model-derived versus observed (OCO-2 and NNG) SCA and HDD with three different data treatments
for OCO-2 retrievals. The left column uses OCO-2 B9 retrievals with quality controls tailored for Boreal Forest regions (Boreal QC), as
described by Jacobs et al. (2020b), and the standard B9 bias correction (B9 BC). The center column uses OCO-2 B9 retrievals with Boreal
QC and an alternative bias correction for high latitude retrievals (ABC), as described by Jacobs et al. (2020b). The right column uses OCO-2
B10 retrievals with the standard B10 quality controls and bias correction.
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Figure S38. Correlations of CT2019B model-derived versus observed (OCO-2 and NNG) SCA and HDD with three different data treatments
for OCO-2 retrievals. The left column uses OCO-2 B9 retrievals with quality controls tailored for Boreal Forest regions (Boreal QC), as
described by Jacobs et al. (2020b), and the standard B9 bias correction (B9 BC). The center column uses OCO-2 B9 retrievals with Boreal
QC and an alternative bias correction for high latitude retrievals (ABC), as described by Jacobs et al. (2020b). The right column uses OCO-2
B10 retrievals with the standard B10 quality controls and bias correction.
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Figure S39. Correlations of GC-CT2019 model-derived versus observed (OCO-2 and NNG) SCA and HDD with three different data treat-
ments for OCO-2 retrievals. The left column uses OCO-2 B9 retrievals with quality controls tailored for Boreal Forest regions (Boreal QC),
as described by Jacobs et al. (2020b), and the standard B9 bias correction (B9 BC). The center column uses OCO-2 B9 retrievals with Boreal
QC and an alternative bias correction for high latitude retrievals (ABC), as described by Jacobs et al. (2020b). The right column uses OCO-2
B10 retrievals with the standard B10 quality controls and bias correction. Note that the GC-CT2019 model estimates only span 2014-2016,
while the OCO-2 observations span 2014-2019 and NNG observations cover various time periods depending on the site (see Table 1 in the
manuscript).
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Figure S40. Correlations of SCA and HDD calculated from the time-series for 2014-2016 versus SCA and HDD calculated from the time-
series for 2014-2019.
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S2.1 A test of temporal sampling effects with CAMS

In this section we present results from a test using CAMS model estimates for 2014-2019. First, seasonal cycle fits are calcu-
lated for the full continuous time-series of CAMS daily averaged XCO2

. Then, seasonal cycle fits are calculated for CAMS
daily averages for only days that are represented by OCO-2 observations within a given zone. We then compare biases in
CAMS SCA with the full time-series, relative to OCO-2 SCA, to the shift in CAMS SCA that results from introducing artifi-5
cial data gaps that follow those in the OCO-2 data (see Fig. S41 and S42). Results in Fig. S42 demonstrate that the shifts in
CAMS SCA that result from imposed data gaps are small (-0.044 ± 0.197 ppm) relative to the biases in CAMS SCA for the
full time-series relative to observed OCO-2 SCA (0.547 ± 0.720 ppm). This suggests that the impacts of wintertime data gaps
on the resulting observed OCO-2 SCA from seasonal cycle fits with the methods from Lindqvist et al. (2015) are small relative
to the cumulative effects of other factors contributing to model discrepancies. These shifts in SCA from imposed data gaps are10
also small relative to the 5 ppm overall variability in SCA across the northern high latitude regions.

Figure S41. Differences between SCA for the full continuous time-series of CAMS daily averages and SCA for OCO-2 observations (left).
Differences between SCA from the full continuous time-series of CAMS daily averages and SCA from the time-series of CAMS daily
averages including only days with corresponding OCO-2 observations within a given zone (right).
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Figure S42. The correlation between SCA differences plotted in Fig. S41, with the difference between SCA for the full continuous time-
series of CAMS daily averages and SCA for OCO-2 observations versus the difference between SCA from the full continuous time-series of
CAMS daily averages and SCA from the time-series of CAMS daily averages including only days with corresponding OCO-2 observations
within a given zone.
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S3 CO2 source contributions

Through analysis of XCO2
source attribution in GC-CT2019, we found that the seasonal variability in XCO2

for northern
high latitudes is overwhelmingly dominated by seasonality in the contribution of terrestrial NEE. Detrended seasonal cycles of
all CO2 sources in GC-CT2019, averaged by region and day of year, are shown in Fig. S43, demonstrating that the seasonal
variability in fossil fuel, fire, and ocean source contributions are negligibly small compared to the seasonal variability in the5
terrestrial NEE contribution. Furthermore, seasonal cycle fits of GC-CT2019 daily average terrestrial NEE contribution within
each zone to Eq. 1 of the manuscript yield SCA and HDD that are very strongly correlated to SCA and HDD from GC-CT2019
XCO2

(see Fig. S44). Figure S44 also shows that SCA is slightly larger and HDD is slightly earlier for seasonal cycle fits of the
terrestrial NEE contribution than for seasonal cycle fits of XCO2

. Although some zones have large anthropogenic CO2 sources,
these sources are not very seasonal, so do not contribute directly to SCA.10

Figure S43. Detrended seasonal cycles of GC-CT2019 source contributions to column-average CO2 averaged by region and day of year.
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Figure S44. Correlations between SCA (left) and HDD (right) from seasonal cycle fits to GC-CT2019 XCO2 and from seasonal cycle fits to
GC-CT2019 source contribution of terrestrial NEE to the column.
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S4 GEOS-Chem surface contact tracers plotted against OCO-2 seasonal cycle parameters

Figure S45. Direct correlations and calculated linear regressions for GEOS-Chem land and ocean tracers correlated against SCA and HDD
from seasonal cycle fits to OCO-2 observations in 5◦ latitude by 20◦ longitude zones. Error bars for relative tracer contributions represent
variability in one annual cycle, while those for SCA are determined by the uncertainty in seasonal cycle fitting parameters.
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S5 CO2 fluxes by day of year from CAMS and GC-CT2019

In this section time-series of daily sums of CO2 flux are provided for all 5◦ latitude by 20◦ longitude zones and for five
northern high latitude sites (see map in Fig. 1 of the manuscript). Before calculating daily sums for zones, fluxes are averaged
spatially by timestamp. Next, fluxes are summed for each 24 hour period in UTC and a 15-day rolling mean is calculated.
Finally, average annual cycles are obtained by averaging the 15-day rolling mean by day of year across 2014-2019. The annual5
cycles of CAMS flux estimates are similar to annual cycles of daily CO2 fluxes used in the GC-CT2019 CO2 simulation and
the separation of emission sources for fluxes used in GC-CT2019 demonstrates how seasonality in CO2 exchange in northern
high latitude regions is dominated by terrestrial net ecosystem exchange (NEE). Results in this section also show that European
Temperate zone 3 and Bremen have much larger fossil fuel emissions and much less seasonal uptake from NEE than other zones
and sites, and these two factors may be related despite the fact that fossil fuel emissions display limited seasonal variability.10

Figure S46. Time-series of CAMS and GC-CT2019 daily sum CO2 flux averaged by day of year (DOY) over 2014-2019 for the nearest
model grid-point (see Table 1) to five northern high latitude ground sites.
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Figure S47. Time-series of CAMS and GC-CT2019 total daily sum CO2 flux averaged by day of year (DOY) over 2014-2019 and spatially
by 5◦ latitude by 20◦ longitude zone in the North American Boreal region.
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Figure S48. Time-series of CAMS and GC-CT2019 total daily sum CO2 flux averaged by day of year (DOY) over 2014-2019 and spatially
by 5◦ latitude by 20◦ longitude zone in the European Boreal region.
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Figure S49. Time-series of CAMS and GC-CT2019 total daily sum CO2 flux averaged by day of year (DOY) over 2014-2019 and spatially
by 5◦ latitude by 20◦ longitude zone in the Asian Boreal region.
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Figure S50. Time-series of CAMS and GC-CT2019 total daily sum CO2 flux averaged by day of year (DOY) over 2014-2019 and spatially
by 5◦ latitude by 20◦ longitude zone in the North American Temperate region.

Figure S51. Time-series of CAMS and GC-CT2019 total daily sum CO2 flux averaged by day of year (DOY) over 2014-2019 and spatially
by 5◦ latitude by 20◦ longitude zone in the European Temperate region.
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Figure S52. Time-series of CAMS and GC-CT2019 total daily sum CO2 flux averaged by day of year (DOY) over 2014-2019 and spatially
by 5◦ latitude by 20◦ longitude zone in the Asian Temperate region.

Figure S53. Time-series of CAMS and GC-CT2019 total daily sum CO2 flux averaged by day of year (DOY) over 2014-2019 and spatially
by 5◦ latitude by 20◦ longitude zone in the North American Tundra region.
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Figure S54. Time-series of CAMS and GC-CT2019 total daily sum CO2 flux averaged by day of year (DOY) over 2014-2019 and spatially
by 5◦ latitude by 20◦ longitude zone in the Asian Tundra region.
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