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Abstract

Carbon exchange in the Boreal Forest and its response to a warming climate is a crit

ical process that needs to be understood for more accurate predictions of climate change. 

Therefore, we established a ground-based long-term monitoring site at the University of 

Alaska Fairbanks in Fairbanks, Alaska, USA (64.859oN, 147.850oW) operating a solar

viewing Bruker EM27/SUN Fourier transform infrared spectrometer (FTS). This instrument 

measures vertically integrated column abundances of carbon dioxide (CO2), methane (CH4), 

and carbon monoxide (CO), termed Xgas, i.e., XCO2. These measurements are directly com

parable to satellite-based measurements, for which these ground-based observations provide 

validation data. Measurements of XCO2 and XCH4 have to be extremely precise because 

variability in atmospheric columns of CO2 and CH4 is often less than 1% of the background 

levels of these long-lived gases. Therefore, the observations in Fairbanks were carefully 

vetted through comparisons of results from two retrieval algorithms applied to the same 

observed spectra, comparisons of observations from two EM27/SUN FTS operating side-by

side, and comparisons between an EM27/SUN FTS and measurements from a Bruker IFS- 

125HR in the Total Carbon Column Observing Network (TCCON) at Caltech, Pasadena, 

California. These data are all collected over a period of about 4.5 years. Comparisons of 

retrieval methods indicate that the results are tightly correlated, but there are offsets that 

could be corrected with an appropriate scaling factor. Observed biases between two colo

cated EM27/SUN FTS were in agreement within instrument precision. Biases between the 

EM27/SUN and TCCON retrievals at Caltech are larger and more variable than biases be

tween the two EM27/SUN FTS in Fairbanks, which may be partially explained by differences 

in spectral resolution. These biases are also similar to those reported in previous studies. 

Vetted Fairbanks observations are used in combination with those from two TCCON sites 

in the Boreal Forest, East Trout Lake, Saskatchewan, Canada (54.354oN, 104.987oW) and 

Sodankyla, Finland (67.367oN, 26.631oE), to evaluate quality control methods and bias in 

XCO2 from the NASA Orbiting Carbon Observatory 2 (OCO-2). This study yielded al
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ternative quality control thresholds and bias correction, tailored to Boreal Forest regions 

that allow for increased data throughput and reduced seasonality in bias over northern high 

latitude regions. In particular, increased data throughput in spring and autumn months 

made it possible to measure XCO2 seasonal cycles using satellite-based measurements. In 

this analysis, we found that the Asian Boreal Forest region stood out as having the largest 

seasonal amplitude and earliest seasonal drawdown of any region. There is also a pronounced 

west-to-east gradient of increasing seasonal amplitude and earlier seasonal drawdown across 

the Eurasian continent. Comparisons with two independent global CO2 models are good, 

showing high correlation and spatial agreement. Analysis of modeled (GEOS-Chem) sur

face contact tracer contributions reveals that the largest seasonal amplitudes occur in regions 

that have the largest contributions from land-based surface contact tracers with 15 or 30 day 

atmospheric lifetimes, suggesting that accumulations of CO2 exchanges during atmospheric 

transport on approximately monthly timescales play an important role in shaping observed 

XCO2 seasonal cycles in northern high latitude regions. Furthermore, surface contact tracer 

contributions from land were more correlated with XCO2 seasonal amplitude than estimates 

of total annual fluxes or seasonal amplitudes of flux estimates within a region, emphasiz

ing the importance of understanding the effects of atmospheric transport when interpreting 

observations of XCO2 .
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Chapter 1: Introduction

1.1 Motivation

Three important atmospheric trace gases are considered in this work, including carbon 

dioxide (CO2) and methane (CH4), which are reported by the IPCC to be the second and 

third largest contributors to global warming, after water vapour (IPCC, 2013), as well as 

carbon monoxide (CO). Fluctuations of CO2 and CH4 in time and space serve as essential 

indicators of ecological and anthropogenic activities, while fluctuations in CO commonly in

dicate transported emissions from biomass burning or pollution. All three of these gases play 

fundamental roles in global carbon dynamics. Developing an accurate model of global climate 

processes, now and in the future, requires an in depth understanding of carbon exchange 

dynamics and accurate quantification of the global carbon budget. To achieve this, we need 

not only dense spatial and temporal observational coverage of atmospheric greenhouse gases 

over as much of the planet as possible, but also a sophisticated understanding of how factors 

like atmospheric transport, radiative transfer, and differences in observing methods can in

fluence our observations of these gases. Satellite-based measurements of atmospheric trace 

gas concentrations have the potential to provide the kind of global observations necessary 

to significantly advance our understanding of the global climate system, but they need to 

be thoroughly vetted by and combined with ground-based measurements. This vetting pro

cess is particularly important over northern high latitude regions because there are unique 

challenges to atmospheric remote sensing at higher latitudes related to low solar elevation 

angles, differences in atmospheric radiative transfer effects, and extreme seasonal oscillations 

in day-length, temperature, and cloud cover.

Northern high latitude regions, in particular, need better spatial and temporal obser

vational coverage because polar amplified warming (Smith et al., 2019; Park et al., 2018; 

Pithan and Mauritsen, 2014; Holland and Bitz, 2003; Manabe and Wetherald, 1975) is driv

ing accelerated ecological shifts. This is directly evidenced by results from many studies, 
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including (Liu et al., 2020; Bastos et al., 2019; Piao et al., 2017; Barnes et al., 2016; Forkel 

et al., 2016; Graven et al., 2013), which show that the seasonal cycles of atmospheric CO2 

are changing more rapidly at higher northern latitudes than at low or middle latitudes in 

the Northern Hemisphere. Results from Lin et al. (2020) specifically tie observed trends in 

the latitudinal gradients in CO2 seasonal cycles to trends in temperature gradients, directly 

linking these observed shifts in the latitudinal distributions of CO2 seasonality to polar am

plified warming. A number of recent studies have pointed to the Boreal Forest regions as 

playing a central role in global carbon dynamics and noted the need for more observations 

over northern high latitude regions with a specific emphasis on the Boreal Forest (Lin et al., 

2020; Yin et al., 2018; Euskirchen et al., 2017; Piao et al., 2017; Barlow et al., 2015; Brad

shaw and Warkentin, 2015; Gauthier et al., 2015; Graven et al., 2013; Pan et al., 2011; Tans 

et al., 1990). A number of natural phenomena unique to high-latitude environments can 

result in notable CH4 flux events. Formation of thermokarst lakes can lead to slow release of 

CH4 to the atmosphere through diffusion or sudden large releases of CH4 through ebullition, 

when a bubble of CH4 gas passes from anoxic sediments to the atmosphere without diffusing. 

Ebullition has been shown to be a dominant source of atmospheric CH4 from high-latitude 

lakes with a particularly high rate of occurrence in lakes underlain by yedoma permafrost 

in which ebullition hot-spots can prevent ice formation and vent CH4 gas all through the 

winter season (Martinez-Cruz et al., 2015; Sepulveda-Jauregui et al., 2015; Vonk et al., 2015; 

Walter et al., 2006). Both ebullition and diffusion in ice-covered lakes (yedoma and non- 

yedoma) can create a build up of CH4 gas under the surface of the ice in winter that is 

released in large plumes during spring thaw (Martinez-Cruz et al., 2015; Sepulveda-Jauregui 

et al., 2015; Vonk et al., 2015). A changing sub-Arctic climate may influence CH4 fluxes 

through changes in the area covered by wetlands. Bloom et al. (2010) reported a 7% increase 

in CH4 emissions from high latitude wetlands between 2003 and 2007 and they remark on 

the need for additional data and continued monitoring. Wildfires are a natural occurrence 

across the Boreal Forest in summer, and these seasonal biomass burning events influence 
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carbon dynamics by facilitating the release of carbon from burned organic material. Carbon 

emissions from fires can take the form of CO, CH4 , CO2 , or other volatile organic compounds 

(VOCs) depending on how oxidative the fire is. All of this points to a need for increased 

observations of greenhouse gases and their relationships to the rapidly changing climate in 

northern high latitude regions.

1.2 Satellite-based atmospheric remote sensing of greenhouse gases

In passive satellite-based measurements of atmospheric trace gases, solar radiation re

flected off the Earth's surface can be detected by an orbiting satellite and used to construct 

a spectrum of light absorption within the atmospheric column. For greenhouse gases like 

CO2 , CH4 , and CO, infrared spectroscopy is commonly used. Retrieval algorithms are then 

applied to these observations of infrared absorption, which take into account a variety of 

radiative transfer effects and spectroscopy to approximate the total abundance of a gas in 

the atmospheric column or a column averaged dry air mole fraction (Xgas ), defined as

The European Space Agency (ESA) launched SCIAMACHY on board ENVISAT in 2002, 

making it the first mission dedicated to using these methods of atmospheric remote sensing 

on a global scale to measure XCO2, XCH4 , and XCO, in addition to a host of other atmo

spheric trace gas measurements (Bovensmann et al., 1999; Buchwitz et al., 2005). In 2009, 

the National Institute for Environmental Studies (NIES), in Japan, launched the Thermal 

and Near Infrared Sensor for Carbon Observation Fourier-Transform Spectrometer (TANSO- 

FTS) on board the Greenhouse Gases Observing Satellite (GOSAT), which observes atmo

spheric columns of CO2 and CH4 globally and continues to collect data after 12 years in 

orbit. While SCIAMACHY and GOSAT observations have revolutionized our ability to ob

serve atmospheric greenhouse gases and carbon exchange dynamics on a global scale, they 
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remain limited in the spatial density of observational coverage. The Orbiting Carbon Ob

servatory 2 (OCO-2) launched by NASA in 2014 has provided unprecedented spatial density 

in observations of XCO2 globally because its design includes a split detector that allows 

for simultaneous detection of multiple wavelengths for faster data collection and increased 

spatial density in observations (Boesch et al., 2019). The TROPOMI instrument, launched 

on board the European Space Agency (ESA) Sentinel 5 Precursor (S5P) satellite in 2017, 

has provided vast improvements in spatial coverage of observations of CO and CH4 column 

measurements using wide-swath observing techniques (S5P TROPOMI Team, 2018).

1.3 Ground-based atmospheric remote sensing and the EM27/SUN FTS

Solar-viewing Fourier transform infrared spectrometers (FTS) measuring incoming solar 

radiation from Earth's surface serve as an essential compliment to satellite-based column 

measurements of greenhouse gases. Ground-based measurements are less encumbered by 

uncertainty related to surface reflectivity, atmospheric radiative transfer, and the position or 

pointing accuracy of the satellite. Furthermore, ground-based observations can collect more 

data at a single site over the course of a day and on consecutive days than a satellite-based 

instrument is capable of. The Total Carbon Column Observing Network (TCCON) began 

to develop in 2004 and has progressed to a global network of ground-based monitoring sites 

collecting long-term records of atmospheric trace gas column concentrations, including CO2, 

CH4, and CO. TCCON sites operate the high-spectral-resolution ( 0.02cm-1) Bruker IFS

125HR and adhere to a number of strict regulations to ensure data quality and consistency 

amongst sites (Wunch et al., 2011). While the high-spectral-resolution instrumentation 

used by TCCON offers many clear advantages for expanding science, these instruments 

are also large, expensive, and require extensive maintenance. In more recent years, the 

EM27/SUN FTS has been developed by the Karlsruhe Institute of Technology (KIT) in 

collaboration with Bruker to be more portable and robust, allowing for field deployment of 

more instruments at a lower cost (Gisi et al., 2012; Hase et al., 2016). Observations with the 
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EM27/SUN FTS serve as an essential compliment to TCCON as they are being deployed to 

many remote regions where ground-based measurements are sparse and there are no nearby 

TCCON sites. The use of EM27/SUN FTS in long-term monitoring is expanding along 

with campaign deployments, and long term monitoring sites have quickly coalesced into a 

new global network. The Collaborative Carbon Column Observing Network (COCCON; 

https://www.imk-asf.kit.edu/english/COCCON.php) is a global network of EM27/SUN 

operators that provides data for satellite and model validation efforts in collaboration with 

TCCON. Several studies have compared EM27/SUN observations to TCCON (Frey et al., 

2015; Klappenbach et al., 2015; Hedelius et al., 2016; Hedelius et al., 2017; Velazco et al., 

2018; Frey et al., 2019; Tu et al., 2020; Sha et al., 2020), and found biases relative to TCCON 

that are of similar magnitude as site-to-site biases between different TCCON sites, reported 

by Hedelius et al. (2017). The spectral resolution of the EM27/SUN FTS is 0.5 cm-1, which 

is closer to the resolution of satellite-based instruments like OCO-2 (~0.3 cm-1) and the 

TROPOMI short wave infrared (SWIR) band used for CO measurements (0.23 cm-1) than 

TCCON spectral resolution (~ 0.02 cm-1). The EM27/SUN FTS has been shown to be well 

suited for use in satellite validation, and EM27/SUN measurements have been compared 

to satellite-based observations in a number of previous studies (Klappenbach et al., 2015; 

Velazco et al., 2018; Tu et al., 2020; Sha et al., 2020).

At first, EM27/SUN observations in Fairbanks were processed using the GGG2014 re

trieval algorithm (Wunch et al., 2015), which has been the standard for TCCON until the 

very recent update to GGG2020. In order to process retrievals from the EM27/SUN ob

servations, GGG2014 is coupled with the EM27/SUN GGG interferogram processing suite 

(EGI; Hedelius and Wennberg (2017)), and EGI/GGG2014 retrievals spanning 2016-2019 

from Fairbanks are publicly archived at Jacobs et al. (2021). Starting in 2018 Fairbanks was 

made an official site in COCCON, which uses the PROFFAST retrieval algorithm as its stan

dard for data processing. To conform with COCCON standards the comparisons between 

TROPOMI and EM27/SUN retrievals of XCO in Fairbanks (see Chapter 2) use PROFFAST 
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retrievals rather than EGI/GGG2014 retrievals, and PROFFAST will likely be the prefered 

retrieval method in future analyses. The PROFFAST retrievals are initialized by the same 

a priori atmospheric profiles of gas concentrations as GGG2014 and comparisons in Chapter 

2 show that the retrievals from the two algorithms are tightly correlated. In addition to 

comparing retrieval methods for observations in Fairbanks, colocated observations with two 

EM27/SUN FTS have been collected at the Fairbanks site for multiple days in 2016, 2018, 

and 2020, and colocated EM27/SUN and TCCON observations have been collected on an 

approximately annual basis at the Caltech TCCON site in Pasadena, California, using the 

same EM27/SUN instruments used in Fairbanks. Comparisons between spectrometers and 

retrievals provide valuable insights into the performance of these instruments over time and 

under different conditions, as well as providing evidence to substantiate claims of precision 

and accuracy for these ground-based measurements.

1.4 Dissertation structure

This thesis constructs a progressive exploration of column averaged dry air mole fractions 

of greenhouse gases in Boreal Forest regions, beginning with observations in a single loca

tion and building toward an improved understanding of carbon dynamics on a global scale. 

We start with establishing a site in Fairbanks, Alaska for measuring XCO2 , XCH4, and XCO 

over multiple years with an EM27/SUN FTS. Observations in Fairbanks started in August- 

October 2016 with a campaign deployment of two EM27/SUN FTS instruments, followed by 

four years of observations with a single spectrometer at UAF collecting data nearly continu

ously, except during winter months (November-March) when low solar elevation creates long 

path-lengths for atmospheric radiation that can result in all of the light at some wavelengths 

being absorbed before reaching the ground. The site location is strategically advantageous 

for filling spatial gaps in global ground-based data collection because the closest TCCON 

site is 2600 km away at East Trout Lake, there are few high latitude TCCON sites with 

enough data collection for robust analysis of seasonal variability, it is on the border of the 
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domain of interest for the NASA Arctic Boreal Vulnerability Experiment (ABoVE), and it is 

relatively close to Siberia, which represents a vast region of particular ecological interest with 

little to no ground-based column measurements for satellite validation. Once we have accu

mulated several years of continuous measurements in Fairbanks and evaluated the quality of 

these data with respect to data processing methods, ancillary measurements, and compar

isons to other ground-based solar-viewing FTS, the data can be used in satellite validation. 

By doing region specific quality control (QC) analysis of satellite-based observations it is 

possible to identify phenomena that are specific to that region, while removing QC thresh

olds in the standard QC, intended for global applications, that may be needlessly removing 

some satellite data. After increasing OCO-2 data throughput at northern high latitudes and 

developing an alternative bias correction that was found to reduce seasonal dependence in 

OCO-2 bias relative to ground-based measurements, there were sufficient OCO-2 retrievals 

over northern high latitude regions to conduct a complete data driven analysis of the spatial 

distributions of average seasonal cycles across northern high latitude temperate, boreal, and 

tundra regions.

Chapter 2 provides a summary ofdata collected in Fairbanks, details about the how we de

veloped and operated an observatory for long-term monitoring of greenhouse gases, colocated 

comparisons with the EM27/SUN FTS operated in Fairbanks and at the Caltech TCCON 

in Pasadena, California, and preliminary comparisons between EM27/SUN PROFFAST re

trievals of XCO and coincident satellite-based measurements from TROPOMI. As part of 

the summary of Fairbanks data, two retrieval methods, PROFFAST and EGI/GGG2014, 

are compared, as well as colocated observations with two EM27/SUN FTS collected in 2016, 

2018, and 2020 at UAF. Then, comparisons between colocated EM27/SUN and TCCON 

measurements collected intermittently at Caltech in Pasadena, California are used to de

termine average biases and variability in bias between the EM27/SUN measurements and 

TCCON. Finally, EM27/SUN PROFFAST retrievals of XCO in Fairbanks are compared to 

coincident satellite-based TROPOMI measurements of XCO, and a couple days with high 

7



daily variance in XCO are considered in more detail to elucidate how heterogeneity in CO 

column enhancements can impact TROPOMI biases relative to ground-based observations.

Chapter 3 builds on Chapter 2 by using the carefully vetted EM27/SUN measurements 

from Fairbanks in combination with data from two TCCON sites in the Boreal Forest, So- 

dankyla, Finland (67.26oN, 26.25oE; Kivi et al. (2017) and Kivi and Heikkinen (2016)) and 

East Trout Lake, Saskatchewan, Canada (54.35oN 104.99oW; Wunch et al. (2018)) to analyze 

biases in OCO-2 retrievals of XCO2 in Boreal Forest regions. As part of this satellite vali

dation analysis, tailored quality control filters and an alternative bias correction for OCO-2 

retrievals over northern high latitude regions are developed, which address the paucity in 

OCO-2 satellite-based observations of CO2 over northern high latitude terrestrial regions. 

The tailored quality controls allow for a substantial increase in spatial and temporal data 

coverage from OCO-2, providing increased data throughput in spring and autumn that facili

tates a better characterization of data-derived seasonal cycles. The alternative bias correction 

reduces the seasonal dependence in OCO-2 bias relative to ground-based observations, which 

also serves to facilitate more accurate seasonal cycle characterization.

Chapter 4 expands beyond satellite validation efforts and quality control analyses to ad

dress science questions on the nature of CO2 seasonality over northern high latitude regions 

using a combination of ground-based and OCO-2 satellite-based observations. Tailored qual

ity control filters and alternative bias correction developed in Chapter 3 serve to increase 

spatial and temporal data coverage of OCO-2 observations over northern high latitudes while 

reducing seasonal dependence in OCO-2 bias relative to ground-based observations in the 

Boreal Forest, allowing for an analysis of spatial distributions of XCO2 seasonal cycle char

acteristics on continental scales. In this analysis, the northern high latitude regions are 

subdivided into 5o latitude by 20o longitude zones, which are designated temperate, boreal, 

or tundra. Time-series of XCO2 daily averages over each zone are fit to a skewed sine wave 

using methods defined by Lindqvist et al. (2015). The skewed sine wave equation provides an 

estimate of the average seasonal cycle amplitude (SCA) of XCO2, and a phase metric referred 
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to as half drawdown day (HDD) is defined to compare differences in seasonal cycle phase in 

different zones. In addition to ground-based and OCO-2 measurements, seasonal cycle fits 

are also calculated for model estimates of XCO2 from the Copernicus Atmospheric Monitor

ing Services (CAMS) global inversion-optimized greenhouse gas flux model v19r1 and the 

GEOS-Chem CO2 simulation v12.7.2 Nassar et al., 2010. We consider how SCA and HDD 

may change when fitting to data from a single location versus fitting to spatially averaged 

OCO-2 measurements or model estimates. Then, we consider spatial distributions of SCA 

and HDD both qualitatively with color-scaled maps and more quantitatively through plots 

of SCA and HDD with respect to latitude and longitude, as well as correlations between 

SCA and HDD. Finally, we consider the competing influences of CO2 column enhancements 

due to accumulated CO2 exchange during atmospheric transport or due to fluxes within a 

given 5o latitude by 20o longitude zone.

In Chapter 5, overall conclusions of the research in this dissertation are reviewed, and 

we discuss the way in which the chapters tie together to construct a progression from single

site observations to an analysis of global scale carbon dynamics. There were plans in the 

thesis proposal for an analysis of XCH4 gradients over the Tanana Flats wetland area to the 

south of Fairbanks, but this analysis did not get included in the dissertation, and this final 

chapter includes an explanation of what went wrong and what could be improved for future 

attempts at column gradient analyses in remote regions. To close, suggestions for future 

research are discussed, with particular emphasis on the need for continued ground-based 

monitoring at established sites, the establishment of new sites in undersampled regions, 

and continued evaluation of satellite-based observations at high latitude with the aim of 

improving observational coverage.
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Chapter 2: Establishing a greenhouse gas observatory for ground-based atmospheric 

remote sensing in Fairbanks, Alaska

2.1 Introduction

Long-term monitoring of greenhouse gases is important for defining climate trends that 

occur over multiple years or decades, and while some regions of the world have a wealth 

of greenhouse gas observations at different temporal and spatial scales, large regions re

main very sparsely instrumented. Regions that represent large gaps in global observational 

coverage tend to be remote and challenging to access with a limited density of human inhab

itants, which is why there are fewer greenhouse gas measurements there. However, the fact 

that they are remote or have a limited human population does not mean that these regions 

do not have important roles to play in the global climate system. Satellite-based observa

tions provide an opportunity to get a more complete understanding of spatial distributions 

of atmospheric greenhouse gases over the entire planet, but these satellite-based measure

ments need to be vetted by and combined with ground-based observations at various spatial 

scales to develop a more holistic understanding of global carbon dynamics. In particular, 

ground-based observations offer more temporal richness because we can observe how these 

atmospheric concentrations change over the course of a day, as well as observing more consis

tently on a daily basis than the satellite is capable of. Furthermore, climate models also need 

to be vetted by both satellite-based and ground-based measurements of greenhouse gases. 

Passive infrared spectroscopy is a common approach to measuring column-averaged dry air 

mole fractions of atmospheric trace gases (Xgas), in which solar infrared radiation is detected 

and used to determine how much light is absorbed by atmospheric trace gases in the path 

from the sun to the instrument. Satellite-based measurements detect solar radiation that 

is reflected off the Earth's surface, while ground-based solar-viewing spectrometers detect 

solar radiation that has only made one trip through the atmosphere to Earth's surface. As 

a result, there tend to be more challenges, complications, and confounding factors involved 

19



in estimating atmospheric trace gas concentrations from satellite-based measurements than 

from ground-based measurements, so ground-based measurements are commonly considered 

to be the truth metric in comparisons between the two. A well dispersed global network of 

ground-based observations is, therefore, an essential component in assessing the quality and 

reliability of satellite-based observations.

The Total Carbon Column Observing Network (TCCON) is an international network of 

sites operating high-spectral-resolution solar viewing Fourier transform infrared spectrom

eters (FTS) for long-term monitoring of atmospheric trace gases. TCCON observations 

started in 2004 with sites in Lauder, New Zealand and Park Falls, Wyoming, USA, and has 

progressed into a well established global network that sets the standard for ground-based 

validation of satellite-based observations and model estimates of atmospheric trace gases. 

While TCCON offers an impressive contribution to global observational coverage, the high 

fiscal and maintenance costs of keeping one of these high-spectral-resolution spectrometers 

operating at peak performance, as well as the need for stable power and internet connections, 

prohibit the establishment of TCCON sites in certain regions. TCCON still has no sites in 

most of Siberia, Western Asia, Africa, Central America, South America, and Alaska. The de

velopment of the Bruker EM27/SUN FTS addresses the need for a more portable, low cost, 

and low maintenance solar-viewing spectrometer for deployment to regions that TCCON 

cannot reach. The Bruker EM27/SUN FTS uses a pendulum/corner cube reflector system 

to vary the spectral pathlength inside the instrument rather than the sliding mirror used in 

its high-spectral-resolution predecessors. While the EM27/SUN's more robust and compact 

scanning mechanism has a shorter optical path difference that results in lower spectral reso

lution (0.5 cm-1) than the Bruker IFS 125HR (~0.02 cm-1) used by TCCON, it allows for a 

portable instrument for field deployment. Furthermore, the higher spectral resolution of the 

TCCON instrument offers little advantage in observations of XCO2, XCH4, and XCO because 

the spectral lines for these gases are already pressure broadened in the atmosphere to ~ 0.5 

cm-1 and there is no direct relationship between spectral resolution and the precision ofXgas 
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measurements. A high level of precision is necessary for obtaining useful measurements of 

XCO2 and XCH4 because spatial and temporal variability in XCO2 and XCH4 are on the order 

of 1% of their observed values. Therefore, biases in XCO2 larger than 0.5 ppm (~ 0.13%) or 

biases in Xch4 larger than 5 ppb (~ 0.27%) can make many spatial and temporal gradients 

invisible. This is not the case for XCO, which can be double or triple the background value 

when an enhancement from a biomass burning event is being observed, and which generally 

has a more spatially heterogeneous distribution of column enhancements. While 10% preci

sion and accuracy are often considered sufficient for all practical purposes, Hase et al. (2016) 

report an approximate precision in Xco from the EM27/SUN of 0.35 ppb (< 1%). Gisi et al. 

(2012) report an instrument precision of 0.08% for EM27/SUN measurements of XCO2, and 

in a subsequent analysis, Chen et al. (2016) report precision of 0.01% for both XCO2 and 

XCH4, with an optimum integration time of 10 min, corresponding to Allan deviations of 

0.04 ppm and 0.2 ppb, respectively. For a one-minute integration time the results presented 

by Chen et al. (2016) suggest a precision closer to 0.12 ppm (~ 0.03%) for XcO2 and 0.5 ppb 

(~ 0.025%) for Xch4 . These reported precision metrics suggest that the EM27/SUN FTS 

is well suited to observe spatial and temporal variability in XCO2, XCH4, and XCO even for 

a site that has no major emission sources nearby.

Initially, GGG2014 coupled with the EM27/SUN GGG interferogram processing suite 

(EGI; Hedelius and Wennberg (2017)) was considered the preferred method of retrieving 

column-average dry air mole fractions of CO2, CH4, and CO (XcO2, XcH4, and XcO) from 

the EM27/SUN instrument because GGG2014 is the standard retrieval used by TCCON. 

Many early studies with the EM27/SUN FTS were comparing to different TCCON sites or 

using a TCCON site as a calibration standard before and after campaign deployment, so it is 

reasonable to use a retrieval that is comparable to TCCON. With the rapidly expanding use 

of and interest in the EM27/SUN instrument and recent changes in TCCON retrieval meth

ods, the need for collaborative standards for data collection and retrieval methods tailored 

specifically to the EM27/SUN have become apparent. The Collaborative Carbon Column 
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Observing Network (COCCON) has been established to address this need and, to support 

this budding network, Frank Hase's group at KIT performs instrument maintenance and 

comparisons to a standard EM27/SUN and the Karlsruhe TCCON station for EM27/SUN 

instruments that are registered as part of COCCON. PROFFAST has been developed as 

the standard retrieval algorithm for COCCON. Both GGG2014 and PROFFAST are scaling 

retrieval algorithms and are run with the same a priori gas profiles. In a scaling retrieval 

algorithm the profile shape is fixed by the a priori profile and is simply multiplied by an 

altitude invariant scaling parameter to achieve the best spectral fit. GGG2014 assumes an 

ideal instrument line shape (ILS), while PROFFAST requires that empirical modulation ef

ficiency and phase error for the instrument be provided to the algorithm. Several previous 

studies used a predecessor of PROFFAST, PROFFIT, to process EM27/SUN retrievals and 

compare them to TCCON (processed with GGG2014). Gisi et al. (2012) reported a 0.12% 

bias (~ 0.46 ppm) for XCO2 with averages of 10 EM27/SUN spectra used in PROFFIT re

trievals and approximately matched in time with TCCON GGG measurements without any 

additional time-aggregations. Frey et al. (2015) reported a 0.49 % bias for both XCO2 and 

XCH4 when comparing 15-minute averages ofEM27/SUN PROFFIT and TCCON GGG2014 

retrievals. Klappenbach et al. (2015) report a 0.43 % bias for XCO2 and a 1.84% bias for 

XCH4 when comparing hourly averages of EM27/SUN PROFFIT retrievals to TCCON. Hase 

et al. (2016) show biases in XCO on the order of 1-3 ppb between EM27/SUN PROFFIT 

retrievals and TCCON measurements in Karlsruhe, Germany. In another study comparing 

hourly averages of EM27/SUN PROFFFIT retrievals and TCCON GGG2014, Frey et al. 

(2019) report a 0.98% bias for XCO2 and a 0.72% bias for XCH4. Using ten-minute averages 

of PROFFAST retrievals for EM27/SUN observations in Sodankyla Finland, Tu et al., 2020 

report biases relative to TCCON observations that were generally less than 1 ppm for XCO2 

and less than 5 ppb for XCH4. Then, in a subsequent study of results from the same campaign 

in Sodankylaa. Sha et al., 2020 apply a correction for non-linearity effects to TCCON obser

vations and found biases in EM27/SUN PROFFAST retrievals of-0.38 ± 0.39 ppm for XCO2, 
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-2 ± 2 ppb for XCH4, and 3.98 ± 1.18 ppb for XCO, when averaging over ten minutes. When 

using GGG2014 retrievals for EM27/SUN and TCCON colocated observations at Caltech, 

averaged over ten minutes, Hedelius et al. (2016) report an overall average bias of 0.03% (~ 

0.12 ppm) for XCO2, 0.75% (~ 13.5 ppb) for Xch4, and -0.12% (~ 0.12 ppb) for Xco. How

ever, Hedelius et al. (2016) show time-series of comparisons over the course of a year with 

many instances of biases in XCO2 as high as 5 ppm for XCO2, 20 ppb for XCH4, and 10 ppb 

for Xco. Hedelius et al. (2017) found site-to-site biases in TCCON as large as 0.14% (~ 0.56 

ppm) for XcO2 and 0.24% (~ 4.3 ppb) for Xch4 , but also report instances of disagreement 

between TCCON sites up to 1.0 ppm for XcO2 and greater than 5 ppb for XcH4. Velazco 

et al. (2018) found an average bias between TCCON and EM27/SUN GGG2014 retrievals 

of approximately 0.46% (~ 1.84 ppm) for XCO2, after two years of colocated observations 

at the University of Wollongong. Overall, the biases between EM27/SUN and TCCON ob

servations are larger than the reported precision for the EM27/SUN and larger than biases 

between multiple EM27/SUN instruments, and this is partially explained by the differences 

in spectral resolution. Differences in reported biases can also depend on the choice of time 

aggregation used in the comparison or be tied to site-to-site biases within TCCON. COC- 

CON will require a number of network level data assessments and data quality standards in 

order to catch up with TCCON, which has undergone over a decade of vetting. TCCON is 

tied to the standard greenhouse gas scale of the World Meteorological Organization (WMO) 

by airmass independent correction factors (AICF), which reduce biases between TCCON ob

servations and aircraft in situ measurements. Calculating appropriate global scaling factors 

to tie PROFFAST retrievals for COCCON to the WMO standard will improve the usefulness 

of COCCON data as a source for satellite and model validation, and would be expected to 

improvement agreement between COCCON and TCCON measurements. With EM27/SUN 

retrievals from EGI/GGG2014, the AICF developed for TCCON are applied by default, but 

Ohyama et al. (2020) have developed scaling factors for EM27/SUN GGG2014 retrievals of 

XcO2 and XcH4 based on observations in Rikubetsu, Japan and Burgos, Philippines.
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There are two primary EM27/SUN FTS instruments operated in Fairbanks, which are re

ferred to throughout this chapter by their owning institution, one from Frank Hase's group 

at the Karlsruhe Institute of Technology (KIT) and one from Manvendra Dubey at Los 

Alamos National Laboratories (LANL). Both instruments were deployed in the Fairbanks 

area during an initial measurement campaign in August through October 2016, and at that 

time, both instruments were fitted with a single detector that allows for retrieval of XCO2 

and XCH4, but not XCO. Observations continued at UAF with only the LANL EM27/SUN 

during March through October 2017. In 2017, a shelter was constructed to house the in

strument on the roof of the Geophysical Institute (GI) at UAF to facilitate more efficient 

and convenient long-term monitoring. Following the observations in Fairbanks in 2017, the 

LANL EM27/SUN was brought to the Caltech TCCON site in Pasadena, California, and 

a week of colocated measurements were collected between the LANL EM27/SUN and the 

Caltech TCCON in December 2017. In early 2018, both the KIT and LANL EM27/SUN 

instruments were serviced in Karlsruhe and upgraded to include a dual detector that allows 

for retrieval of XCO (Hase et al., 2016). The KIT EM27/SUN was operated from within the 

shelter on the roof of the GI at UAF during April through October of 2018 and 2019, marking 

the establishment of an official COCCON site for long-term monitoring at UAF. In addition, 

the LANL EM27/SUN was operated alongside the KIT EM27/SUN in colocated observa

tions in May, June, and August of 2018. From autumn of 2018 to early 2020 the LANL 

EM27/SUN was deployed in a campaign to measure emissions from dairy farms in central 

California, and during this time there were several more sets of colocated data collected 

with the LANL EM27/SUN running next to the Caltech TCCON. In 2020, complications 

due to the COVID-19 pandemic prevented shipping of the KIT EM27/SUN from Karlsruhe 

to Fairbanks until August, but the LANL EM27/SUN was able to be shipped domestically 

from New Mexico. As a result, measurements were collected with the LANL EM27/SUN 

at UAF during late April through mid-August 2020, and then with the KIT EM27/SUN 

during mid August through October 2020. Three days of colocated observations with the 
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two instruments were also collected in mid-August 2020, before the LANL EM27/SUN was 

again returned to Caltech.

Fairbanks experiences a regular wildfire season every summer in which wildfires of varying 

range and intensity develop in the surrounding area. There are also regular summer wildfires 

in the Canadian and Asian Boreal Forests, and transported emissions from these regions can 

pass over Fairbanks. The addition of the dual detector for observing XCO provides an 

interesting opportunity to evaluate column enhancements from both local and transported 

wildfire emissions. The TROPOMI instrument was launched on board the European Space 

Agency's (ESA) Sentinel-5-Precursor (S5P) satellite late in 2017, and measures columns of 

CO and CH4, along with a number of other trace gases and atmospheric aerosols. While 

the current quality controls recommended by the TROPOMI documentation allow for a 

sufficient volume of CO data at high latitude sites, the majority of TROPOMI CH4 column 

retrievals over Fairbanks are flagged for removal (Landgraf et al., 2018; Hasekamp et al., 

2019). It is likely that data throughput for TROPOMI CH4 at high latitudes will increase 

as retrieval methods are further assessed and improved over time. For this analysis, only 

TROPOMI CO retrievals are considered as a preliminary evaluation. Sha et al. (2021) report 

biases in TROPOMI XCO of 9.14 ± 3.33 % for the standard TCCON XCO data and 2.36 

± 3.22 % for TCCON Xco retrievals without the AICF (1/1.0672). There is also a correction 

to account for differences in the a priori profiles of CO concentration used in ground-based 

and TROPOMI retrievals, and the reported values for these changes vary substantially for 

different TCCON sites considered in the study. The average adjustment is 0.33 ± 4.32 % 

across all TCCON stations, but the highest value is -17.43 % for Xianghe. Assessing the 

performance of TROPOMI during periods of XCO enhancements is essential for developing 

the usability of these satellite-based observations in tracking both anthropogenic and natural 

biomass burning events.

Here, we discuss the establishment and operation of a long-term greenhouse gas mon

itoring site with EM27/SUN FTS measurements in Fairbanks, Alaska, including retrieval 
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methods for processing infrared spectra to obtain estimates of XCO2, XCH4, and XCO, as 

well as a number of other data comparisons. The EM27/SUN observations in Fairbanks from 

2016-2020 are fully processed with both the PROFFAST and GGG2014 retrieval algorithms 

and results from the different retrieval methods are compared. Comparisons between colo

cated measurements with two EM27/SUN FTS (KIT and LANL) operating side-by-side at 

UAF are considered every two years over a four year period to evaluate the stability of the 

EM27/SUN instrument performance after instruments are exposed to different circumstances 

in separate deployments. Then, comparisons between colocated EM27/SUN and TCCON 

measurements at Caltech are considered to evaluate how EM27/SUN observations compare 

to TCCON over time. Finally, we compare retrievals of XCO in Fairbanks to coincident 

TROPOMI measurements, and explore a couple instances of high daily variability in XCO 

resulting from local and transported emissions from biomass burning events to provide some 

speculation on sources of TROPOMI bias relative to ground-based observations.

2.2 Methods

2.2.1 EM27/SUN retrieval methods

When observations began in Fairbanks in August 2016 column-averaged dry air mole 

fractions were retrieved using the EGI/GGG2014 algorithm, but with the development and 

expansion of COCCON, the PROFFAST retrieval framework is becoming more commonly 

used and is required to be used for membership in COCCON. The EGI/GGG2014 and 

PROFFAST retrieval frameworks both use a scaling retrieval in which an a priori profile 

of atmospheric gas concentrations is derived from a model that accounts for meteorology, 

latitude, and time ofyear. Both retrieval algorithms are run here with the TCCON GGG2014 

a priori profiles. The a priori profile is scaled up or down depending on the observed infrared 

spectra, but the relative concentrations between profile layers are fixed. The EM27/SUN 

FTS lacks the spectral resolution necessary for a full profile retrieval, but in most cases a 

scaling retrieval method is sufficient to obtain accurate estimates of column-averaged dry air
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mole fractions, defined as

While large enhancements within specific layers of the atmospheric profile have the poten

tial to cause erroneous results in a scaling retrieval, situations like this are expected to be 

extremely rare for CO2 or CH4 in Fairbanks and generally linked to local wildfires in the 

case of CO. One important difference between PROFFAST and GGG2014 retrievals is that 

PROFFAST accounts for empirical modulation efficiency and phase error in the instrument 

line shape (ILS) of each individual EM27/SUN FTS, while GGG2014 assumes a mathe

matically idealized ILS. ILS measurements are done with a full spectrum lamp in the lab, 

with methods described by Frey et al. (2015), and have been performed with approximately 

annual frequency for the two primary EM27/SUN FTS operated in Fairbanks. Table 2.1 

reports the relevant modulation efficiency and phase errors as well as the time period of 

observations that those parameters were applied to in the PROFFAST retrievals. ILS pa

rameters have been matched with EM27/SUN observations in a way that is intended to take 

the ILS parameters that are closest in time to observations while still maintaining consis

tent ILS parameters used for a given instrument in a given year. The COCCON website 

(https://www.imk-asf.kit.edu/english/COCCON.php) also reports official ILS parame

ters for the EM27/SUN FTS that are owned by KIT, and the ILS parameters used for 

PROFFAST retrievals in this analysis may not match the standard values reported by COC- 

CON.

Table 2.1: Measured modulation efficiency and phase error used in PROFFAST processing 
of EM27/SUN observations.

Date KIT EM27/SUN
ME/AU, PE/mrad

LANL EM27/SUN
ME/AU, PE/mrad

Retrievals processed

5 August 2016 0.9857, -1.4 0.9910, 2.2 KIT and LANL, 2016
9 December 2017 - 0.9993, -2.1 LANL, 2017
27 September 2018 - 0.9964, 2.6 averaged with 4 October 2018 ↓
4 October 2018 - 0.9943, 2.7 to obtain (0.9954, 2.7), LANL 2018
21 January 2019 0.9853, 3.4 - KIT 2018-2019
16 January 2020 - 0.9968, 3.2 LANL 2019-2020
16 February 2021 0.9878, 2.4 - KIT 2020
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Quality control filtering for EGI/GGG2014 retrievals follows those of TCCON with the 

following additional filters used in Hedelius et al. (2016):

• solar zenith angle (SZA)< 82;

• solar intensity average (SIA) > 90;

• retrieval error in XcO2 < 5 ppm;

• retrieval error in XcH4 < 10 ppb.

There is also a preliminary screening built into EGI/GGG2014 that removes interferograms 

that appear to be impacted by excessive cloud cover before any retrievals are calculated. 

Quality control filtering for PROFFAST retrievals is built into the PROFFAST processing 

suite with details provided in the PROFFAST documentation available on the COCCON 

website (https:/ /www . imk-asf . kit . edu/english/COCCON . php) . In addition to the built 

in quality controls, PROFFAST retrievals are only considered with SZA < 82o. For both 

retrieval methods the first 30 minutes of observations on a given day are removed and 

smoothing is applied which removes outliers based on the difference from a 5-point moving 

average with thresholds of 1 ppm for XcO2, 5 ppb for XcH4, and 10 ppb for XcO. In 

order to match data from different retrieval methods or instruments, one-minute averages 

are calculated and used throughout this analysis. Data removed in the smoothing process 

typically accounts for less than 1% of retrievals that pass the quality control filters; however, 

removal of XcO outliers tends to be more substantial than for XcO2 or XcH4 with smoothing 

occasionally removing up to 10% of XcO retrievals.

2.2.2 Site location

This monitoring site is located on the roof of the GI at UAF in Fairbanks, Alaska 

(64.859oN, 147.850oW, 212 m above sea level; see map in Fig. 2.1) fills an important gap 

in global coverage of ground-base column measurements, which are important for global 
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satellite and model validation. The only other source of this type of solar-viewing column 

measurements within or near the NASA Arctic Boreal Vulnerability Experiment (ABoVE) 

domain is the East Trout Lake TCCON site, and this site combined with Fairbanks provide 

column measurements at opposing corners of the region considered by ABoVE. Our relative 

proximity to Siberia also poses a unique opportunity to observe transported airmasses from a 

large and ecologically influential region of the world that is very sparsely instrumented. Fur

thermore, observations of atmospheric greenhouse gases in northern high latitude regions are 

essential for developing a holistic understanding of global carbon dynamics and monitoring 

the effects of accelerated warming in Arctic and sub-Arctic ecosystems.

Fairbanks is in the sub-Arctic Boreal Forest of North America, adjacent to tundra and 

temperate rainforest ecosystems. There is variable topography to the north and a great 

expanse of flat, low elevation wetlands to the south. In spring and autumn, wind direc

tions tend to oscillate bringing intermittent hot and cold fronts from the south and north, 

respectively. July is often impacted by Boreal Forest wildfires, while August tends to be 

rainy with winds from south/southwest bringing in warm low pressure systems. The area 

around Fairbanks is underlain with discontinuous permafrost and there is usually snow on 

the ground during November through April.

Many other types of data are collected in Fairbanks that could serve as complimentary 

data in potential future analyses. Immediately adjacent to the observing location for the 

EM27/SUN on the roof Geophysical Institute (GI) at the University of Alaska Fairbanks 

(UAF), there is a Dobson instrument that measures atmospheric ozone (O3), a Pandora 

instrument measuring NO2, O3, and other UV-Visible absorbing gases, a weather station 

measuring surface pressure, ambient temperature, and other meteorological parameters, and 

a lidar. In addition, there are eddy covariance and chamber measurements of CO2 and CH4 

fluxes at the Bonanza Creek LTER southwest of Fairbanks and in Goldstream Valley to the 

northwest, as well as regular airborne flask sampling performed to the southwest of UAF 

by the NOAA Earth System's Research Laboratory (ESRL) Global Monitoring Laboratory.
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Figure 2.1: Map of site location (left) and photograph of shelter on the roof of the GI at 
UAF (right).

There are twice daily radiosondes measuring temperature, pressure, relative humidity, wind 

speed, and wind direction at a series of altitudes (accessible at http://weather.uwyo.edu/ 

upperair/sounding.html), and many atmospheric measurements are also collected at the 

Poker Flat Research Range north of Fairbanks, where they launch sounding balloons and 

rockets.

2.2.3 Instrument and shelter operations

In 2017, a plywood shelter with a steel roof was built for housing the instrument on the 

roof of the GI at UAF, allowing the instrument to be left out and remotely operated for more 

efficient and convenient operations during long-term monitoring. Remote operating capa

bilities greatly increase data collection opportunities while dramatically reducing necessary 

labor. The shelter opens like a clam shell on top and is semi-automated with a rain sensor 

that will trigger the clam shell to close if it starts to rain. Full automation of data collection 

with the EM27/SUN is not possible with the CamTracker software most commonly used 

to facilitate solar tracking throughout the day because when the sun goes down the solar 

tracker on the EM27/SUN does not move to a parked position where it can resume track

ing for the next day. Dietrich et al. (2021) has designed software that does allow for fully 

automated data collection, but it is unclear when or if that software will be made widely
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available to EM27/SUN operators. At this time, an operator is still required to remotely 

access the computer in the shelter, open the clam shell, get the solar tracker into position, 

start data collection, and then shut everything down at the end of the day. In addition, if 

full automation becomes available for the EM27/SUN, the shelter at UAF would still need 

to be modified and possibly outfitted with a pyranometer or similar instrument to determine 

when to open and close the clam shell.

Surface pressure is the only ancillary measurement that is strictly necessary for process

ing retrievals from EM27/SUN observations, and it is important that surface pressure be 

measured regularly throughout the period of data collection with 0.1 hPa precision or bet

ter. Ideally these pressure measurements should be collected at a frequency of at least once 

per minute. Retrievals of column average dry air mole fractions from both EGI/GGG2014 

and PROFFAST incorporate observations of surface pressure in the calculation of the dry 

air column in the denominator of Eq. 2.1, so retrieved values of XCO2, XCH4, and XCO 

are particularly sensitive to ancillary observations of ambient pressure. In 2016 and 2017 

observations with the LANL EM27/SUN were coupled with pressure and temperature mea

surements from a Zeno Weather Station, which was also calibrated against pressure sensors 

at the Fairbanks airport, at LANL, and with the Zeno Weather Station used for the Caltech 

TCCON. The LANL Zeno was found to have a fairly consistent bias of 0.2 hPa relative to 

the sensors at the Fairbanks airport and at LANL, and a 0.1 hPa bias relative to the Caltech 

TCCON Zeno. To correct this, a 0.2 hPa additive correction was applied to pressure data 

from the LANL Zeno before use in data processing. Starting in 2018 and 2019 observations 

with the KIT EM27/SUN in Fairbanks were coupled with pressure measurements from a 

sensor on roof of the GI at UAF that is owned and operated by the Alaska Climate Research 

Center (climate.gi.alaska.edu). These pressure measurements were calibrated against 

the LANL Zeno during colocated observations in 2018 and found to have an average bias 

less than 0.1 hPa after applying the 0.2 hPa offset to the LANL Zeno pressures. In addition, 

the exact elevation on the roof of the GI at UAF was measured using a high accuracy GPS 
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receiver to ensure that the most accurate location information is provided to the retrieval 

algorithm for calculating the a priori profile. Other ancillary measurements that can be 

very helpful in evaluating interpreting results from EM27/SUN measurements include tem

perature, relative humidity, wind speed, wind direction, and atmospheric aerosols. Vertical 

profiles of wind speed and direction could be particularly useful in understanding retrievals 

of XCH4 and XCO, which can exhibit diurnal variability that is strongly tied to atmospheric 

transport.

As discussed in the Appendix A most cases with the worst discrepancies between EM27/SUN 

instruments during colocated observations could be linked to technical difficulties with solar 

tracking. Several days of data were excluded from the analysis in section 2.3.2, with dates 

noted in Appendix A, and all those days with the exception of 21 June 2018 were associated 

with noted problems with solar tracking. It is well known that cloud cover causes prob

lems for solar viewing spectroscopy, and many solar tracking issues are initiated by cloud 

cover, so these results are not particularly surprising. However, there are some software and 

hardware improvements that could reduce the rate at which these events occur. Software 

improvements to solar tracking could include:

1. better compatibility with Windows 10, or compatibility with a more long term stable 

operating system like Linux;

2. faster and more consistent return to the correct solar position after clouds pass over, 

or even over night;

3. a more convenient and efficient method of determining the appropriate CamTracker 

(or alternative program) configuration settings for different instruments that does not 

require days of trial and error.

One possible hardware change that may increase opportunities for data collection and im

prove tracking with certain types of cloud cover would the addition of an infrared camera 

to facilitate solar tracking when there is a high degree of UV absorption or scattering in the 
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atmosphere. This would be particularly useful for remote sensing of XcO in smoke plumes, 

which can obstruct UV and visible wavelengths more than the infrared (citation?).

2.2.4 Comparing colocated observations

During observation campaigns conducted in August-October 2016 and May-June 2018, as 

well as during instrument exchanges in August 2018 and August 2020, multiple EM27/SUN 

FTS were run side-by-side at UAF. These comparisons of retrievals from multiple colocated 

instruments test the manufacturing consistency of the EM27/SUN instrument, and when 

considered over time with the same instruments they are indicative of the long term stability 

of these instruments under different conditions and handling. Because the instruments are 

subjected to different conditions in the time between colocated observations, any change 

in the inter-instrument correlations over time should be attributable to the effects of wear 

or some fundamental difference in the instruments that is more apparent under certain 

observing conditions. The latter explanation can be averted to some extent by collecting 

colocated measurements over several consecutive days. During colocated observations the 

instruments are positioned next to each other and retrievals are processed using the same 

surface pressure and temperature observations for both instruments. In this analysis we 

compare colocated measurements with the KIT EM27/SUN and the LANL EM27/SUN at 

UAF.

In order to reference our observations in Fairbanks to TCCON, side-by-side measurements 

with the EM27/SUN FTS used in Fairbanks were collected alongside the Caltech TCCON 

instrument in Pasadena, California, USA (34.136oN, 118.127oW; Wennberg et al. (2017)). 

While the TCCON instruments are regularly calibrated and realigned, they are not regularly 

transported from one location to another or exposed to the same external environmental 

conditions that the EM27/SUN FTS are subjected to during field deployment. Therefore, the 

TCCON observations are assumed to be more stable in time than those from the EM27/SUN 

FTS, and should serve as reasonable point of comparison to assess the stability of EM27/SUN 
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performance over time. The LANL EM27/SUN was operated in colocated observations 

with the Caltech TCCON in December 2017, after observing continuously at UAF during 

March through October of that year. Starting in September 2018, the LANL EM27/SUN 

was involved in a series of campaigns measuring CH4 around dairy farms in the Central 

Valley of California, and this provided an opportunity to analyze several sets of colocated 

observations with the LANL EM27/SUN and the Caltech TCCON collected before or after 

field deployments in September 2018, September 2019, and January to February 2020. A 

surface averaging kernel correction is applied to EM27/SUN observations at the Caltech 

TCCON following methods described in Hedelius et al. (2016). The surface averaging kernel 

correction assumes that differences in instrument sensitivity at the surface account for all, or 

the vast majority, of systematic biases in retrieved Xgas that can be attributed to differences 

in spectral resolution between the EM27/SUN and the Bruker IFS-125HR used by TCCON. 

This type of correction is considered appropriate for observations in Pasadena where urban 

pollution likely causes substantial enhancements in CO2, CH4, and CO in the surface layer 

of the profile.

2.2.5 TROPOMI CO column measurements

Following methods by Sha et al. (2021) we calculate TROPOMI XcO from the total 

column of CO reported for the satellite, using the surface pressure and total column of H2O 

to calculate the column of dry air. We also match their spatial coincidence criteria and 

quality control filtering (Sha et al., 2021). Before comparing EM27/SUN observations of 

XcO in Fairbanks to TROPOMI XcO an additive correction, Xfactor is calculated to account 

for the fact that the EM27/SUN retrievals use a different a priori profile of atmospheric 

CO volume mixing ratios than TROPOMI retrievals. This method of a priori substitution 

follows methods described in Appendix A of Sha et al. (2021), but the profiles calculated 

in the correction have to be converted to column averaged dry air mole fractions because 

we cannot retrieve profiles of gas concentrations from the EM27/SUN FTS. To apply the a 
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where Aem27 is the averaging kernel matrix for the EM27/SUN xap_S5P is the a priori CO 

profile generated by TM5 and used in TROPOMI retrievals (available at ftp://ftp.sron. 

nl/pub/jochen/TROPOMI_apriori/tm5_co/), and xap_EM27 is the a priori profile generated 

by TCCON for GGG2014 retrievals (also used in PROFFAST retrievals). Note that the 

TM5 TROPOMI a prioris for 2020 have not been made available, so the 2019 a prioris 

are used to correct the 2020 data. The averaging kernel matrix, AEM27, is a diagonal 

matrix with a column averaging kernel along the diagonal that is calculated from a mean 

instrumental averaging kernel for the EM27/SUN FTS, reported by Hedelius et al. (2016), 

that is interpolated as a function of pressure and solar zenith angle. The resulting vector 

correction then has to be converted to a scalar column averaged mole fraction so it can be 

added to EM27/SUN retrievals of XCO, which is done by the following equation: 

where ndry-air,i is the molecular density of dry air in each layer of the profile and i ndry-air,i 

is the column of dry air. Figure 2.2 shows the calculated Xfactor values as an average of each 

40-minute aggregation of ground-based observations that can be paired with an existing 

coincident TROPOMI overpass, as a function of day of year and colored by year. Results in 

Fig. 2.2 indicate that the seasonal variation in these additive corrections is consistent from 

year to year and has a gradual downward trend through the year.

When comparing the satellite overpass measurements to ground-based observations, a 

choice must be made about how to aggregate ground-based retrievals. Atmospheric CO tends 

to have very little background variability, but if an enhanced plume passes over there can be 

sharp spikes in which XCO changes by tens or hundreds of ppb and returns to background
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Figure 2.2: Additive a priori substitution correction factors to correct EM27/SUN retrievals 
to the TROPOMI a priori as a function of day of year and colored by year.

levels, all within 10 to 30 minutes. For this reason, it seemed prudent to consider how 

temporal coincidence criteria affects observed TROPOMI biases. Results in Fig. 2.3 show 

biases in TROPOMI XCO relative to EM27/SUN observations in Fairbanks considering each 

year of data, with and without the a priori substitution, and given a number of different time 

aggregations for ground-based data. Also shown are the maximum TROPOMI bias in each 

year and the number of coincident data pairs obtained with each choice of time aggregation. 

The time aggregations have a minimum threshold of five one-minute averages in a valid 

aggregation period and are centered at the overpass time, so a 10 minute aggregation takes 

an average of ground-based retrievals collected within ± 5 minutes of the satellite overpass 

time. Figure 2.3 shows a steady increase in the number of coincident data pairs as the time 

aggregation is increased to include more time around the overpass, and the average annual 

biases remain fairly constant regardless of the choice of time aggregation. However, the 

60-minute and 120-minute time aggregations have larger maximum biases in 2019 which are 

nearly double that of the 40-minute aggregation, when considering the a priori corrected 

measurements. The 40-minute aggregation is therefore chosen for this analysis in order to 

maximize available coincident data pairs for comparison, while minimizing the occurrence of 
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large anomalous biases. In addition, results in Fig. 2.3 show that the a priori substitution 

correction reduces average biases from between 4 and 6.5 ppb to between -2 and 0 ppb for 

GGG2014 retrievals, while it reduces average biases from between 3.5 and 6 ppb to between 

-2.5 and -0.5 ppb for PROFFAST retrievals. Despite the fact that average biases are slightly 

closer to zero in the GGG2014 retrievals with a priori substitution, we have decided to focus 

the remaining analysis of TROPOMI XCO on PROFFAST retrievals because those are the 

standard retrievals used by COCCON and COCCON is an official source of validation data 

for TROPOMI.

2.3 Results

2.3.1 PROFFAST retrievals and GGG2014 retrievals for observations at UAF

The time-series in Fig. 2.4, 2.5, and 2.6 demonstrate that offsets between the GGG2014 

and PROFFAST retrievals of XCO2, XCH4, and XCO are relatively constant over time. 

PROFFAST retrievals ofXCO2 and XCH4 are consistently below the corresponding GGG2014 

retrievals with the most apparent discrepancies between retrieval methods occurring in the 

XCH4 retrievals. PROFFAST retrievals of XCO are slightly higher than the corresponding 

GGG2014 retrievals, but the difference is only around 1-2 ppb and is almost imperceptible 

in the time-series shown in Fig. 2.6. Also highlighted in Fig. 2.6 are the days identified as 

having daily standard deviation in XCO greater than 5 ppb, which will be considered sep

arately in comparisons to coincident satellite-based TROPOMI measurements of XCO over 

Fairbanks. Results from Fig. 2.4, 2.5, and 2.6 in combination with the correlations between 

PROFFAST and GGG2014 retrievals shown in Fig. 2.7 show that the two retrieval methods 

are tightly correlated and vary in mostly the same way, suggesting that the two retrieval 

methods could be interchangeable with an appropriate scaling factor. Given the correlation 

slopes reported the top row in Fig. 2.7, PROFFAST retrievals of XCO2 underestimate those 

from GGG2014 by approximately 0.75-1 ppm, PROFFAST retrievals of XCH4 underesti
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mate those from GGG2014 by approximately 15-20 ppb, and PROFFAST retrievals of XcO 

overestimate those from GGG2014 by approximately 1-4 ppb.

In order to tie TCCON retrievals of column averaged dry air mole fractions to the global 

standard scale of the World Meteorological Organization (WMO) derived from airborne 

in situ measurements, empirically derived airmass independent correction factors (AICF) 

are applied, and these are built into the EGI/GGG2014 processing suite. Until recently 

there were no published AICF specifically derived for the EM27/SUN, so TCCON AICF 

were applied to the EM27/SUN retrievals in GGG2014 by default. Ohyama et al. (2020) 

have determined AICF specifically for GGG2014 retrievals of XcO2 and XcH4 with the 

EM27/SUN, based on observations at Rikubetsu, Japan, and Burgos, Philippines. They did 

not derive AICF for XcO retrievals. Though the AICF reported by Ohyama et al. (2020) may 

not be globally representative, they are the only values that have been officially published, 

so we consider the effects of applying these new AICF to the Fairbanks GGG2014 retrievals 

instead of the TCCON AICF. No AICF have been determined for PROFFAST retrievals, and 

without specific scaling factors for these retrievals, there is no reason to expect improvement 

in the agreement between PROFFAST EM27/SUN retrievals and GGG2014 EM27/SUN 

retrievals with the new AICF. On the other hand, the TCCON AICF are intended to correct 

TCCON measurements to the WMO scale, and it is reasonable to expect improved agreement 

between TCCON GGG2014 retrievals with the TCCON AICF and EM27/SUN GGG2014 

retrievals with the AICF reported by Ohyama et al. (2020). Figure 2.7 shows that these 

new AICF for the EM27/SUN do result in improved agreement between PROFFAST and 

GGG2014 retrievals of XcH4, while making agreement between PROFFAST and GGG2014 

retrievals of XcO2 worse.

2.3.2 Inter-instrument comparisons between two EM27/SUN FTS

As previously explained in Sect. 2.2.4, colocated observations with the KIT and LANL 

EM27/SUN FTS were collected at UAF in 2016, 2018, and 2020. Some colocated observa
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tions were excluded from this analysis and a detailed explanation is provided in Appendix A. 

Correlations between the KIT and LANL EM27/SUN measurements are provided in Fig. 2.8 

and indicate that colocated observations with these two instruments are tightly correlated 

regardless of the retrieval method, gas, or year. These results suggest a high degree of sta

bility in the performance of these spectrometers despite being frequently shipped over long 

distances and being exposed to very different climatic conditions in the time between succes

sive sets of colocated observations. The KIT EM27/SUN was shipped between Fairbanks, 

Alaska and Karlsruhe, Germany multiple times between each set of colocated measurements, 

as well as being left in our plywood shelter on the roof of the GI at UAF for months at a 

time. The LANL EM27/SUN was also shipped between Fairbanks, Alaska, Pasadena, Cali

fornia, Los Alamos, New Mexico, and other areas of California, as well as being exposed to 

very high temperatures while being operated in the Central Valley of California and being 

left in the shelter on the roof of the GI at UAF for 5 months in 2017. Despite all of this 

transport and the fact that these two spectrometers are exposed to different circumstances, 

the colocated retrievals remain tightly correlated in each year of colocated data collection.

Figure 2.9 shows the slopes of linear fits, with y-intercept fixed at zero, to correlations 

between the LANL and KIT EM27/SUN FTS for each day and each year of colocated 

observations. Overall, most daily correlation slopes are close to the annual slope, within 

approximately 0.03% (~ 0.12 ppm) for XCO2, approximately 0.07% (~ 1.3 ppb) for Xch4 , 

and approximately 0.3% (~ 0.3-0.6 ppb) for Xco. There are a couple days with slopes that 

are notable outliers with the GGG2014 retrievals, but these days do not appear to be as 

negatively affected in the comparisons between the two instruments using PROFFAST re

trievals. It may be that quality control filtering removed more of the erroneous observations 

in PROFFAST processing than the GGG2014 screening process. A number of days of colo

cated observations were affected by cloud cover for some part of the day, so if some of the 

observations collected under cloud cover or affected by errors in solar tracking that persisted 

after cloud cover has passed (see Appendix A for details about tracking issues) are able to 
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pass cloud screening and quality control flags in GGG2014 that may explain the days with a 

correlation slope between instruments with a large discrepancy relative to the annual slope. 

Variability in the annual slopes using PROFFAST retrievals suggest that the variability in 

offsets between EM27/SUN instruments over a period of two years are less than 0.1 ppm for 

XCO2, less than 1.5 ppb for XCH4, and approximately 0.2-0.4 ppb for XCO. Variability in 

the annual slopes using GGG2014 retrievals suggest that the variability in offsets between 

EM27/SUN instruments over a period of two years are less than 0.2 ppm for XCO2, less 

than 1.1 ppb for XCH4, and approximately 0.2-0.4 ppb for XCO. The full range of variability 

in daily slopes for all colocated observations in Fairbanks with PROFFAST retrievals are 

approximately 0.08% (~ 0.32 ppm) for XCO2, 0.15% (~ 2.8 ppb) for Xch4, and 0.9% (~ 

0.9-1.8 ppb) for XCO, while with GGG2014 retrievals the ranges of daily correlations are 

approximately 0.13% (~ 0.51 ppm) for XcO2, 0.19% (~ 3.5 ppb) for Xch4, and 1.4% (~ 

1.4-2.8 ppb) for XCO. As previously stated, there are a few far outliers that make the total 

range in daily slopes larger, although a majority of the days are approximately within instru

ment precision of their corresponding annual slopes and variability between annual slopes 

are also close to or less than instrument precision. There does appear to be some suggestion 

of long-term temporal trends in the correlations between instruments, in particular, both 

PROFFAST and GGG2014 seem to yield a decrease in correlation slopes between the in

struments from 2016 to 2018 and from 2018 to 2020. For XcH4 PROFFAST retrievals seem 

to yield an increase in slopes over time, while GGG2014 retrievals seem to yield a decrease 

in slopes over time. More colocated observations over a longer period of time would be 

necessary to determine whether these are real temporal trends or simply random variability. 

The assessment of possible long-term trends are further complicated by the fact that both 

KIT and LANL EM27/SUN FTS were serviced and upgraded to include a dual detector in 

early 2018, and this would be expected to act as a sort ofreset to instrument wear and tear.
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2.3.3 Implications of accounting for ILS in EM27/SUN PROFFAST retrievals

PROFFAST retrievals for colocated observations in Fairbanks were also run assuming 

an ideal ILS (setting ME = 1.0000 AU and PE = 0.000 mrad) with results included in 

Fig. 2.9. It is unexpected that for colocated data in 2018 and 2020, the PROFFAST 

retrievals with assumed ideal ILS yield closer agreement between the two spectrometers 

than the PROFFAST retrievals with the real (empirical) ILS (see Table 2.1 for values of 

observed ME and PE). In 2016, the PROFFAST retrievals with ideal ILS also yield improved 

agreement between spectrometers for retrieved XCH4, but not for XCO2. One would expect 

that accounting for the empirical ILS parameters for each instrument would improve the 

agreement between colocated instruments. Given that the modulation efficiencies (ME) for 

these instruments are very close to unity and their phase errors (PE) are very close to zero, 

it may be that accounting for the ILS parameters is unnecessary. On the other hand, all of 

the biases between instruments, regardless of retrieval method, are very close to or within 

the range of reported instrument precision (Chen et al., 2016; Hase et al., 2016; Gisi et al., 

2012), so an apparent reduction in bias may only be random noise.

Because GGG2014 retrievals already assume an ideal ILS, the PROFFAST retrievals 

with assumed ideal ILS are expected to yield results that are closer to those from GGG2014. 

While the results provided in Fig. 2.9 are not sufficient to speculate on the relationship be

tween GGG2014 and PROFFAST retrievals, they do suggest that the correlations between 

instruments using PROFFAST retrievals with ideal ILS are more similar to the correla

tions between instruments using GGG2014 than the correlations between instruments using 

PROFFAST retrievals with real ILS. Figure 2.10 shows the correlations between PROFFAST 

and GGG2014 for colocated Fairbanks observations given PROFFAST retrievals with both 

real and ideal ILS parameters. Results in Fig. 2.10 indicate that the agreement between 

GGG2014 and PROFFAST retrievals are improved for XCH4 with the ideal ILS runs, but 

the agreement between GGG2014 and PROFFAST retrievals is better with the real ILS runs 

for XCO2 and XCO. Differences in biases between GGG2014 and PROFFAST resulting from 
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assuming an ideal ILS are less than 0.08% (~ 0.32 ppm) for XCO2, less than 0.26% (~ 5 

ppb), and less than 0.12% (~ 0.12-0.24 ppb) for Xco.

2.3.4 Comparison to TCCON observations at Caltech

Because TCCON is a relatively stable and established standard for atmospheric col

umn measurements of CO2, CH4, and CO, we performed a series of colocated observations 

with EM27/SUN FTS and the Caltech TCCON station in Pasadena, California (34.136oN 

118.127oW; Wennberg et al. (2017)). Most of the colocated measurements at Caltech were 

performed with the LANL EM27/SUN, and only three days of observations with the KIT 

EM27/SUN were collected in December 2019 (see Sect. 2.2.4 for details on data collec

tion). Figure 2.11 shows the full correlation between EM27/SUN and TCCON observations 

matched as one-minute averages for all colocated data collected from December 2017 to 

February 2020. EM27/SUN observations were processed with both the GGG2014 and PROF

FAST retrieval algorithms and correlations are considered for GGG2014 retrievals with the 

default TCCON AICF and with the AICF reported by Ohyama et al. (2020) for Xco2 and 

XcH4, as well as with no AICF applied for Xco. The AICF reported by Ohyama et al. 

(2020) did improve the agreement between TCCON GGG2014 and EM27/SUN GGG2014 

Xco2 retrievals, but for XcH4 retrievals this AICF seems to overcorrect and make the agree

ment worse, and removing the AICF from EM27/SUN GGG2014 retrievals of Xco made 

the agreement with TCCON retrievals of Xco worse as well. Developing AICF to correct 

PROFFAST retrievals to the WMO scale will be necessary to compare and combine COC- 

CON measurements with TCCON observations in future studies, and the best results would 

probably be obtained with the inclusion of more sites from different global regions. To a 

certain extent, the fact that the AICF reported by Ohyama et al. (2020) made the agree

ment between PROFFAST and GGG2014 Xco2 retrievals worse in Sect. 2.3.2 may suggest 

that PROFFAST retrievals need a similar correction factor to bring them into agreement 

with TCCON. When the new AICF is applied to EM27/SUN GGG2014 Xco2 retrievals it 
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brings them into better agreement with TCCON, but moves them further away from the 

PROFFAST XcO2 retrievals.

Figure 2.12 further demonstrates how the different AICF change the daily and annual 

correlation slopes between TCCON and EM2/SUN measurements, with y-intercepts fixed 

at zero in the linear fits. EM27/SUN PROFFAST retrievals have larger biases relative to 

TCCON than EM27/SUN GGG2014 retrievals in most cases, and the biases relative to TC- 

CON measurements are approximately an order of magnitude larger than the biases between 

colocated EM27/SUN measurements in Fairbanks, discussed in Sect. 2.3.2. For correlations 

of colocated observations with the LANL EM27/SUN and PROFFAST retrievals, the aver

age bias relative to TCCON is approximately 0.5% (~ 2 ppm) for XcO2, 0.4% (~ 7.4 ppb) 

for Xch4 , and 4% (~ 4-8 ppb) for Xco. The full range of variability in daily correlation 

slopes with the LANL EM27/SUN is similar for both PROFFAST and GGG2014 retrievals 

at approximately 0.35% (~ 1.4 ppm) for XcO2, 0.6% (~ 11 ppb) for Xch4 , and 4% (4-8 ppb) 

for Xco. For the KIT EM27/SUN observing alongside the TCCON for only three days we 

see variability in the daily correlation slopes of approximately 0.2% (~ 0.8 ppm) for XcO2, 

0.4% (~ 7.4 ppb) for ch4 , and 3% (~ 3-6 ppb) for Xco. While the overall bias relative 

to TCCON is something that can be corrected with scaling, the variability in relationships 

between TCCON and EM27/SUN colocated measurements may be more difficult to correct. 

It may be that the quick and convenient surface averaging kernel correction used here is not 

sufficient, and a more complete averaging kernel correction for the column is needed to bring 

the observations from the two instruments into agreement. It is also possible that a number 

of these days are simply bad samples because they are affected by cloud cover, which likely 

played a role in the observations with the KIT EM27/SUN in 2019. During intermittent 

cloud cover the TCCON gets far fewer observations, which are spread out through the day, 

because it takes longer for the high resolution instrument to collect a single observation and 

any cloud passing through in that time will likely cause the measurement to be thrown out. 

A more long term comparison of colocated measurements taken over an annual cycle could 
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greatly improve our understanding of these relationships. Some similar comparisons have al

ready been made between long term TCCON measurements and PROFFAST retrievals with 

the EM27/SUN by Frey et al. (2019). However, it is important to note that the GGG2014 

retrievals tend to be slightly less biased relative to TCCON than the PROFFAST retrievals.

2.3.5 Comparison of EM27/SUN and TROPOMI XCO retrievals at Fairbanks

In this section, we evaluate the relationships between coincident satellite-based retrievals 

of XCO from TROPOMI to 40-minute aggregations (± 20 minutes of the time of satellite 

overpass) of ground-based PROFFAST retrievals from the EM27/SUN in Fairbanks. De

tails about data handling for TROPOMI and justification for the choice of 40-minute time 

aggregations are discussed in Sect. 2.2.5. Figure 2.13 shows the full annual time-series for 

2018-2020 of the overpass averages of TROPOMI XCO and corresponding 40-minute average 

of ground-based XCO retrievals, with days of high variance in EM27/SUN retrievals of XCO 

highlighted in red. It is clear in both Fig. 2.6 and Fig. 2.13 that the days with the highest 

XCO are usually also days with high daily variance in XCO. Results in Fig. 2.13 also seem 

to suggest that, overall, the TROPOMI and EM27/SUN XCO measurements vary together 

over time and there is no apparent seasonal dependence in TROPOMI XCO bias relative to 

EM27/SUN XCO measurements at Fairbanks. Coincident TROPOMI measurements tend 

to be biased low, but for days with high XCO variance there is a combination of high and 

low biases. TROPOMI biases relative to EM27/SUN observations in Fairbanks are shown 

in Fig. 2.14 and these results further demonstrate the increased scatter in biases that is 

associated with high daily variance in XCO. It is hypothesized that transported emissions 

from biomass burning events can cause a highly heterogeneous spatial distribution of CO 

column enhancements, and biases between ground-based and satellite-based measurements 

can occur through temporal and spatial mismatch of air being sampled by each instrument. 

For the majority of coincident data pairs on days with low variance in XCO TROPOMI is 

biased low with most biases (defined as ∆XCO = TROPOMI - EM27/SUN) ranging from 
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+5 ppb to -10 ppb. The observed TROPOMI biases in Fairbanks are on the same order 

of magnitude as biases in EM27/SUN PROFFAST retrievals relative to TCCON measure

ments at Caltech, discussed in Sect. 2.3.4. Direct correlations between coincident 40-minute 

aggregations of EM27/SUN retrievals and TROPOMI overpass averages of XcO are shown 

in Fig. 2.15, separated into days with high (> 5 ppb) and low (≤ 5 ppb) daily variance in 

XcO. Results in Fig. 2.15 suggest very close overall agreement between EM27/SUN and 

TROPOMI observations of XcO for both cases of high and low daily variance in XcO. The 

correlation slopes in Fig. 2.15 are from linear fits with the y-intercept fixed at zero. These 

correlation slopes suggest that TROPOMI overpass averages on days with low variance in 

Xco are biased low by 3.3% (~ 3.6 ppb), while TROPOMI overpass averages on days with 

high variance in Xco are biased high by 0.64% (~ 0.7 ppb). Both of these average biases 

are less than biases in EM27/SUN PROFFAST retrievals relative to TCCON measurements 

at Caltech, discussed in Sect. 2.3.4.

2.3.6 Days with large XCO anomalies in Fairbanks

There were many wildfires in central Alaska in July and August of 2019, some within 

viewing distance of the observing site in Fairbanks. The closer a biomass burning event is 

to the observing site the more heterogeneity there is in CO column enhancements, whereas 

a plume of transported emissions from farther away will have time to disperse and mix 

horizontally and vertically. As a result, sharp spikes in the diurnal time-series of ground

based Xco are observed in association with these nearby fires, which can be detected by 

identifying days with high daily variance in Xco. Temporal spikes observed at a ground

based observing site have some association with spatial distributions of Xco enhancements 

over a larger region, observed by TROPOMI. The 2019 wildfires are also associated with 

most of the largest TROPOMI biases, as well as increased scatter in TROPOMI biases, 

relative to EM27/SUN PROFFAST retrievals in Fairbanks. Some errors in both the satellite

based and ground-based retrievals may be expected during this period as a result of dense 
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atmospheric aerosol loading, although quality controls for both PROFFAST retrievals and 

TROPOMI observations should limit the inclusion of data most impacted by atmospheric 

aerosol scattering. In Fig. 2.16-2.19 we show a couple examples of these fire events with 

maps from TROPOMI observations of Alaska and the diurnal time-series of EM27/SUN 

PROFFAST retrievals of Xco2, XcH4, and Xco. On 7 July 2018, Xco enhancements are 

a result of plumes transported from Siberian wildfires, and the maps of TROPOMI Xco in 

Fig. 2.16 show that the spatial distribution of enhanced CO is more spread out. Gradients 

of Xco in the overpass region are visible but muted, without sharp enhancement features. In 

the time-series of EM27/SUN retrievals in Fig. 2.17 temporal changes in Xco through the 

day are also more gradual and muted. In contrast, the Xco enhancements on 9 July 2019 

are a result of more proximal wildfires in central Alaska, shown as sharp spatial features 

in Fig. 2.18, with some TROPOMI Xco enhancements in the surrounding region that 

were as high as 1200 ppb. This high degree of spatial heterogeneity also results in sharp 

enhancements within the overpass region that can be hundreds of ppb above TROPOMI 

column measurements that are immediately adjacent (probably only a few km apart). In 

the diurnal time-series of EM27/SUN observations in Fig. 2.19, there is also a very sharp 

spike in Xco, with an approximately 200 ppb increase within 30 minutes and a subsequent 

200 ppb decrease over the following 30 minutes. This spike in Xco is clearly reflected in 

observations of Xco2 and XcH4.

On both 7 July 2018 and 9 July 2019, there are biases in TROPOMI Xco, relative 

to the EM27/SUN observations, that appear to be partially attributable to the temporal 

averaging of ground-based data because there are obvious trends in Xco over the 40-minute 

aggregation window at the time of the overpass. There is one coincident data pair on 7 

July 2018 with a bias of approximately 15 ppb which is unlikely to be a result of temporal 

averaging. It is suspected that this bias is due to the fact that the TROPOMI overpass region 

has an enhancement to the north of Fairbanks that is included in the overpass average, but 

may not be detected by the south-facing EM27/SUN. This type of spatial mismatch might 
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also explain another 20 ppb bias associated with the earlier overpass on 9 July 2019, for 

which Fig. 2.18 shows a few points on the northern edge of the overpass region that are ~ 

500 ppb, while the rest of the overpass region is ~ 100-150 ppb.

2.4 Conclusions

We have established a site for long-term monitoring of atmospheric greenhouse gases 

(CO2, CH4, and CO) using the solar-viewing EM27/SUN FTS in Fairbanks, Alaska, USA 

to address a paucity in observations of this type in northern high latitude regions. After 

comparing two methods for retrieving column-averaged dry air mole fractions of CO2, CH4, 

and CO (XCO2 , XCH4, and XCO) we found that both methods produce very similar tem

poral variability, but may require scaling factors to correct for biases and bring retrievals 

in line with the global standards set by the World Meteorological Organization (WMO). 

Comparisons between EM27/SUN FTS in Fairbanks show variability in daily correlation 

slopes that are close to, and often less than, previously reported precision estimates for the 

EM27/SUN FTS. Because the agreement between the two EM27/SUN spectrometers ob

serving in Fairbanks is consistent within the range of instrument precision, the long term 

reliability of EM27/SUN performance is not likely to be a major contributor to trends in bi

ases when comparing EM27/SUN observations to satellite-based or TCCON measurements. 

Comparisons between EM27/SUN and TCCON retrievals during colocated observations at 

Caltech in Pasadena, California suggest larger biases than are observed when comparing 

observations from two colocated EM27/SUN FTS in Fairbanks, but they are similar in size 

to offsets between retrieval methods. The implementation of a new airmass independent cor

rection factor (AICF) tailored to EM27/SUN GGG2014 retrievals by Ohyama et al. (2020) 

improves the agreement between the EM27/SUN and TCCON at Caltech for XCO2, but 

seems to over-correct for XCH4 . It may be that more globally representative correction fac

tors are needed because Ohyama et al. (2020) only consider data from Rikubetsu, Japan 

and Burgos, Philippines. In addition, biases relative to TCCON measurements can likely 
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be partially attributed to an order of magnitude difference in spectral resolution, possible 

poor sampling due to limited time-frames for data collection, or differences in airmass de

pendence. Comparisons between EM27/SUN PROFFAST retrievals of XCO in Fairbanks 

and coincident TROPOMI XCO within 100 km of UAF show that biases are substantially 

reduced by the a priori substitution correction and the biases for corrected data are typi

cally well within the TROPOMI target accuracy of 10%. Increased scatter in TROPOMI 

biases is often associated with high daily variance in XCO, and local wildfires can cause ex

treme spatial heterogeneity in regional XCO fields and sharp temporal spikes in ground-based 

time-series of XCO. Future studies that use TROPOMI measurements in combination with 

other ground-based observations of XCO enhancements with relative proximity to the orig

inal biomass burning event will have to carefully account for potential spatial or temporal 

mismatch.
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Figure 2.3: Average and maximum TROPOMI bias relative to EM27/SUN observations 
in Fairbanks, as well as quantity of coincident data pairs given different choices for time 
aggregations of ground-based observations in coincidence criteria. As an example, the 10 
minute time aggregation means that TROPOMI overpass averages are compare to an average 
of ground-based retrievals collected within five minutes before or after the time that the 
satellite overpass occurred. The top panel shows TROPOMI biases relative to GGG2014 
retrievals in Fairbanks, the middle panel shows TROPOMI biases relative to PROFFAST 
retrievals in Fairbanks, and the bottom panel shows the number of coincident data pairs for 
each scenario.
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Figure 2.4: Full annual time-series of XCO2 GGG2014 and PROFFAST retrievals from 
Fairbanks EM27/SUN observations.
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Figure 2.5: Full annual time-series of XcH4 GGG2014 and PROFFAST retrievals from Fair
banks EM27/SUN observations.
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Figure 2.6: Full annual time-series of XCO GGG2014 and PROFFAST retrievals from Fair
banks EM27/SUN observations. Days identified as having high daily standard deviation in 
retrieved XCO are marked separately.
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Figure 2.7: Correlations between PROFFAST and GGG2014 retrievals matched by one- 
minute averages and linear fits with y-intercept fixed at zero. The top row of plots show 
correlations between retrievals when the GGG2014 retrievals are scaled by the TCCON 
AICF, and the bottom row shows correlations for GGG2014 XCO2 and XCH4 retrievals with 
the AICF reported by Ohyama et al. (2020) and for GGG2014 XCO retrievals with no AICF 
applied.
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Figure 2.8: Correlations between one-minute averages of retrievals from the LANL 
EM27/SUN and from the KIT EM27/SUN during colocated observations in Fairbanks.
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Figure 2.9: Slopes of linear fits with the y-intercept fixed at zero for daily and annual 
correlations between spectrometers for one-minute averages of retrievals from the LANL and 
KIT EM27/SUN FTS during colocated observations in Fairbanks.
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Figure 2.10: Correlations between PROFFAST and GGG2014 retrievals during colocated 
measurements in Fairbanks, matched by one-minute averages and linear fits with y-intercept 
fixed at zero. The top row of plots show correlations when PROFFAST retrievals are process 
with real (empirical) ILS parameters (see Table 2.1), and the bottom row shows correlations 
when PROFFAST retrievals are process with ideal ILS parameters (ME = 1.0000 AU and 
PE = 0.000 mrad).
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Figure 2.11: Correlations between EM27/SUN retrievals and TCCON retrievals during 
colocated measurements at Caltech, including EM27/SUN GGG2014 retrievals with and 
without the AICF reported by Ohyama et al. (2020) as well as PROFFAST retrievals, all 
with the surface averaging kernel correction described in Hedelius et al. (2016) applied.
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Figure 2.12: Slopes of linear fits with the y-intercept fixed at zero for daily and overall 
correlations between EM27/SUN retrievals and TCCON retrievals during colocated mea
surements at Caltech. Observations with the EM27/SUN include GGG2014 retrievals with 
and without the AICF reported by Ohyama et al. (2020) as well as PROFFAST retrievals, 
all with the surface averaging kernel correction described in Hedelius et al. (2016) applied.
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Figure 2.13: Full annual time-series of TROPOMI XCO averaged for each overpass and 
coincident 40-minute aggregations of EM27/SUN observations in Fairbanks. Observations 
on days identified in Sect. 2.3.1 as having high standard deviation (> 5 ppb) in XCO are 
shown in red.

64



Figure 2.14: Full annual time-series of bias in TROPOMI XCO averaged for each overpass 
relative to coincident 40-minute aggregations of EM27/SUN observations in Fairbanks. Ob
servations on days identified in Sect. 2.3.1 as having high standard deviation (> 5 ppb) in 
XCO are shown in orange.
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Figure 2.15: Correlations between TROPOMI XCO averaged for each overpass and co
incident 40-minute aggregations of EM27/SUN observations in Fairbanks separated into 
background (left) and days with high XCO variance (right).
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Figure 2.16: Map of TROPOMI Xco for Alaska with qa_value>0.5 (left) and Fairbanks 
overpass data within 100 km of the UAF site (right) for Times with coincident data pairs 
for the EM27/SUN and TROPOMI on 7 July 2018.
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Figure 2.17: Diurnal time-series on 7 July 2018 of EM27/SUN PROFFAST retrievals 
of XCO2 , XCH4 , and XCO as one-minute averages, including the 40-minute aggregation of 
ground-based XCO retrievals around the overpass times and the corresponding TROPOMI 
overpass averages.
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Figure 2.18: Map of TROPOMI Xco for Alaska with qa_value>0.5 (left) and Fairbanks 
overpass data within 100 km of the UAF site (right) for Times with coincident data pairs 
for the EM27/SUN and TROPOMI on 9 July 2019.
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Figure 2.19: Diurnal time-series on 7 July 2018 of EM27/SUN PROFFAST retrievals 
of XCO2 , XCH4 , and XCO as one-minute averages, including the 40-minute aggregation of 
ground-based XCO retrievals around the overpass times and the corresponding TROPOMI 
overpass averages.
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Chapter 3: Quality controls, bias, and seasonality of CO2 columns in the boreal forest with 

Orbiting Carbon Observatory-2, Total Carbon Column Observing Network, and 

EM27/SUN measurements

3.1 Abstract

Seasonal CO2 exchange in the Boreal Forest plays an important role in the global carbon 

budget and in driving interannual variability in seasonal cycles of atmospheric CO2. Satellite

based observations from polar orbiting satellites like the Orbiting Carbon Observatory-2 

(OCO-2) offer an opportunity to characterize Boreal Forest seasonal cycles across longitudes 

with a spatially and temporally rich dataset, but data quality controls and biases still require 

vetting at high latitudes. With the objective of improving data availability at northern, 

terrestrial high latitudes, this study evaluates quality control methods and biases of OCO-2 

retrievals of atmospheric column-averaged dry-air mole fractions of CO2 (XCO2) in Boreal 

Forest regions. In addition to the standard quality control filters recommended for ACOS B8 

(B8 QC) and ACOS B9 (B9 QC) OCO-2 retrievals, a third set of quality control filters were 

specifically tailored to Boreal Forest observations (Boreal QC) with the goal of increasing 

data availability at high latitudes without sacrificing data quality. Ground-based reference 

measurements of XCO2 include observations from two sites in the Total Carbon Column 

Observing Network (TCCON) at East Trout Lake, Saskatchewan, Canada and Sodankyloa, 

Finland. OCO-2 retrievals were also compared to ground-based observations from two Bruker 

EM27/SUN FTS at Fairbanks, Alaska, United States. EM27/SUN spectrometers that were 

deployed in Fairbanks were carefully monitored for instrument performance and were bias 

corrected to TCCON using observations at the Caltech TCCON site. The B9 QC were

Published as N. Jacobs, W. R. Simpson, D. Wunch, C. W. O'Dell, G. B. Osterman, F. Hase, T. 
Blumenstock, Q. Tu, M. Frey, M. K. Dubey, H. A. Parker, R. Kivi, and P. Heikkinen (2020). “Quality 
controls, bias, and seasonality of CO2 columns in the boreal forest with Orbiting Carbon Observatory-2, 
Total Carbon Column Observing Network, and EM27/SUN measurements”. In: Atmos. Meas. Tech. 13, 
pp. 5033-5063. DOI: 10.5194∕amt-13-5033-2020.
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found to pass approximately twice as many OCO-2 retrievals over land north of 50°N than 

the B8 QC, and the Boreal QC were found to pass approximately twice as many retrievals 

in May, August, and September as the B9 QC. While Boreal QC results in a substantial 

increase in passable retrievals this is accompanied by increases in the standard deviations 

in biases at Boreal Forest sites from ~ 1.4 ppm with B9 QC to ~ 1.6 ppm with Boreal 

QC. Total average biases for coincident OCO-2 retrievals at the three sites considered did 

not consistently increase or decrease with different QC methods, and instead responses to 

changes in QC varied according to site and satellite viewing geometries. Regardless of the 

quality control method used, seasonal variability in biases was observed, and this variability 

was more pronounced at Sodankyloa and East Trout Lake than at Fairbanks. Long-term 

coincident observations from TCCON, EM27/SUN, and satellites from multiple locations 

would be necessary to determine whether the reduced seasonal variability in bias at Fairbanks 

is due to geography or instrumentation. Monthly average biases generally varied between -1 

ppm and +1 ppm at the three sites considered, with more negative biases in spring (MAM) 

and autumn (SO), but more positive biases in summer months (JJA). Monthly standard 

deviations in biases ranged from approximately 1.0 ppm to 2.0 ppm and do not exhibit strong 

seasonal dependence apart from exceptionally high standard deviation observed with all three 

QC methods at Sodankyloa in June. There was no evidence found to suggest that seasonal 

variability in bias is a direct result of airmass dependence in ground-based retrievals or of 

proximity bias from coincidence criteria, but there were a number of retrieval parameters used 

as quality control filters that exhibit seasonality and could contribute to seasonal dependence 

in OCO-2 bias. Furthermore, it was found that OCO-2 retrievals of XCO2 without the 

standard OCO-2 bias correction exhibit almost no perceptible seasonal dependence in average 

monthly bias at these Boreal Forest sites, suggesting that seasonal variability in bias is 

introduced by the bias correction. Overall, we found that modified quality controls can 

allow for significant increases in passable OCO-2 retrievals with only marginal compromises 

in data quality, but seasonal dependence in biases still warrants further exploration.
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3.2 Introduction

The Boreal Forest or Taiga Biome is the largest terrestrial biome on Earth, it includes 

the sub-Arctic regions of Europe, Asia, and North America between 50oN and 70oN lati

tudes, it represents an important and influential component of the global carbon cycle, and 

it is a principle driver of the atmospheric carbon dioxide (CO2) seasonal cycle. Accurate 

accounting of seasonal CO2 exchange in Boreal Forest regions is an essential component in 

quantifying the global carbon budget and predicting future climate scenarios (Tans et al., 

1990; Pan et al., 2011; Graven et al., 2013; Barlow et al., 2015; Bradshaw and Warkentin, 

2015; Gauthier et al., 2015; Yin et al., 2018). Studies by Graven et al. (2013) and Barlow 

et al. (2015) used a combination of atmospheric modeling, aircraft observations, and a net

work of ground based in-situ observations to investigate seasonal carbon exchange in the 

Boreal Forest. Both studies found that the Boreal Forest plays an important role in global 

atmospheric CO2 concentrations, significantly influencing in-situ observations of CO2 in the 

tropics (Mauna Loa). Multiple studies have shown there is a latitude-dependent trend in 

the seasonal amplitude of atmospheric CO2 with increased seasonal uptake of CO2 in Boreal 

Forest regions (Graven et al., 2013; Wunch et al., 2013; Barlow et al., 2015; Lindqvist et al., 

2015). Furthermore, the studies by Graven et al. (2013) and Barlow et al. (2015) found 

that the trend in seasonal cycle amplitudes of CO2 with respect to latitude nearly doubled 

between 1960 and 2011, suggesting that seasonal changes in the Boreal Forest are growing 

at an accelerated rate relative to lower latitude regions. While some studies have reported 

rapid changes in seasonal carbon exchange in the Boreal Forest and proposed that this is a 

dominant driver in the global carbon budget, another study by Barnes et al. (2016) suggests 

that it is actually the Temperate Forest between 30oN and 50oN that is the dominant driver 

in the global carbon budget. Another study by Yin et al. (2018) found evidence of limits on 

previous assumptions about the relationship between seasonal cycle amplitude and spring 

and autumn temperatures in northern high latitudes, emphasizing the need for continued 

data driven model validation for these regions. It remains difficult to reconcile conflicting 
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claims about contributions to the global carbon budget without a spatially and temporally 

rich set of measurements for high latitude regions, and data availability in the Boreal Forest 

remains a ma jor impediment to accurately quantifying uptake in the world's largest ter

restrial biome (Pan et al., 2011; Barlow et al., 2015; Euskirchen et al., 2017). Therefore, 

methods of expanding observational coverage through improved satellite observations at high 

latitudes are essential for clarifying our understanding of global CO2 exchange.

Satellite-based observations of atmospheric CO2 columns offer a more holistic view of 

global CO2 dynamics by expanding spatial coverage. NASA's Orbiting Carbon Observatory 

2 (OCO-2) was launched in July 2014 with CO 2 column retrievals available from Septem

ber 2014 to present (OCO-2 Science Team/Michael Gunson, Annmarie Eldering, 2020). 

Satellite-based observations from OCO-2 consist of solar reflectance in three spectral win

dows centered at 0.76 μm, 1.61 μm, and 2.06 μm, and referred to as the O2 A band, weak 

CO2 band, and strong CO2 band, respectively. The ACOS full-physics retrieval algorithm 

(currently on version 9 or ”ACOS B9”) described by O'Dell et al. (2012), O'Dell et al. 

(2018), and Connor et al. (2008) fits absorption features in these windows and incorporates 

additional meteorology and model data to retrieve column-averaged dry air mole fractions 

of atmospheric CO2 (XCO2) along with a variety of other parameters, such as aerosol optical 

depth, surface albedo, surface pressure, and total column water vapor. A number of param

eters in the full physics retrievals are used to designate thresholds for post-processing quality 

control filters. OCO-2 is polar orbiting, so overpasses are more frequent at high latitudes 

than mid-latitudes, presenting a valuable opportunity to amass an extensive archive of CO2 

observations over the Boreal Forest. However, before OCO-2 can be used to evaluate CO2 

seasonality for the Boreal Forest, these data need to be validated in high latitude regions. 

Quality control filters implemented in previous versions of the ACOS algorithm, like version 

8 (ACOS B8) discussed by O'Dell et al. (2018), removed the majority of high latitude ob

servations, and as a result OCO-2 high latitude data have been underutilized. Validation of 
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OCO-2 satellite-based retrievals at high latitudes has also been limited by the relatively few 

dedicated ground-based monitoring sites at high latitudes (Wunch et al., 2017).

In addition to the limited availability of ground-based validation data, there are a number 

of other challenges to passive satellite measurements at high latitudes. The sun stays low 

in the sky at high latitudes, even in summer when the sun travels a long azimuthal path 

it does not reach the same solar elevations as at lower latitudes. Low solar elevation cor

responds to a high solar zenith angle (sza) and high airmass, meaning that sunlight travels 

a greater distance through the atmosphere before reaching the instrument. High airmasses 

can cause absorption spectra to become saturated at line center, making column retrievals 

more sensitive to the line wings and thus the line shape of the absorption line. Spectroscopic 

uncertainties tend to be exacerbated at higher airmasses, and the relative impacts of ra

diative transfer effects from atmospheric aerosols on satellite retrievals are also increased at 

high airmass. In particular, slant-path aerosol optical depths (aod) are larger and scattering 

angles are smaller, which increases the fractional contribution of aerosol scatter to the total 

radiance detected by the satellite. Airmass dependence in passive column measurements 

continues to be an area of ongoing research in retrieval algorithms (Wunch et al., 2015), and 

high airmass in winter is one of primary reasons for halting observations at high latitude 

sites in November through February. Aside from the sunlight, climates and ecosystems at 

high latitudes are highly seasonally dependent, so there are a number of seasonal parameters 

that may produce time-dependent biases at high latitudes if they are not handled properly 

in retrieval algorithms. In particular, Wu et al. (2018) noted time dependent biases at So- 

dankyla with the RemoTeC/OCO-2 retrieval algorithm. Wunch et al. (2017) suggests that 

there are not enough passable retrievals from ACOS B7 to identify seasonal bias at high lat

itudes. Snow and ice covered surfaces are known to introduce extensive challenges in passive 

retrievals of Xco2 due to low surface albedo in the weak (1.61 μm) and strong (2.06 μm) 

CO2 bands used by OCO-2 (Wiscombe and Warren, 1980), and reflection anisotropy effects 

can further complicate retrievals over snow (Boesch et al., 2011; Crisp et al., 2012). Because 

75



snow cover is also seasonal and follows the solar cycle, it may be difficult to isolate causes 

of seasonal bias at high latitudes. As a result a certain amount of seasonal dependence may 

be inevitable, but we still endeavor to minimize it with careful attention to quality control 

methods.

Ground-based column measurements from solar-viewing spectrometers complement pas

sive satellite observations because both use infrared absorption spectroscopy, with the sun as 

radiation source, and observe a full atmospheric column abundance. The total carbon col

umn observing network (TCCON) is a ground-based network that uses solar-viewing, high- 

resolution infrared spectrometers to retrieve XCO2 (Wunch et al., 2011a). TCCON is the 

reference measurement for OCO-2 and is the primary source of validation data. In addition 

to comparing OCO-2 to TCCON, this paper compares OCO-2 observations to ground-based 

observations from an EM27/SUN Fourier transform infrared spectrometer (EM27/SUN FTS) 

operated in Fairbanks, Alaska. The EM27/SUN FTS was developed by the Karlsruhe In

stitute of Technology (KIT) in collaboration with Bruker Optics (Gisi et al., 2012; Hase 

et al., 2016) to be a compact, mobile solar-viewing FTS designed for field deployment. The 

EM27/SUN spectrometers have a resolution of 0.5 cm-1, similar to that of OCO-2 with ~0.3 

cm-1 resolution, while the Bruker IFS 125HR used by TCCON has a much higher resolution 

of ~ 0.02 cm-1. All three instruments record a solar infrared spectrum that can be used to 

retrieve XCO2. Several recent studies have compared EM27/SUN observations to TCCON 

(Hedelius et al., 2016; Hedelius et al., 2017; Velazco et al., 2018; Frey et al., 2019). This pa

per uses similar retrieval methods for EM27/SUN retrievals of XCO2 as Hedelius et al. (2016), 

Hedelius et al. (2017), and Velazco et al. (2018) by implementing the GGG2014 retrieval al

gorithm coupled with the EM27/SUN GGG interferogram processing suite (EGI) (Hedelius 

and Wennberg, 2017). Hedelius et al. (2016) observed a 0.03% ±0.08% (~ 0.12 ± 0.32 ppm) 

offset when comparing four EM27/SUN spectrometers to co-located observations at the Cal

tech TCCON site. Hedelius et al. (2017) found some EM27/SUN biases to TCCON as large 

as 0.14% (~ 0.56 ppm), but also found statistically significant variability amongst TCCON 

76



sites up to 0.3 ppm, suggesting that the site-to-site biases amongst TCCON sites may be 

of similar size to biases between EM27/SUN FTS and TCCON observed by Hedelius et al. 

(2016). Velazco et al. (2018) found an average offset to TCCON of approximately 0.46% 

(~ 1.84 ppm) when comparing two years of co-located observations between an EM27/SUN 

FTS and the TCCON site at the University of Wollongong. While some of these biases are 

large enough to produce significantly different results when choosing the EM27/SUN FTS or 

TCCON for ground-based validation of satellite-based XCO2 retrievals, these biases tend to 

be systematic in nature and can be corrected to achieve acceptable agreement with TCCON 

through regular calibration measurements. The two EM27/SUN FTS used in Fairbanks 

were calibrated against the Caltech TCCON and bias corrections were implemented to en

sure that both EM27/SUN and TCCON observations are comparable sources of validation 

data for OCO-2 (see supplemental materials section 1 for details on EM27/SUN instrument 

comparisons). The EM27/SUNs were also aligned and serviced at the KIT, during which 

time they were compared to measurements from the Karlsruhe TCCON.

The objective ofthis study is to explore ways of defining quality control criteria for OCO-2 

in high latitude regions, as to maximize spatial and temporal coverage over the Boreal Forest 

while maintaining acceptable agreement with ground sites. It is also essential that biases 

in OCO-2 retrieved XCO2 be carefully evaluated under different quality control filtering 

regimes and in the context of high latitude seasonality studies. To this end, we first define 

retrieval, quality control, and aggregation methods for ground-based measurements that are 

reasonably equivalent for EM27/SUN or TCCON observations. We verify that EM27/SUN 

retrievals of XCO2 in Fairbanks are interchangeable with TCCON through comparisons with 

the Caltech TCCON, which are used to rescale EM27/SUN observations to the TCCON 

trace-gas scale. Then, we turn to the problem of data paucity in OCO-2 at high northern 

latitudes during spring and autumn, and investigate the quality control filters applied to 

those data. We subsequently suggest new quality control filters, specifically validated in 

Boreal Forest regions, that substantially increase OCO-2 high latitude data throughput, and 
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we evaluate the consequences of applying different sets of quality control filters to coincident 

OCO-2 retrievals at three Boreal Forest sites. Finally, we discuss observed seasonality in 

OCO-2 biases in the Boreal Forest and explore some retrieval parameters that may contribute 

to seasonality in bias.

3.3 Sites and data sources

Ground-based column measurements were collected at three sites in the Boreal Forest in

cluding two TCCON sites at East Trout Lake, Saskatchewan, Canada (54.354oN, 104.987oW; 

”ETL”; Wunch et al. (2018)) and Sodankylaa, Finland (67.367oN, 26.631oE; ”SOD”; Kivi 

et al. (2017)), as well as long-term measurements in Fairbanks, Alaska, U.S. (65.859oN, 

147.85oW; ”UAF”) using two Bruker EM27/SUN spectrometers (see Fig. 3.1). Observa

tions at the Sodankylaa TCCON site began in 2009, and span the full period of OCO-2 

observations considered in this analysis from September 2014 to November 2018 with the 

exception ofwinter months (Kivi and Heikkinen, 2016; Kivi et al., 2017). At East Trout Lake 

observations began in October 2016, and because this site is further south, these measure

ments are nearly year round (Wunch et al., 2018). In Fairbanks, the LANL EM27 (owned by 

Los Alamos National Laboratory) was operated August-October 2016 and March-October 

2017, while the KIT EM27 (owned by the Karlsruhe Institute of Technology) was operated 

April-October 2018. Regular characterization of the Instrument Line Shape (ILS) for each 

EM27/SUN spectrometer was used to monitor instrument performance over time (see sup

plemental materials section 1). The LANL EM27 was regularly compared to the Caltech 

TCCON spectrometer in side-by-side observations and was used as a transfer standard to 

rescale EM27/SUN retrievals in Fairbanks to the TCCON trace-gas scale (see supplemental 

materials section 1). Tight correlations between the LANL and KIT EM27/SUN spectrom

eters, and between the LANL EM27 and Caltech TCCON instrument, suggest that, given 

appropriate bias correction, observations from either of the two EM27/SUN spectrometers 

are relatively interchangeable with TCCON observations.
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Retrievals from TCCON sites are vetted with careful quality control standards before 

being archived publicly (Kivi et al., 2017; Wunch et al., 2018). The GGG2014 retrieval 

algorithm is used to retrieve XCO2 from TCCON and EM27/SUN observations (Wunch et al., 

2015) with some input modifications introduced in EM27/SUN retrievals by EGI, discussed 

by Hedelius et al. (2016) and sourced from Hedelius and Wennberg (2017). Quality controls 

applied to EM27/SUN retrievals follow those outlined by Hedelius et al. (2016) including 

an upper bound on sza at 82o and an upper bound on Xco2 retrieval error at 5 ppm. In 

addition to the quality controls suggested by Hedelius et al. (2016), a lower bound is set on 

the average solar intensity (SIA) in EM27/SUN retrievals at 90 AU. After quality control 

filtering, EM27/SUN retrievals are smoothed by eliminating retrieved XCO2 that deviates 

by more than 1 ppm from a five-point moving average (spectra are collected approximately 

every 10-15 seconds). Throughout this paper, all time aggregations of retrieved XCO2 from 

ground-based observations were weighted by the inverse of the retrieval error using 

where xi is the retrieved XCO2 of the ith retrieval in the aggregation interval and xerr,i is the 

corresponding retrieval error.

OCO-2 observations were retrieved with the ACOS B9 retrieval algorithm and retrievals 

for this study were obtained from OCO-2 B9 Lite files (OCO-2 Science Team/Michael Gun

son, Annmarie Eldering, 2020), which have been initially screened for cloud cover as de

scribed by Taylor et al. (2016) and bias corrected as described by Osterman et al. (2019). 

Only OCO-2 soundings over land are included in this analysis (with land-fraction =100), and 

the standard bias correction to TCCON is applied to all OCO-2 retrievals of XCO2 unless 

otherwise stated. Following the coincidence criteria defined by Wunch et al. (2017), OCO-2 

soundings were considered coincident to ground sites if they fall within a 5o latitude by 10o 

longitude box centered on the ground site and occur on the same day as the corresponding 
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ground measurements. At Fairbanks and Sodankyla OCO-2 observations consistently occur 

within approximately 30 minutes of local solar noon and at East Trout Lake they occur 

within approximately one hour of local solar noon. Therefore we define a daily ground-based 

reference value for XCO2 (referred to as the near noon ground measurement or NNG), which 

is the error weighted average (see Eq. 3.1) of ground-based XCO2 collected within two hours 

of local solar noon.

3.4 Results

3.4.1 OCO-2 quality control filtering

Three different sets of quality control filters were applied to OCO-2 high latitude re

trievals in this study, and are defined in Table 3.1 (see supplemental materials or Oster

man et al. (2019) for definitions of quality control parameters). Two of these three sets of 

quality control filters are recommended by the OCO Science Team for ACOS B8 retrievals 

(B8 QC) and ACOS B9 retrievals (B9 QC), and are summarized by the binary variables 

xco2_quality_flag_b8 and xco2_quality_flag in the OCO-2 B9 Lite files (Osterman et al., 2019; 

O'Dell et al., 2018). Methods for selecting quality thresholds and details on the B8 QC fil

ters are discussed by O'Dell et al. (2018). Improvements in pointing accuracy in ACOS B9 

(Kiel et al., 2019), as well as a careful reevaluation of quality control parameters, allowed 

for intentionally more permissive quality thresholds in B9 QC than those in B8 QC, and 

this resulted in a substantial increase in data throughput over regions, such as the Boreal 

Forest and high latitudes in general, that have been sparsely represented under past OCO-2 

ACOS spectral fitting and quality control regimes. The third set of quality control filters 

(Boreal QC) were determined by evaluating quality control histograms like those presented 

by O'Dell et al. (2018) with ”truth” as the NNG observations from the three Boreal Forest 

sites (see Appendix Fig. 3.11). Scatter plots of bias in XCO2 (∆XCO2 ≡ OCO-2 - NNG) 

against various retrieval parameters were also considered as a way to search for groupings of 

bias outliers that could be eliminated with small changes in quality control thresholds. The 
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Boreal QC were set with the goal of maximizing data throughput for high latitude Boreal 

Forest sites in spring and autumn, while maintaining acceptable ranges of bias at Boreal 

Forest sites. Additional retrieval parameters, not used in B8 or B9 QC, were also considered 

for the Boreal QC that relate to challenges in high latitude observations, including the dif

ference between retrieved and a priori temperature (deltaT), solar zenith angle (sza), XC O2 

retrieval uncertainty (xco2_uncertainty), and total column water vapor (tcwv).

Changes to thresholds for albedo in the strong CO2 band (albedo_sco2), the quality 

of the spectral fit in the weak CO2 band (rms_rel_wco2), and the standard deviation in 

surface elevation in the satellite field of view (altitude_stddev) were major contributors to 

the increase in passable high latitude retrievals with B9 QC relative to B8 QC (compare 

Fig. 3.2 and Fig. 3.3). In the Boreal QC, ranges of acceptable values are expanded from 

those in the B9 QC for the ratios of single band retrievals of CO2 (co2_ratio) and H2O 

(h2o.ratio), and the quality of the spectral fit in the weak CO2 band (rms_rel_wco2). Albedo 

in the strong CO2 band (albedo_sco2) is not used as a QC filter in the Boreal QC because it 

seemed that problematic data with low albedo_sco2 could be screened by other QC filters, 

and there was no evidence that low albedo_sco2 was explicitly correlated to larger OCO-2 

biases at Boreal Forest sites (see quality control plots in Appendix 3.11). In fact, increases 

in bias and retrieval standard deviation were more often associated with high albedo in the 

strong CO2 band, rather than low values. More conservative thresholds were placed on the 

slope of albedo in the strong CO2 band given by the continuum fit (albedo_slope_sco2) than 

were previously used in the B8 QC or the B9 QC due to observed increases in the standard 

deviation of retrievals and larger negative biases specifically associated with more negative 

albedo slopes. One possible explanation for this observation is that certain surface types 

that are more prevalent in the Boreal Forest are not correctly modeled by the ACOS B9 

algorithm, and this could be related to snow covered surfaces. We expect that introducing a 

polynomial fit to the albedo in each band, rather than a linear fit, could improve the accuracy 

of modeled surface albedo in future ACOS versions and potentially result in reduced high 
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latitude biases. Thresholds for the difference between retrieved surface pressure and a priori 

surface pressure at the pointing location of the O2A band (dp_o2a) remained the same in 

Boreal QC as in B9 QC, while thresholds for the difference between retrieved surface pressure 

and a priori surface pressure at the pointing location of the strong CO2 band (dp_sco2) were 

made marginally more conservative. Kiel et al. (2019) discuss the pointing errors and other 

long term challenges with surface pressure bias in OCO-2 retrievals that lead to the addition 

of the dp_o2a and dp_sco2 parameters, in which there is one retrieved surface pressure and 

a separate a priori surface pressure defined for each band. The aerosol optical depth (aod) 

parameters are mostly the same in the Boreal QC as in the B9 QC with the exceptions that 

total aod (aod_total) and the combined dust, water, and seasalt aod (dws) were removed 

in the Boreal QC because these seemed superfluous after applying other aod filters. While 

the range of acceptable values for the difference between retrieved and a priori vertical CO2 

gradient (co2_grad_del) is nearly the same in the B9 QC as in the Boreal QC, the range 

of values is shifted up. This choice was made based on the distribution for co2_grad_del 

for the Boreal Forest sites, and the difference may be attributed to the use of a regional 

dataset for Boreal QC rather than a global dataset for B9 QC. As previously mentioned, 

several parameters were used to define quality control filters in the Boreal QC that were not 

included in the parameters for B8 QC and B9 QC. A threshold for sza was introduced in the 

Boreal QC, and was chosen to restrict data furthest North to the months of March through 

November. Potential challenges with data at high sza are discussed in the introduction of 

this paper and high sza was found to be correlated with larger negative OCO-2 biases at 

Boreal Forest sites. The sza threshold in the Boreal QC only screens approximately 0.5% of 

retrievals that manage to get through the other Boreal QC filters. The thresholds placed on 

the difference between retrieved and a priori temperature (deltaT) and total column water 

vapor (tcwv) were chosen because very low atmospheric water vapor or large differences 

between retrieved and modeled temperatures are likely to correspond with cold weather and 

snow cover. In particular, before the application of quality control filters, large negative 
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biases in OCO-2 retrievals were found to be associated with low values of tcwv (discussed 

in more detail in section 3.5.3). Although the ma jority of biased retrievals with low tcwv 

are screened out by other quality filters, this filter helped to remove a small number of 

outliers that pass the other QC filters (see Fig. 3.21). Finally, the uncertainty in retrieved 

XC02 (xco2_uncertainty) was included arbitrarily in the analysis and found to be effective 

in eliminating a small number of outliers that made up less than 0.05% of retrievals not 

screened by other filters.

3.4.2 Effect of QC on data throughput north of 50°N

For each set of QC filters all retrievals over land north of 50°N latitude in OCO-2 Lite 

files were evaluated to determine how many failed to meet the quality thresholds for each 

parameter in each month. The results in Fig. 3.2, Fig. 3.3, and Fig. 3.4 show the number of 

soundings flagged as bad for each individual QC parameter, so larger values suggest that more 

data is being removed during quality filtering. One caveat is that for a sounding removed 

in QC filtering there could be multiple parameters for which the retrieval was flagged bad 

or there could be as few as one parameter for which the retrieval is flagged bad. Figures

3.2 and 3.3 show there is a clear seasonality to triggered quality filters with the majority 

of soundings flagged bad occurring in spring and early summer. This seasonality is slightly 

diminished with the B9 QC (Fig. 3.3) relative to the more conservative B8 QC (Fig. 3.2) and 

is only marginally manifested in the Boreal QC (Fig. 3.4). The reduction in the number of 

filtered soundings in spring with Boreal QC is largely attributable to less conservative bounds 

on the spectral fit quality in the weak and strong CO2 bands (rms_rel_wco2, rms_rel_sco2) 

and the ratios of single band retrievals of CO2 (co2~ratio) and H2O (h2o_ratio). In all 

three sets of quality control filters the parameters which most often cause soundings to be 

flagged bad, resulting in the removal of data points, are the spectral fit quality (rms_rel_wco2, 

rms_rel_sco2), the ratios of single band retrievals of CO2 (co2_ratio) and H2O (h2o_ratio), 

and differences between the retrieved and various a priori surface pressures (dp_sco2, dp_o2a, 
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dp). The fact that these parameters account for a greater abundance of retrievals being 

flagged bad in spring and autumn suggests that there could be seasonal effects related to 

these retrieval parameters that need to be accounted for in high latitude measurements. In 

particular, there has been speculation that spring snow cover would result in low surface 

albedo in the 1.61 μm and 2.06 μm bands and patchy snow cover or snow-free vegetation 

protruding from snow pack could cause variability in albedo within the satellite's field of 

view (Wiscombe and Warren, 1980; Boesch et al., 2011). However, after matching MODIS 

snow cover data to coincident OCO-2 retrievals at our Boreal Forest sites there was no 

clear connection found between snow cover and increased magnitudes of OCO-2 bias with 

or without QC filtering. It may still be the case that incongruous spatial resolution between 

MODIS and OCO-2 is masking the effects of snow cover on bias or that OCO-2 is only biased 

by snow in combination with certain other effects of cold weather conditions that are more 

frequently occurring in spring.

Additional data gained from applying Boreal QC rather than B9 QC can be visualized 

as an increase in spatial coverage of terrestrial high latitude regions. Figures 3.5 and 3.6 

show the difference in the number of sounding passed as ”good” by Boreal QC relative to 

B9QC in each 1o latitude by 1circ longitude geographic grid cell. These maps point to sub

stantial increases in spatial coverage of the Boreal Forest (~ 50oN-70oN latitude band) in 

the spring and autumn months with Boreal QC. This improvement in coverage is an impor

tant advantage of the Boreal QC for selecting OCO-2 retrievals with the goal of evaluating 

longitudinal trends in seasonal cycles for the Boreal Forest. The maps in Fig. 3.5 and Fig. 

3.6 also show some areas where Boreal QC provides less OCO-2 data throughput than B9 

QC. First, the sza threshold on the Boreal QC removes most soundings that manage to pass 

the other quality filters in winter (November through February), but winter observations 

nearly absent from the OCO-2 Lite files before any QC filtering is applied either because 

they are removed by pre-screening or the data are not collected in the first place. It, there

fore, seems reasonable to exclude these data points to the greatest extent possible, and, in 
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general, analyses on satellite-based high latitude XCO2 continues to be confined to the period 

between March and October. Second, Fig. 3.5 and Fig. 3.6 show that there are some regions 

where Boreal QC yields noticeably less throughput than B9 QC in June, July, and August; 

however, these months are when there is already an abundance of data and these grid cells 

with decreased Boreal QC throughput are often adjacent to grid cells with an increase in 

throughput. Overall, the Boreal QC provides increased spatial coverage and this is compli

mented by an increase in total throughput for soundings over land north of 50oN (see Fig. 

3.7).

The B9 QC filters succeed in tripling the number of passed retrievals over land at high 

latitudes, relative to the B8 QC, and the Boreal QC allow nearly double the number of 

retrievals allowed by B9 QC (see Fig. 3.7 and the right column of Fig. 3.9). An important 

result of the Boreal QC is the increase in passed retrievals in May, August, and September 

relative to the B9 QC. While the more relaxed B9 QC allow more high latitude retrievals 

than B8 QC, the relative throughput between any two months remains roughly unchanged 

and the shapes of the histograms in Fig. 3.7 panel (a) and Fig. 3.7 panel (b) are very 

similar despite scaling. By plotting monthly snow extent in the Northern Hemisphere, as 

reported by NOAA (Robinson et al., 2012), alongside monthly average sza and monthly 

fraction of soundings north of 50oN passed by QC filters, Fig. 3.7 provides further evidence 

that some combination of sza and snow cover could be playing a role in high latitude data 

removal. If solar zenith angles (sza) were the primary driver of seasonality in high latitude 

data throughput, one would expect to obtain approximately the same quantity of passed 

retrievals in May as in July, but Fig. 3.7 indicates that nearly twice as many high latitude 

retrievals pass QC filters in July. As mentioned previously in this section, additional analysis 

did not lead us to the conclusion that snow is the culprit in itself, but some effects from snow 

or differences between fresh and melting snow cannot be entirely excluded either. It remains 

unclear how combinations of radiative transfer effects may be contributing to increased data 

removal at high latitudes in spring.
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3.4.3 Comparing OCO-2 and ground-based observations

3.4.3.1 Averaging kernel corrections

The retrieval averaging kernel represents the sensitivity of retrieved XCO2 to enhance

ments at different altitudes in the atmospheric column. When comparing retrievals of XC O2 

from two different spectrometers, averaging kernels can be used to mathematically correct for 

systematic sources of disagreement that result from instrumental differences. In this paper, 

averaging kernel corrections were applied to simulate the OCO-2 retrieval that would result 

by assuming the ground-based retrieval to be truth and scaling by the OCO-2 averaging ker

nel with an averaging kernel correction factor, dNNG (see supplemental materials section 2). 

The result of averaging kernel corrections is a set of modified ground-based measurements 

(XCnng) that are the sum of the NNG Xco2 aggregate (Xnng) and a dNNG value that is 

uniquely calculated for each coincident OCO-2 retrieval, such that
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and

where γ is the scaling ratio of retrieved to a priori near noon ground-based XCO2, h is 

the pressure weighting function, A0 is the OCO-2 averaging kernel, and xa is the a priori 

CO2 profile (see supplemental materials section 2 for details). Averaging kernel correction 

factors (dNNG) display some seasonal variability, the ratio of retrieved to a priori ground

based XCO2 was found to be the dominant term causing this seasonality (see supplemental 

materials and compare dNNG in the top row of Fig. S2 to (1 - γ) in the third row of 

Fig. S2). Any seasonality introduced by averaging kernel corrections appears to be on too 

small a scale to explain seasonal variability observed in the following sections. Note that in



the remainder of this paper East Trout Lake, Sodankyla, and Fairbanks are abbreviated in 

figures to ETL, SOD, and UAF, respectively.

3.4.3.2 Biases by site, viewing mode, and QC method

To evaluate the effects of these three quality control methods on observed biases and 

data throughput, NNG observations with averaging kernel corrections applied (XCnng) were 

compared against coincident OCO-2 retrievals at three sites in the Boreal Forest (East Trout 

Lake, Fairbanks, and Sodankylaa) (see section 3.3 for definitions of NNG and coincidence 

criteria). Daily averages for the complete set of coincident OCO-2 retrievals obtained with 

Boreal QC and corresponding Xnng are shown in Fig. 3.8. While the OCO-2 and NNG 

observations in Fig. 3.8 appear to be in close agreement on most days there are a few 

outliers in the OCO-2 daily averages in spring and autumn that may contribute to a potential 

seasonal dependence in bias. Figure 3.9 provides an overview of the full datasets for each 

site including total average bias, standard deviation in bias, and data throughput, sorted by 

satellite observing mode and quality control method. Note that bias is defined as ∆XCO2 ≡ 

(OCO-2 retrieval)i — (Xnng)i for each coincident OCO-2 sounding, so that a negative bias 

indicates that OCO-2 retrievals are lower than NNG and a positive bias indicates that OCO- 

2 retrievals are higher than NNG. At all three sites, target mode retrievals had 0.1 ppm to 

0.5 ppm lower standard deviation than glint or nadir retrievals, which may indicate the 

introduction of proximity bias (i.e., soundings further from the ground site contributing 

larger bias). If proximity bias is an important source of bias, one may expect that target 

mode retrievals would also have lower average biases than glint and nadir retrievals. Results 

from East Trout Lake (ETL) and Fairbanks (UAF) meet this expectation, with the exception 

of results from the B8 QC at East Trout Lake. Only at Sodankylaa the average biases in 

target mode retrievals substantially exceed the average biases in glint or nadir retrievals, 

warranting further investigation of target observations at Sodankylaa. In particular, the B8 

QC results in an average bias in target mode soundings at Sodankylaa that is at least twice 
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that observed at East Trout Lake or Fairbanks, and because this increase is accompanied by 

increased standard deviation in target mode biases at Sodankyla, it could indicate influence 

from outliers. While the allowance of additional data switching from B8 QC to B9 QC or from 

B9 QC to Boreal QC tends to be accompanied by an approximate increase in the standard 

deviation in biases of0.1 ppm to 0.3 ppm, average biases at the three sites are not consistently 

larger with the Boreal QC (see left and center columns of Fig. 3.9). In considering the use of 

Boreal QC for certain science applications at high latitudes, the introduction of additional 

scatter should be weighed against the large increase in usable retrievals as shown in the right 

column (panels (c), (f), and (i)) of Fig. 3.9 and in Fig. 3.7.

3.4.4 Seasonal variability in bias

High latitude regions experience a higher degree of seasonality in many climate and 

environment variables than mid-latitude regions, and one of our primary motivations in this 

study is expanding our ability to evaluate CO2 seasonality in the Boreal Forest. Considering 

the total average and standard deviation in biases for all coincident soundings, as in Fig. 

3.9, can obscure seasonal variability in biases that contribute to uncertainty in characterizing 

seasonal cycles of CO2 obtained from satellite observations. Figure 3.10 shows monthly 

average biases and monthly standard deviation in biases, considered for each site and each 

set of QC filters. Under all three sets of QC filters we observe seasonal trends in biases, 

which are more pronounced at East Trout Lake and Sodankylaa than at Fairbanks. The 

observed seasonal variability is characterized by more positive biases in mid to late summer 

and more negative biases in spring and autumn, which may cause satellite-based estimates 

of seasonal amplitude and timing to differ from ground-based estimates of these seasonal 

parameters. For most months the Boreal QC do not result in substantial increases in the 

absolute value of average monthly biases relative to B9 QC, but in April the Boreal QC yields 

larger negative biases than B9 QC at Fairbanks and at Sodankylaa large negative biases are 

observed in the Boreal QC without any counterpart in the B8 or B9 QC to compare to.

88



In Fairbanks the average April bias drops from -0.59 ppm, with the B9 QC, to -1.15 ppm, 

with the Boreal QC. Figure 3.17, panel (a), shows that the difference in the absolute values 

of the average April bias in Fairbanks is the largest difference in absolute monthly biases 

when comparing the Boreal and B9 QC methods. At Sodankyla April data are only allowed 

by the Boreal QC, while B8 QC and B9 QC filter out all coincident OCO-2 retrievals, 

but the negative average bias obtained with Boreal QC at Sodankylaa in April represents 

the maximum absolute monthly bias of any month, site, or QC method. Figure 3.10 also 

shows larger negative biases with the Boreal QC at Fairbanks in August, September, and 

October in which the Boreal QC yields average monthly biases descending from -0.46 ppm 

to -0.72 ppm in consecutive months, while the B9 QC yields average biases descending from 

-0.08 ppm to -0.43 ppm. At East Trout Lake and Sodankylaa, the monthly biases are only 

marginally different between the Boreal QC and B9 QC, and the Boreal QC resulted in 

slightly smaller monthly biases in March, June, and November at East Trout Lake and in 

August at Sodankylaa (see Fig.3.10 and Fig. 3.17 panel (a)).

Monthly bias distributions are visualized with box-plots for each site and set of QC 

filters in Fig. 3.11 to further elucidate potential seasonal trends in OCO-2 biases. Figure 

3.11, panels (a), (b), and (c) show that East Trout Lake has the most pronounced seasonal 

variability in biases and the trends observed are similar for all three sets of QC filters. 

Figure 3.11 panel (f) suggests there is a slight seasonal trend at Sodankylaa with the Boreal 

QC that appears when March and April soundings are included. Overall, the monthly bias 

distributions also serve to emphasize the similarity in results from the different QC methods.

3.4.5 A modified OCO-2 bias correction with T700

The seasonal dependence of ∆XCO2 described in the previous section was found to be 

largely induced by the OCO-2 bias correction, and is not apparent in ∆XCO2 calculated 

with un-bias-corrected OCO-2 retrievals (see Fig. 3.11). In OCO-2 B9 retrievals, the B9 
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bias correction (B9 bc) for soundings over land is defined by Osterman et al. (2019) as 

with a footprint bias correction term, foot, an overall divisor to agree with TCCON, and 

parameter dependent terms adjusting based on a modified parameterization of the retrieved 

surface pressure bias defined by Kiel et al. (2019) (dpfrac), the sum of dust, water, and 

seasalt aods (dws), and the difference between retrieved and a priori vertical gradients in 

the CO2 profile (co2_grad_del). Of the terms in the B9 bc, dpfrac was the only one found to 

have seasonal variability at Boreal Forest sites that was similar to that observed in ∆XCO2 

with the OCO-2 bias correction (see Fig. 3.11 and 3.25). As will be discussed in section 

3.5.4, all versions of the residual in retrieved surface pressure relative to a priori surface 

pressure (dpfrac, dp, dp_o2a, dp_sco2) have seasonal variability that can be at least partially 

attributed to temperature dependence, so we propose new OCO-2 bias corrections with a 

term for temperature at 700 hPa (T700) to correct for the temperature dependence in dpfrac 

and dp. To calculate the temperature dependent modification to the B9 bc we consider the 

linear regressions for dpfrac as a function of T700 in each of the satellite viewing modes for 

soundings over land north of 50°N that pass Boreal QC (see Fig. 3.12). Then the regression 

coefficients for the different viewing modes are combined into average slope and average y- 

intercept with weighting by the fractional abundance of retrievals in that mode to obtain an 

alternative B9 bias correction (B9 abc), as follows:
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An alternative B8 bias correction (B8 abc) was also constructed using linear regression terms 

for the difference between the retrieved and a priori surface pressure from GEOS5-FP-IT 

(dp) as a function of T700 in Fig. 3.13, as follows:

Applying a modification of the B8 bias correction is consistent with the fact that spectroscopy 

and most aspects of the radiative transfer model remained the same when the ACOS version 

was updated from B8 to B9. Ideally, a global bias correction would be constructed to include 

temperature as a component of a broader analysis that considers contributions to the OCO-2 

bias in a more holistic context. In this way, the bias correction would be more uniform and 

widely applicable, while the effects of potential parameter covariance or other influences that 

we are unable to control for in this regional analysis can be mitigated. That being said, the 

results that follow suggest that correcting for temperature dependence could be effective in 

reducing seasonality in OCO-2 bias over the Boreal Forest.

The second column of Fig. 3.14 (panels (b), (f), and (j)), in addition to results in Fig. 

3.15 and Fig. 3.16, show that seasonally dependent variability in biases is reduced when the 

dpfrac term is removed from the B9 bc, but both monthly and overall standard deviations 

in biases are increased. Without the dpfrac term in the B9 bc, monthly biases in March 

and April at Sodankyla and in April at Fairbanks are substantially reduced, and month 

to month variability at East Trout Lake is also reduced. Replacing the dpfrac or dp term 

with a T700 modification, as in B9 abc and B8 abc (Eq. 3.6 and Eq. 3.8), results in lower 

monthly standard deviations in biases than those obtained in the B9 bc with the dpfrac 
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term removed, and that are nearly equivalent to those obtained with the standard B9 bc 

(Eq. 3.4). While some of the seasonal shape is reintroduced with the B9 abc and the B8 

abc, biases are still reduced in spring and autumn relative to the B9 bc (see Fig. 3.15). The 

combined results of Fig. 3.15 with the total average biases and total standard deviations in 

biases shown in Fig. 3.16 suggest that the B8 abc is slightly more effective than B9 abc in 

reducing seasonal variability in bias, reducing total average bias, and reducing total standard 

deviations in biases. Figure 3.16 demonstrates that for all sites and viewing modes, most of 

the total average biases with the B8 abc are within ±0.5 ppm. In particular, the B8 abc 

results in reduced average bias in target mode soundings at all three sites, as well as in nadir 

soundings at Sodankylaa and in glint soundings at East Trout Lake and Fairbanks. The B8 

abc did result in slight increases in total average biases in nadir soundings at East Trout 

Lake and in glint soundings at Sodankylaa (see Fig. 3.16). However, with the B9 abc, average 

biases in all modes at Sodankylaa, and in nadir and target retrievals at East Trout Lake, are 

nearly doubled relative to the standard B9 bc.

3.5 Discussion

Results from this analysis have revealed that modified QC filters for OCO-2 retrievals 

have the potential to recover large quantities of previously screened terrestrial high latitude 

observations and provide double or triple the number of retrievals for use in scientific studies 

of high latitude regions. This increase in data throughput is accompanied by only minor 

changes in average bias and increases in standard deviations in bias of approximately 0.3 ppm 

or less (see Fig. 3.9 and Fig. 3.17). Through monthly comparisons between coincident OCO- 

2 retrievals and ground-based measurements at three Boreal Forest sites, biases (∆XCO2) 

were found to exhibit some seasonal variability that is mostly independent of the QC method 

applied (see Fig. 3.10 and Fig. 3.11). Observations from Fairbanks exhibit less seasonal 

variability in OCO-2 bias than East Trout Lake or Sodankylaa, and it is unclear whether 

this is due to geography or the difference in ground-based instrumentation. The EM27/SUN 
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has similar spectral resolution to OCO-2 (~0.5 cm-1 and ~0.3 cm-1, respectively), both of 

which differ from that of TCCON (~0.02 cm-1) by an order of magnitude. The more similar 

spectral resolution of the EM27/SUN to OCO-2 could be a reason for smaller biases between 

these instruments. A recent study by Sha et al. (2020) compared long-term measurements 

of XCO2 using multiple ground-based infrared spectrometers at Sodankylaa, including the 

EM27/SUN and TCCON. Their results suggest that the EM27/SUN at Sodankylaa may 

retrieve higher XCO2 than TCCON in spring, and factors such as temperature and water 

vapor may influence differences between EM27/SUN and TCCON retrievals ofXCO2. A more 

direct comparison between the EM27/SUN observations and satellite measurements from 

Sodankylaa, as well as other locations, are needed to further investigate these relationships. 

Seasonally dependent biases can be challenging to correct and can ultimately result in biases 

between satellite-based and ground-based estimates of seasonal cycle parameters such as 

amplitude and timing. Therefore, it is essential that any seasonality in biases be characterized 

and potential sources be identified. Both the B9 abc in Eq. 3.6 and the B8 abc in Eq. 3.8 

result in reduced monthly average biases in spring and autumn, and the standard deviations 

in biases are nearly equivalent to those obtained with the standard B9 bc in Eq. 3.4. The 

B8 abc was found to be slightly more effective than the B9 abc in reducing the seasonal 

curvature in monthly biases at East Trout Lake and Sodankylaa, which could allow for lower 

uncertainty in seasonal cycle parameters estimated using OCO-2 retrievals over the Boreal 

Forest. However, some month-to-month variability persists with any of the bias corrections 

applied in this paper and it is still important to continue to explore other contributions 

to seasonal variability in OCO-2 bias, such as the choice of QC, coincidence criteria, or 

processing of ground-based data. In this vein, the following sections consider differences in 

monthly average bias and standard deviation in bias between Boreal QC and B9 QC. Then 

we consider a number of QC parameters that exhibit seasonal behavior and their potential 

role in seasonally dependent biases at Boreal Forest sites. The effects of limiting coincidence 

by mid-tropospheric temperature, or changing the ground-based reference from NNG to 
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an average of ground-based retrievals at a restricted range of solar zenith angles were also 

explored, but found to not significantly affect seasonal dependence in bias (see Appendices 

3.12 and 3.13).

3.5.1 Potential contribution to seasonal bias from QC method

Overall, the B8 QC is the most conservative set of QC filters, the B9 QC allows for more 

relaxed thresholds in the QC parameters, and the Boreal QC is the most permissive set 

of QC filters. It was observed in Fig. 3.9 that the total standard deviations in biases for 

all coincident soundings at East Trout Lake and Sodankyla gradually increase from ~ 1.3 

ppm to ~ 1.4 ppm to ~ 1.6 ppm ascending with the increase in throughput obtained from 

relaxing QC filters (B8 QC < B9 QC < Boreal QC). A similar trend at Fairbanks is reflected 

by an increase from ~ 1.1 ppm to ~ 1.3 ppm to ~ 1.4 ppm. Figure 3.10 also demonstrates 

this increase in standard deviation with different QC filters, but there does not appear 

to be a seasonal trend in the monthly standard deviation in biases at East Trout Lake and 

Fairbanks. The anomalously high standard deviation in biases in June at Sodankylaa remains 

to be reconciled, and represents a potential complication that would perpetuate mid-summer 

uncertainty even if some method of correcting seasonal trends in monthly bias were devised 

and implemented. Additionally, there is substantial increase in standard deviation in biases 

at East Trout Lake in March with Boreal QC compared to the B9 QC. While this increase in 

standard deviation is concerning, the availability of OCO-2 retrievals in the Boreal Forest in 

March remains insufficient for a representative sample of northern regions, and is not likely 

to be included in seasonal studies of the Boreal Forest at this time.

The largest difference in the absolute values of monthly bias between Boreal QC and 

B9 QC is 0.56 ppm in April at Fairbanks (see Fig. 3.17 panel (a)). Boreal QC also results 

in a 0.18 ppm larger absolute bias than B9 QC in April at East Trout Lake. In July 

through October Boreal QC results in monthly biases at Fairbanks that are 0.1 ppm to 

0.4 ppm larger than with B9 QC, while in May and June there is no change in average
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monthly biases between the two QC methods. At East Trout Lake and Sodankyla Boreal 

QC produces some monthly biases that are smaller by up to 0.4 ppm than B9 QC. Despite 

some increases in monthly biases with Boreal QC relative to B9 QC, it is clear from Fig. 3.17 

that the modifications in QC filters do not always result in larger monthly biases, and the 

effects should be weighed against the potential advantages of increasing passable retrievals 

and spatial coverage. We conclude that differences between Boreal QC and B9 QC are not 

likely to be a major source of seasonal variability in bias because seasonal dependence is 

observed with both QC methods in Fig. 3.10 and Fig. 3.11.

3.5.2 Seasonal variability in co2_ratio (Xco2[2.06 μm]:Xco2[1.61 μm])

The co2-ratio refers to the ratio of Xco2 retrieved by the 2.06 μm band to that retrieved 

by the 1.61 μm band. Recall that Wiscombe and Warren (1980) measured low as well as 

differing reflectance for snow in the 1.61 μm and 2.06 μm bands. Systematic departure from 

unity in the co2~ratio could result from spectroscopic inaccuracies in either band that are 

characteristic of the instrument or the line-list used in the retrieval algorithm. Anomalous 

departures from unity in the co2_ratio can arise from low signal to noise ratio in either or 

both CO2 bands, which can be due to cloud and aerosol interference or the low reflectivity 

of snow and ice covered surfaces (Crisp et al., 2012). Patchy snow cover or vegetation 

protruding through the snow may also cause discrepancies in signal intensity between the 

weak and strong CO2 bands as a result of variable surface reflectivity in the satellite field 

of view. In all months at mid-latitudes and in May through October at high latitudes, 

terrestrial retrievals have a systematic departure from unity in the median co2_ratio, with 

the data approximately normally distributed around 1.012 (see Fig. 3.18). There is an even 

greater departure from unity in the co2_ratio for high latitude retrievals in the winter months, 

November through April, with the data approximately normally distributed around 1.020. 

Figure 3.18 demonstrates that there is seasonal variation in the median and distribution of 

co2_ratio at latitudes north of 50oN that is not observed at latitudes from 10oN to 50oN.
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This monthly difference in the distribution of retrieved co2~ratio at high latitudes may be a 

symptom of the effects of snow albedo or it may be attributable to some other factor, but 

it warrants some attention because it may be associated with radiative transfer effects that 

contribute to negative biases in spring at the Boreal Forest sites.

3.5.3 Total column water vapor (tcwv), bias, and temperature dependence

The parameter tcwv refers to total column water vapor, which is calculated as the prod

uct of a scaling factor determined by the full physics retrieval and the a priori tcwv from 

the European Centre for Medium-Range Weather Forecasts (ECMWF). Atmospheric water 

vapor is expected to be seasonal and the seasonality of tcwv at the three Boreal Forest sites 

is illustrated in the box-plots in Fig. 3.19. Large amounts of atmospheric water vapor can 

suggest that there may be more cloud cover degrading the quality of both satellite-based and 

ground-based measurements. Even in the absence of clouds, water vapor is a strong infrared 

absorber in all three bands used by OCO-2, and water vapor is identified in Boesch et al. 

(2019) as the most important absorbing gas interfering with line fitting in OCO-2 retrievals. 

In selecting QC filters for the Boreal QC, large negative biases (OCO-2 retrievals reporting 

lower values of Xco2 than NNG) were correlated to low tcwv, prompting the introduction 

of quality thresholds for tcwv in the Boreal QC (see Fig. 3.20 and Table 3.1). Figure 3.21 

shows the additional retrievals cut by the lower bound on tcwv at 3 kg m-2 (data left of the 

black dashed line) in the Boreal QC which are not cut by other QC filters, and an overall 

downward trend persists in these removed data. One possible explanation is path-shortening 

resulting from atmospheric scattering, which could result in retrieved spectral radiance that 

has failed to penetrate atmospheric layers near the surface. This would cause all retrieved 

gases to be underestimated, so that total column water vapor and the total CO2 column 

are both erroneously low. However, Fig. 3.22 shows that while path-shortening may explain 

some instances of negative biases and low tcwv, the relationship persists between a priori 

tcwv from ECMWF reanalysis and negative Xco2 biases. Because water vapor is a strong 
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infrared absorber, it would be reasonable to expect retrieval errors when tcwv is high, but 

low atmospheric water vapor is also associated with cold fronts and snow cover. Figure 3.23 

illustrates the relationship between tcwv and mid-tropospheric temperature (T700), at 700 

hPa, in Boreal Forest coincident OCO-2 retrievals. There is a distinct maximum for tcwv at 

a given atmospheric temperature that is defined by the condensation temperature of water, 

and Fig. 3.23 shows that most of the retrievals with tcwv below 3 kg m-2 are also those with 

mid-tropospheric temperature (T700) below approximately 250 K. Therefore, it is reason

able to conclude that negative OCO-2 biases are also occurring at low temperatures, which 

is demonstrated by the correlations between ∆XCO2 and T700 in Fig. 3.24.

3.5.4 Seasonal variability and temperature dependence in retrieved surface pressure bias

The dp_o2a and dp_sco2 variables are the residuals of retrieved and a priori surface 

pressure at the pointing locations of the O2A and strong CO2 bands, respectively. These 

two retrieval parameters were first included in B9 following the discovery of a pointing error 

that caused systematic inaccuracies in retrieved surface pressure (Kiel et al., 2019). Before 

the release of ACOS B9 only a single dp variable (the difference between retrieved and a 

priori surface pressure from GEOS5-FP-IT) was used as a quality control and bias correction 

parameter. In the analysis by Kiel et al. (2019) an additional parameterization of surface 

pressure residuals (dpfrac) was introduced for use in the OCO-2 B9 bc. The inclusion of 

dpfrac and dp in the OCO-2 bias correction is not the only reason that surface pressure 

residuals are important, accurate surface pressure measurements are essential for calculating 

XCO2 which is defined as the ratio of the total CO2 column to the total column of dry air. 

These terms are essential components of quality control and bias correction methods because 

even small inaccuracies can translate to unacceptable errors in XCO2. While the effects of 

removing the dp term from the bias correction are considered in section 3.4.5, it is probably 

inadvisable to remove this term entirely from bias correction or to loosen quality thresholds 

on dp variables without careful consideration of the impacts on XCO2. Furthermore, in 
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attributing the causes and effects of trends in surface pressure residuals there may be many 

competing factors. The seasonal box-plots in Fig. 3.25 show that there is a seasonality in 

all four of the variants on surface pressure residuals (dpfrac, dp_o2a, dp_sco2, and dp) at 

the three Boreal Forest sites that are similar to the seasonality in bias corrected ∆XCO2 

(compare to Fig. 3.11). Similar seasonality may be a result of multiple seasonal parameters 

that equally effect dp and XCO2. Figures 3.12 and 3.13 show that both dpfrac and dp 

also exhibit linear dependence on T700 with greater linearity than the correlations between 

∆XCO2 and T700 given either B9 QC or Boreal QC in Fig. 3.24 (panels (c) and (d)). Not 

only is temperature clearly seasonal and correlated to other seasonal parameters, but rates 

and directions of atmospheric transport are also seasonal and T700 has been found to link 

plumes in the free-troposphere (Keppel-Aleks et al., 2011). Kiel et al. (2019) show that 

systematic biases in dp are characterized by a positive trend close to the equator and a 

negative trend at higher southern and northern latitudes, and we claim that this could also 

be a manifestation of temperature dependence.

3.6 Conclusions

Through ILS testing of EM27/SUN FTS used in Alaska, regular comparisons between 

multiple EM27/SUN FTS, and comparisons of EM27/SUN FTS with TCCON, we estab

lished the relative equivalence of EM27/SUN and TCCON observations as ground-based 

reference for OCO-2 validation (see supplemental materials section 1). With the application 

of multiplicative corrections, EM27/SUN FTS measurements in Fairbanks were compared to 

OCO-2 and yield similar magnitudes in OCO-2 biases as the TCCON sites considered in this 

study, with less seasonal variability in biases. More long-term observations with EM27/SUN 

FTS at different locations will be necessary to determine if the reduced seasonality in bias at 

Fairbanks is due to geography or instrumentation. While there were many challenges with 

data availability at high latitudes under the B8 QC, both the B9 QC and the Boreal QC 

offer a two to three fold increase in passable retrievals from OCO-2 Lite files (OCO-2 Science 
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Team/Michael Gunson, Annmarie Eldering, 2020) without major sacrifices in data quality. 

Total average biases for all sites, viewing modes, and quality control methods were within 

±1 ppm (see Fig. 3.9). In particular, the Boreal QC allows for nearly twice as many terres

trial OCO-2 retrievals north of 50°N latitude in the months of May, August, and September 

relative to the B9 QC, while resulting in no distinct increase in the total average bias and 

less than 0.3 ppm increase in total standard deviation of biases for coincident retrievals at 

Boreal Forest sites (see section 3.4.3.2 and Fig. 3.9). With the exception of an anomalously 

large negative April bias at Sodankylaa, seasonal variability in monthly biases at these three 

Boreal Forest sites is mostly confined between -1 ppm and +1 ppm, which equates to the 

2 ppm maximum monthly standard deviation of biases in June at Sodankylaa (when data 

availability is most abundant, see Fig. 3.10). Even a slight seasonal trend can significantly 

impact the analysis of seasonal cycle parameters, so it is important that valid methods for 

reducing the seasonal dependence in OCO-2 biases are identified. The OCO-2 bias correc

tion seems to introduce some seasonality in OCO-2 bias through the inclusion of a dp (the 

difference between retrieved and a priori surface pressures) bias correction term. We propose 

two alternative OCO-2 bias corrections in Eq. 3.6 and Eq. 3.8 that correct for temperature 

dependence in dpfrac and dp, respectively, based on linear regressions shown in Fig. 3.12 

and Fig. 3.13. It may be important to note that these alternative bias corrections are specif

ically tailored to high latitude OCO-2 B9 retrievals over land with Boreal QC. Of these two 

alternative bias corrections, the B8 abc in Eq. 3.8 appears to be more effective in reducing 

seasonal variability without substantial increases in average biases in any viewing modes or 

increases in monthly standard deviations in biases at Boreal Forest sites. The choice of B9 

QC or Boreal QC were not found to be a clear source of seasonal dependence in monthly 

OCO-2 bias in the Boreal Forest (see section 3.5.1), nor were the effects of proximity bias or 

airmass dependence found to be important contributors to seasonal variability in biases (see 

Appendices 3.12 and 3.13). Several sounding retrieval parameters that have been used as 

QC filters were found to exhibit seasonal variability at these Boreal Forest sites, including 
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the ratio of single band retrievals of CO2 (co2_ratio), total column water vapor (tcwv), and 

the differences between retrieved and a priori surface pressures (dp, dp_o2a, dp_sco2). These 

parameters may contribute to seasonal variability in biases by impacting data selection in 

the quality filtering process or they may be indicative of seasonal behavior at high latitudes 

that is not fully addressed in the retrieval algorithm. In particular, low tropospheric tem

peratures, or some other parameter that may be correlated to temperature, appears to be 

one of the primary contributors to seasonal dependence in OCO-2 bias at high latitudes. 

While the specific choices for QC parameters in the Boreal QC method, proposed here, may 

still be a subject for consideration and debate, this analysis has shown that it is possible to 

modify quality controls tailored to a specific region and substantially increase the quantity 

of usable OCO-2 retrievals with only minor sacrifices in data quality. Furthermore, Boreal 

QC coupled with an alternative bias correction that accounts for temperature dependence 

(Eq. 3.8) may yield sufficiently stable results for application in preliminary studies of Boreal 

Forest seasonal cycles of XCO2 across longitudes. It is also possible that improvements in 

spectroscopic modeling in future versions of the ACOS retrieval algorithm would reduce or 

remove temperature dependence in surface pressure bias.
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3.9 Tables

Table 3.1: Quality control thresholds currently used to determine the B8 QC
(xco2_quality_flag_b8=0 in OCO-2 Lite files), B9 QC (xco2_quality_flag=0 in OCO-2 Lite 
files), and Boreal QC (new proposed thresholds for terrestrial high latitude sites). Descrip
tions of QC parameters in this table can be found in supplemental materials (Table S2) or 
from Osterman et al. (2019).Name B8 QCglint and nadir target B9 QCglint and nadir target Boreal QCall modesco2_ratio [1.00, 1.025] [1.00, 1.023] [1.00, 1.028]h2o_ratio [0.88, 1.01] [0.88, 1.01] [0.80, 1.02]altitude_stddev [0, 60] [0, 20] [0, 110] [0, 110]max_declocking_wco2 [0.0, 0.75] - -dp [-6, 14] - -dp_sco2 - [-10, 12] [-9, 12]dp_o2a - [-8, 11] [-8, 11]dp_abp [-10, 13] [-10, 50] [-12, 16] [-12, 50] [-12, 20]co2_grad_del [-80, 100] [-60, 85] [-50, 100]albedo_sco2 [0.05, 0.60] [0.03, 0.60] -rms_rel_wco2 [0.0, 0.22] [0.0, 0.28] [0.0, 0.35]rms_rel_sco2 - [0.0, 0.45] -s31 [0.03, 0.4] - -albedo_slope_sco2 [-0.00018, 0.001] [-0.00013, 0.001] [-0.0001, 0.0004]aod_total [0.0, 0.5] [0.0, 0.5] -dws [0.0, 0.25] [0.0, 0.25] -aod_water [0.0005, 0.1] [0.0005, 0.1] [0.0005, 0.1]aod-ice [0.0, 0.04] [0.0, 0.04] [0.0, 0.04]ice_height [-0.5, 0.45] [-0.5, 0.5] [-0.5, 0.5]aod_sulfate + aod_oc [0.0, 0.3] - -aod_strataer [0.0, 0.02] [0.0002, 0.02] [0.0002, 0.02]aod_oc [0.0, 0.08] [0.0, 0.20] [0.0, 0.20]aod_seasalt [0.0, 0.125] [0.0, 0.125] [0.0, 0.125]deltaT - - [-1, 1]sza - - [0, 70]xco2_uncertainty - - [0, 1.5]tcwv - - [3, 40]
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3.10 Figures

Figure 3.1: Circumpolar map show locations of Boreal Forest sites included in this study.

Figure 3.2: Total number of land soundings north of 50o N flagged bad by B8 quality filters 
in each month.
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Figure 3.3: Total number of land soundings north of 50°N flagged bad by B9 quality filters 
in each month.

Figure 3.4: Total number of land soundings north of 50°N flagged bad by Boreal quality 
filters in each month.
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Figure 3.5: Maps of differences between the number of soundings passed by Boreal QC and 
the number of soundings passed by B9 QC in each 1o latitude by 1o longitude grid cell in 
each month (January to June, and summing all years 2014 to 2018).
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Figure 3.6: Maps of differences between the number of soundings passed by Boreal QC and 
the number of soundings passed by B9 QC in each 1o latitude by 1o longitude grid cell in 
each month (July to December, and summing all years 2014 to 2018).
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Figure 3.7: The fraction of soundings that pass each set of QC filters for each month out 
of all land soundings north of 50oN in the OCO-2 Lite files (note that OCO-2 observations 
are filtered by a preliminary cloud screening before being compiled in the Lite files). Also 
plotted are the average sza reported in OCO-2 retrievals that pass in each month and the 
monthly snow extent in the Northern Hemisphere averaged over 2014-2018 as reported in 
the NOAA database (Robinson et al., 2012).
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Figure 3.8: Time-series of ground-based and satellite-based data at each Boreal Forest 
site. Consisting of daily averages of OCO-2 coincident soundings filtered with Boreal QC, 
alongside corresponding daily averages of NNG with averaging kernel corrections to OCO-2 
applied as described in section 3.4.3.1 (Xnng).

115



Figure 3.9: Average bias, standard deviation in bias, and number of passed soundings sorted 
by viewing geometry and quality control method and considering all coincident soundings at 
each of the three Boreal forest sites. Note that there are no coincident nadir soundings for 
Fairbanks due to the satellites operational design, which favors glint observations in orbits 
primarily over oceans. Note that bias is defined as (ΔXco2 ≡ (OCO-2 retrieval)i — (Xnng)i) 
for each coincident OCO-2 sounding.
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Figure 3.10: Monthly average bias (left) and standard deviation in biases (right) of coin
cident OCO-2 soundings at each of the three Boreal Forest sites and with each of the QC 
methods. Note that bias is defined as (ΔXco2 ≡ (OCO-2 retrieval)i — (Xnng)i) for each 
coincident OCO-2 sounding.
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Figure 3.11: Box-plots of distributions of monthly biases for each Boreal Forest site and for 
each QC, showing results with and without the standard B9 bias correction. Box-plots show 
the median in the center of the box, the first and third quartile as the bottom and top of the 
box and the full range of data values as the bars extending above and below the box. Note 
that bias is defined as (∆XCO2 ≡ (OCO-2 retrieval)i — ( Xnng)i) for each coincident OCO-2 
sounding.

Figure 3.12: Correlations and linear regressions for dpfrac (defined in supplemental materials 
or by Kiel et al. (2019)) as a function of temperature at 700 hPa (T700) for all retrievals 
over land north of 50oN that pass Boreal QC, separated by viewing geometry.
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Figure 3.13: Correlations and linear regressions for the difference between retrieved and a 
priori surface pressure from GEOS5-FP-IT (dp) as a function of temperature at 700 hPa 
(T700) for all retrievals over land north of 50oN that pass Boreal QC, separated by viewing 
geometry.

Figure 3.14: Box-plots of distributions of monthly biases at each Boreal Forest site, and 
filtered by Boreal QC, given the standard B9 bc (Eq. 3.4), given the B9 bc without the 
dpfrac term, given the B9 abc (Eq. 3.6), or given the B8 abc (Eq. 3.8). Note that bias is 
defined as (ΔXco2 ≡ (OCO-2 retrieval)i — (Xnng)i) for each coincident OCO-2 sounding.
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Figure 3.15: Monthly average bias (left) and standard deviation in biases (right) of coinci
dent OCO-2 soundings at each of the three Boreal Forest sites with Boreal QC filtering and 
given each bias correction modification: the standard B9 bc (Eq. 3.4), the B9 bc without 
the dpfrac term, B9 abc with a term for temperature at 700 hPa (T700; Eq. 3.6), and B8 
bc with a term for T700 (Eq. 3.8).
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Figure 3.16: Average bias and standard deviation in bias, sorted by viewing geometry and 
bias correction modification for all coincident soundings at each of the three Boreal forest 
sites with Boreal QC. Note that there are no coincident nadir soundings for Fairbanks due 
to the satellites operational design, which favors glint observations in orbits primarily over 
oceans.
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Figure 3.17: Differences between average monthly biases (left) or standard deviation in 
monthly biases (right) when comparing Boreal QC to B9 QC. Note that Fig. 3.10 shows 
typical average monthly bias ranges from -1 ppm to 1 ppm.
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Figure 3.18: Monthly histograms of the ratio in single band retrievals of CO2 (co2_ratio) for 
all unfiltered OCO-2 retrievals over land (land_fraction=100) split into two latitude bands, 
10oN to 50oN and 50oN to 90oN.
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Figure 3.19: Seasonal box-plots of retrieved tcwv (total column water vapor) at (top) East 
Trout Lake, (center) Sodankyla, and (bottom) Fairbanks given each of the three quality 
control methods.

Figure 3.20: Bias in coincident retrievals of XCO2 (∆XCO2 ≡ OCO-2 - NNG) with no QC 
filtering against retrieved tcwv (total column water vapor), plotted as a density map. The 
lower bound placed on tcwv in the Boreal QC (3 kg m-2) is shown as a black, dashed vertical 
line.

124



Figure 3.21: Bias in coincident retrievals of XCO2 (∆XCO2 ≡ OCO-2 - NNG) with all Boreal 
QC filtering except the bound on total column water vapor (tcwv) against retrieved tcwv, 
plotted as a density map. The lower bound placed on tcwv in the Boreal QC (3 kg m-2 ) is 
shown as a black, dashed vertical line.

Figure 3.22: Bias in coincident retrievals of XCO2 (∆XCO2 ≡ OCO-2 - NNG) with no QC 
filtering against a priori tcwv (total column water vapor), plotted as a density map. A priori 
tcwv is defined by ECMWF reanalysis data. The lower bound placed on tcwv in the Boreal 
QC (3 kg m-2) is shown as a black, dashed vertical line.
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Figure 3.23: Mid-tropospheric temperature (T700 ≡ temperature at 700 hPa) as a function 
of total column water vapor (tcwv) for all coincident retrievals without QC filters.

Figure 3.24: Bias in coincident retrievals of - CO2 (∆- CO2 ≡ OCO-2 - NNG) as a function 
of mid-tropospheric temperature (T700 ≡ temperature at 700 hPa) for all data without QC 
filters, and each of the three QC methods presented in this paper.
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Figure 3.25: Seasonal box-plots of dpfrac, dp, dp_o2a, and dp sco2 at (top) East Trout 
Lake, (center) Sodankyla, and (bottom) Fairbanks given Boreal QC filters.
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3.11 Chapter Appendix A: Quality control histograms

Following methods used for determining B8 QC and B9 QC parameters and thresholds, 

described in more detail by O'Dell et al. (2018), filters used in the Boreal QC are determined 

by qualitative assessment of the plots in Fig. 3.26. For these plots, only OCO-2 retrievals 

coincident to one of the three Boreal Forest ground sites, East Trout Lake, Sodankyla, and 

Fairbanks, are considered with the corresponding NNG measurements representing truth 

(see section 3.3 for coincidence criteria and site locations). The plots include a histogram 

that shows the number of retrievals within a certain range of values (bin) for the QC filtering 

parameter in question (gray bars), the average ∆XCO2 in each bin with (black circles) and 

without (cyan circles) the standard bias correction, and the standard deviation in retrieved 

XCO2 in each bin (blue diamonds). We began by assessing the parameters that are used 

in B9, but with thresholds extensively loosened or removed where-ever reasonably possible. 

Next, a number of additional retrieval parameters were assessed to see if their inclusion 

could reduce average bias and standard deviation in XCO2 by eliminating small numbers of 

outliers. After adding these parameters (deltaT, solar_zenith, xco2_uncertainty, and tcwv), 

the loose bounds on the remaining QC filtering parameters brought from B9 were reassessed 

and incrementally tightened.
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Figure 3.26: Histograms of retrieval parameters used in the Boreal QC and considering only 
retrievals coincident to the three Boreal Forest sites in this paper. These plots are in the 
same style as those presented by O'Dell et al. (2018), but with NNG measurements as truth. 
Biases in XCO2 with and without the standard B9 bias correction, as well as the standard 
deviation in OCO-2 retrieved XCO2, are shown for each bin (in units of ppm). Implemented 
Boreal QC thresholds for each parameter are represented by the black-dashed vertical lines.
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3.12 Chapter Appendix B: Potential contribution to seasonal bias from proximity bias

Figure 3.27: Monthly bias distributions for coincident OCO-2 retrievals filtered with Bo
real QC comparing the full set of coincident retrievals (black), alongside a subset with the 
temperature at 700 hPa (T700) in the OCO-2 retrieval equal to ±1K of T700 from NCEP 
reanalysis at the ground site (red).

Another suspected source of bias, which may or may not have a seasonal component, is 

proximity bias. Assuming that the ground-based reference measurements are representative 

of the full coincidence region depends on a certain amount of regional homogeneity in CO2 

columns, and spatial CO2 fields may not meet this criteria during seasonal transitions in 

spring and autumn. One method applied to GOSAT data by Wunch et al. (2011b) and 

based on modeling results by Keppel-Aleks et al. (2011) will isolate satellite soundings in the 

coincidence region that are likely to represent the same atmospheric plume observed at the 

ground site by choosing soundings with a mid-tropospheric temperature, at 700 hPa (T700), 
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close to that above the ground site. Figure 3.27 shows monthly bias distributions for the full 

set of coincident retrievals alongside the monthly bias distributions of a subset of coincident 

retrievals that have retrieved T700 within ±1K of T700 in the daily NCEP reanalysis results 

for the ground site. Results in Fig. 3.27 suggest that using T700 to screen coincident 

retrievals yields little to no observable improvements in seasonality of biases overall. At East 

Trout Lake the T700 coincidence criteria does reduce the absolute monthly bias in March 

and April with Boreal QC, but in a number of other cases T700 screening results in a slight 

increase in absolute monthly biases for spring and autumn months.

3.13 Chapter Appendix C: Potential contribution to seasonal bias from ground-based in

strument airmass dependence

Figure 3.28: Monthly bias distributions for coincident OCO-2 retrievals filtered with Boreal 
QC and referenced to NNG (black), alongside monthly bias distributions for coincident 
OCO-2 retrievals with Boreal QC and referenced to SZAG (red).
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Seasonal biases in NNG data may arise from airmass dependence of ground-based re

trievals, particularly in high latitude regions (Wunch et al., 2011a). However, Fig. 3.28 

shows that when the daily ground-based reference is defined as the daily average of retrieved 

Xco2 with apparent sza between 65o and 70o (SZAG) instead of using NNG, there is nearly 

no observable change in the monthly bias distributions at the two TCCON sites. At Fair

banks, the change in ground-based reference to SZAG results in positive shift in almost all 

∆Xco2 values, which for some months corresponds to a reduction in the size of biases and for 

other months corresponds to an increase in the size of biases. The results at Fairbanks may 

suggest that sza dependence in EM27/SUN observations requires further study. Seasonal 

variability in biases persists at all three sites and is largely the same regardless of whether 

the ground-based reference is NNG or SZAG. These results suggest that airmass dependence 

of the ground-based instrument is not likely to be a dominant source of seasonal variability 

in OCO-2 biases.
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Chapter 4: Spatial distributions of XC O2 seasonal cycle amplitude and phase over northern 

high latitude regions

4.1 Abstract

Satellite-based observations of atmospheric carbon dioxide (CO2 ) provide measurements 

in remote regions, such as the biologically sensitive but under sampled northern high lati

tudes, and are progressing toward true global data coverage. Recent improvements in satellite 

retrievals of total column-averaged dry air mole fractions of CO2 (XCO2 ) from the NASA 

Orbiting Carbon Observatory 2 (OCO-2) have allowed for unprecedented data coverage 

of northern high latitude regions, while maintaining acceptable accuracy and consistency 

relative to ground-based observations, and finally providing sufficient data in spring and 

autumn for analysis of the satellite-observed XCO2 seasonal cycles across a majority of ter

restrial northern high latitude regions. Here, we present an analysis of XC O2 seasonal cycles 

calculated from OCO-2 data for temperate, boreal, and tundra regions, subdivided into 5o 

latitude by 20o longitude zones. We quantify the seasonal cycle amplitudes (SCA) and the 

annual half drawdown day (HDD). OCO-2 SCA is in good agreement with ground-based ob

servations at five high latitude sites and OCO-2 SCA show very close agreement with SCA 

calculated for model estimates of XCO2 from the Copernicus Atmospheric Monitoring Ser

vices (CAMS) global inversion-optimized greenhouse gas flux model v19r1. Model estimates 

of XCO2 from the GEOS-Chem CO2 simulation version 12.7.2 with underlying biospheric 

fluxes from CarbonTracker2019 yield SCA of larger magnitude and spread over a larger 

range than those from CAMS and OCO-2; however, GEOS-Chem SCA still exhibit a very 

similar spatial distribution across northern high latitude regions to that from CAMS and

Under review and publicly accessible at N. Jacobs, W. R. Simpson, K. A. Graham, C. Holmes, F. Hase, 
T. Blumenstock, Q. Tu, M. Frey, M. K. Dubey, H. A. Parker, D. Wunch, R. Kivi, P. Heikkinen, J. Nothold, 
C. Petri, and T. Warneke (2021a). “Spatial distributions of XCO2 seasonal cycle amplitude and phase over 
northern high latitude regions”. In: Atmos. Chem. Phys. Discussions. doi: 10.5194/acp- 2021- 185. url: 
https://acp.copernicus.org/preprints/acp-2021-185/.
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OCO-2. Zones in the Asian Boreal Forest were found to have exceptionally large SCA and 

early HDD, and both OCO-2 data and model estimates yield a distinct longitudinal gradient 

of increasing SCA from west to east across the Eurasian continent. Longitudinal gradients 

in both SCA and HDD are at least as pronounced as meridional gradients (with respect to 

latitude), suggesting an essential role for global atmospheric transport patterns in defining 

Xco2 seasonality. GEOS-Chem surface contact tracers show that the largest Xco2 SCA 

occurs in areas with the greatest contact with land surfaces, integrated over 15-30 days. The 

correlation of Xco2 SCA with these land contact tracers are stronger than the correlation of 

Xco2 SCA with the SCA of CO2 fluxes within each 5o latitude by 20o longitude zone. This 

indicates that accumulation of terrestrial CO2 flux during atmospheric transport is a major 

driver of regional variations in Xco2 SCA.

4.2 Introduction

The changing climate influences carbon exchange in every ecosystem on the planet and 

polar amplification is driving more rapid changes at higher latitudes (Smith et al., 2019; Park 

et al., 2018; Pithan and Mauritsen, 2014; Holland and Bitz, 2003; Manabe and Wetherald, 

1975). An understanding of the rapidly changing carbon dynamics at high northern latitudes 

is necessary to improve our understanding of global carbon exchange. However, despite the 

apparent importance of northern high latitude regions in quantifying the global carbon bud

get, Bradshaw and Warkentin (2015) point out that a great deal of uncertainty remains in the 

spatial patterns of carbon stocks and fluxes in Boreal Forest regions, and their results from 

predictive climate models show that the Boreal Forest may eventually shift from a carbon 

sink to a carbon source. Euskirchen et al. (2017), Barlow et al. (2015), and Pan et al., 2011 

all point out that a shortage of observations in Boreal Forest regions is a major impediment 

to understanding global carbon uptake, motivating further exploration of alternative data 

sources, such as satellite measurements. Since pioneering work by Thoning et al. (1989), 

analysis of the seasonal cycles of atmospheric CO2 concentrations has been widely used to 
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evaluate carbon exchange dynamics, and the amplitude of the regular seasonal oscillations 

in atmospheric CO2 concentrations is a common metric used to infer relative CO2 uptake. 

Many studies have combined process-based and atmospheric transport modeling with in situ 

and airborne observations to infer long-term temporal trends and spatial distributions of 

seasonal CO2 exchange, and concluded that Boreal Forest regions play an essential role in 

global carbon dynamics (Lin et al., 2020; Yin et al., 2018; Piao et al., 2017; Barlow et al., 

2015; Bradshaw and Warkentin, 2015; Gauthier et al., 2015; Graven et al., 2013; Pan et al., 

2011; Tans et al., 1990). Lin et al. (2020) compared seasonal cycle amplitudes (SCA) from 

surface in situ measurements of CO2 to those estimated from GEOS-Chem transport model

ing coupled with CAMS v17r1 flux estimates, and found that Siberia had the largest SCA of 

any region considered when normalized for area. Furthermore, Lin et al. (2020) found that 

even though Siberia is a relatively small source region, fluxes from Siberia were the second 

most influential in determining SCA of in situ CO2 on a global scale, following those from 

Northern Hemisphere midlatitudes.

It has been well established that the SCA of atmospheric CO2 increases with latitude in 

the Northern Hemisphere due to the increased seasonal attenuation of sunlight which drives 

more extreme seasonality in temperature and ecosystem productivity at higher latitudes. 

There is general consensus that this meridional gradient in SCA is increasing over time, 

so that while CO2 SCA are increasing across the Northern Hemisphere, the SCA at higher 

northern latitudes are increasing at an accelerated rate. There is still some controversy re

garding what mechanisms are driving changes in CO2 SCA and how spatial distributions 

or temporal trends in CO2 seasonality are influenced by atmospheric transport patterns or 

regional changes in carbon exchange. Recent work by Liu et al. (2020) suggests that global 

increases in CO2 SCA since the 1960's are a result of increases in growing season mean 

temperatures, and polar amplified warming would then explain the increase in the merid

ional gradients in SCA. Studies by Piao et al. (2017), Forkel et al. (2016), and Graven et al. 

(2013) used global models to show that increasing meridional gradients in SCA are driven by 
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the ecological effects of climate change and changes in vegetation, primarily suggesting CO2 

fertilization as the dominant mechanism. This point is confirmed by findings from Bastos 

et al. (2019) that attribute enhanced SCA in Boreal Asia and Europe to increases in net 

biome productivity as a result of CO2 fertilization. Although they do not address the in

crease in meridional gradients over time, Zeng et al. (2014) and Gray et al. (2014) argue that 

agricultural expansion in the Northern Hemisphere midlatitudes has resulted in increases in 

seasonal carbon exchange, which, in turn, result in larger SCA of CO2 concentrations on a 

global scale. Barnes et al. (2016) suggest that it is actually the Temperate Forest between 

30oN and 50oN that is the dominant driver of seasonal carbon exchange on global scales. 

Yet another study by Yin et al. (2018) found evidence that challenged previous assumptions 

about the relationship between seasonal cycle amplitude and spring and autumn temper

atures in northern high latitudes, emphasizing the need for continued data-driven model 

validation for these regions. Despite their disagreements, most agree that the seasonality 

in atmospheric CO2 at northern high latitudes, and specifically the Boreal Forest, require 

continued attention as carbon dynamics continue to change. While this paper does not con

sider temporal changes in SCA, an assessment of spatial distributions of SCA implied by 

satellite-based observations over northern high latitude terrestrial regions can provide a good 

foundation for exploring temporal changes in these spatial distributions in later analyses.

Satellite-based infrared spectrometers like the NASA Orbiting Carbon Observatory 2 

(OCO-2) (O'Dell et al., 2018; Wunch et al., 2017; Crisp et al., 2017), SCIAMACHY (Reuter 

et al., 2011; Bovensmann et al., 1999; Burrows et al., 1995), and GOSAT (Basu et al., 2013; 

Yoshida et al., 2013; Hamazaki et al., 2005) provide global measurements of column-averaged 

dry air mole fractions of CO2 (Xco2), and particularly can quantify Xco2 in remote, un

instrumented regions. Retrievals and instrument technologies have been advancing rapidly, 

and boreal-forest-specific methods of Xco2 bias correction and quality control filtering have 

been developed and validated where ground truth exists (Jacobs et al., 2020; Kiel et al., 2019; 

O'Dell et al., 2018). In addition, the development of collaborative networks of ground-based 
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solar-viewing spectrometers, including the Total Carbon Column Observing Network (TC- 

CON) and the Collaborative Carbon Column Observing Network (COCCON), has provided 

a framework for robust global validation of similar passive satellite-based observations (Frey 

et al., 2019; Wunch et al., 2011). These combined efforts of satellite-based and ground-based 

total atmospheric column measurements of CO2 offer a wealth of opportunities for gaining 

insights into the global climate system as a whole.

In this manuscript, we quantify and analyze seasonal cycle parameters derived directly 

from satellite-based observations of XCO2 , across the northern high latitude terrestrial re

gions. This work represents progress in the application of global monitoring of atmospheric 

CO2 to the continued evaluation of global scale carbon dynamics, and shows how satellites 

like OCO-2 can be used to monitor CO2 biospheric exchange. In this analysis, OCO-2 data 

over terrestrial northern high latitudes is used to explore spatial distributions of seasonal 

cycle amplitude (SCA) and seasonal cycle phase. Interpretation of these spatial distribu

tions can be used to test previous claims and provide new insights into what is driving 

carbon exchange at northern high latitudes. In particular, we explore how seasonality in 

XCO2 differs for the North American, European, and Asian Boreal Forest regions, and how 

the Boreal Forest fits within the broader context of northern high latitude regions. In addi

tion, seasonal cycle parameters derived from OCO-2 observations are combined with those 

from ground-based TCCON and COCCON observations, then compared with seasonal cycle 

parameters from two model frameworks: the Copernicus Atmospheric Monitoring Services 

(CAMS) global inversion-optimized greenhouse gas flux model estimates of XCO2 (Cheval- 

lier, 2020a), with in situ data assimilation, and the GEOS-Chem CO2 simulation (Nassar et 

al., 2010) with underlying biosphere fluxes from CarbonTracker2019 (Jacobson et al., 2020). 

Ultimately, we use the GEOS-Chem CO2 simulation to address the question of how much 

spatial variability in XCO2 seasonal cycle parameters may be attributed to magnitudes of 

fluxes within the observation zones and how much may be attributed to the regional and 

continental scale accumulation of CO2 fluxes during atmospheric transport.
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4.3 Methods

4.3.1 OCO-2 data

The NASA Orbiting Carbon Observatory 2 (OCO-2) launched in 2014 and began collect

ing data in September of that year. Daily averages of -CO2 are calculated for each zone using 

observations from OCO-2 B9 Lite files (OCO-2 Science Team/Michael Gunson, Annmarie 

Eldering, 2020). Ongoing improvements in the ACOS retrieval algorithm and previous efforts 

by Jacobs et al. (2020) to develop quality control thresholds tailored to OCO-2 B9 retrievals 

over Boreal Forest regions (Boreal QC) have allowed sufficient data over our 5o latitude by 

20o longitude zones to construct -CO2 time-series that yield robust seasonal cycle parame

terization. The Boreal QC was evaluated for use with terrestrial OCO-2 B9 retrievals north 

of 50o N (Jacobs et al., 2020), and the zones considered here cover the majority of land north 

of 50o N. The southern boundaries of the southern-most zones of North America are at 47o N, 

but the 3o of latitude is not expected to significantly impact the effectiveness of the Boreal 

QC filtering. Instead of the standard B9 bias correction, we use a modified bias correction 

that includes temperature at 700 hPa (T700), as discussed by Jacobs et al. (2020), because 

it was found in previous results to reduce the seasonality of OCO-2 bias relative to ground

based TCCON and EM27/SUN measurements. Seasonal cycle fits to OCO-2 retrievals of 

-CO2 with the standard global B9 bias correction were also calculated and compared to 

model-derived seasonal cycle fits in the supplement (see Sect. S2).

4.3.2 TCCON and EM27/SUN data

The Total Carbon Column Observing Network (TCCON) is a ground-based network of 

sites observing -CO2 using high spectral resolution solar-viewing Fourier transform infrared 

spectrometers (FTS). Data are included from four TCCON sites: East Trout Lake, Canada 

in North American Boreal zone 3 (Wunch et al., 2018); Sodankyla, Finland in European 

Boreal zone 6 (Kivi et al., 2017; Kivi and Heikkinen, 2016); Bialystok, Poland in European 
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Temperate zone 2 (Deutscher et al., 2019); Bremen, Germany in European Temperate zone 

3 (Notholt et al., 2019) (see site details in Table 4.1 and locations mapped in Fig. 4.1). 

The Collaborative Carbon Column Observing Network (COCCON) is a network of sites 

observing with the Bruker EM27/SUN FTS (Gisi et al., 2012), which are lower resolution 

mobile solar-viewing spectrometers that serve as complement to TCCON measurements. 

EM27/SUN observations have been compared to TCCON observations in multiple studies, 

most notably Sha et al. (2020), Tu et al. (2020), Frey et al. (2019), Velazco et al. (2018), and 

Hedelius et al. (2017). In most of these comparisons EM27/SUN and TCCON observations 

agree with biases less than 0.25 ppm on average. In some cases offsets between EM27/SUN 

and TCCON observations are reported to be as large as 2 ppm, but the proven stability of 

the EM27/SUN should allow for a bias correction that would yield good agreement between 

TCCON and EM27/SUN retrievals. The EM27/SUN instruments have measured Xco2 in 

a number of campaigns to validate OCO-2 and other satellite-based observations, including 

work by Jacobs et al. (2020), Velazco et al. (2018), and Klappenbach et al. (2015), suggest

ing good agreement between EM27/SUN observations and satellite-based observations. In 

this analysis, observations with an EM27/SUN FTS in Fairbanks, Alaska, USA (65.859oN, 

147.850oW; Jacobs et al. (2021b)) are used as a fifth ground-based comparison in the Boreal 

Forest. Fairbanks is an established COCCON site as of 2018, so the instrument participates 

regularly in performance and calibration checks at the central facility operated by KIT and 

data processed in compliance with COCCON recommendations are available. In this study, 

we use the GGG2014 retrieval algorithm coupled with the EM27/SUN GGG interferogram 

processing suite (EGI; Hedelius and Wennberg (2017)) instead of the standard COCCON 

retrieval methods for consistency with TCCON retrievals and because this data product 

has already been bias corrected to TCCON using side-by-side observations at Caltech, as 

described in detail by Jacobs et al. (2020). Seasonal cycle fits for ground-based observations 

at these five sites use daily averages of retrievals collected within two hours of local solar 
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noon, weighted by retrieval error, as described by Jacobs et al. (2020). We refer to these 

daily averages as near noon ground-based (NNG) observations.

4.3.3 CAMS model estimates

Model estimates of XCO2 from the Copernicus Atmospheric Monitoring Services (CAMS) 

global inversion-optimized greenhouse gas flux model v19r1 are used here as a model com

parison to OCO-2 and NNG data. The modeling framework for CAMS CO2 flux inversions is 

described in detail by Chevallier (2020a). Quality assessments for the Northern Hemisphere 

by Chevallier (2020b) report that nearly all biases in both CAMS estimates of in situ CO2 

relative to unassimilated aircraft observations and CAMS estimates of XCO2 relative to TC- 

CON observations are within 1 ppm, with standard deviation in bias around 2 ppm. CAMS 

estimates of XCO2 are available as daily averages and have 1.9o latitude by 3.75o longitude 

spatial resolution, which is sufficient for providing multiple grid-points within each zone and 

coincidence with most ground sites within approximately 100 km (see Table S1 in the supple

ment for exact coordinates of grid-points nearest to the ground sites). We use CAMS model 

estimates with data assimilation from a global network of surface in situ observations at 119 

locations, but without any satellite data assimilation. In addition to the XCO2 estimates, 

the CAMS model output includes surface flux estimates, which will be considered further in 

the Discussion, Sect. 4.5.3. Both CAMS flux estimates and CAMS XCO2 estimates use the 

same atmospheric transport modeling framework.

4.3.4 GEOS-Chem CO2 and Transport Tracer simulations with CarbonTracker2019 land 

and ocean fluxes

The GEOS-Chem atmospheric transport model version 12.7.2 (more detailed information 

at www.geoschem.org) has 2o latitude by 2.5o longitude spatial resolution, using MERRA-2 

meteorology (Gelaro et al., 2017). We use the GEOS-Chem CO2 simulation (Nassar et al., 

2010) and GEOS-Chem surface contact tracers, for 2014-2016, to examine the relationships 

140

http://www.geoschem.org


between seasonal cycle parameters and atmospheric transport patterns and speculate on the 

role of atmospheric transport in determining spatial distributions of XCO2 seasonality across 

northern high latitudes. The GEOS-Chem CO2 simulation provides daily XCO2 estimates and 

source attribution with underlying fluxes from the NOAA Earth Systems Research Carbon- 

Tracker2019 (Jacobson et al., 2020) for land and ocean biospheric exchange, the Community 

Emissions Data System (CEDS; Hoesly et al., 2018) for fossil fuel emissions, the Global Fire 

Emissions Database, Version 4.1 (GFED4.1s; Randerson et al., 2018; Werf et al., 2017) for 

biomass burning emissions, and results from Bukosa (2019) for the chemical production of 

CO2 in the atmosphere. For the fossil fuel emissions, the CEDS inventory ended in 2014, so 

2015 and 2016 emissions were scaled by the CEDS 2014 emissions to match the global total in 

those later years, as reported by the Open-Source Data Inventory for Anthropogenic Carbon 

Dioxide (ODIAC; Oda and Maksyutov, 2011). We used this approach, rather than using 

ODIAC alone, because the CEDS inventory includes anthropogenic biofuel emissions that 

are not in ODIAC. CO2 from each source type is tagged within the model to quantify their 

contributions to total column CO2. Unlike the CAMS model, which has optimized CO2 flux 

and XCO2 estimates with the same atmospheric transport model, CarbonTracker2019 fluxes 

are estimated using TM5 to simulate atmospheric transport rather than the GEOS-Chem 

transport model, while the fossil fuel and biomass burning flux estimates used in the GEOS- 

Chem CO2 simulation are based on inventory estimates that may involve other assumptions 

about atmospheric transport . The GEOS-Chem surface contact tracer simulations include 

tracers emitted uniformly from land or ocean, which subsequently decay with e-fold lifetimes 

of 5, 15, 30, or 90 days. These surface contact tracers are used to evaluate how XCO2 SCA is 

influenced by transport from upwind land or ocean surfaces on various timescales. GEOS- 

Chem simulations are run for 2014-2016 rather than for the precise OCO-2 data period, 

but analysis shown in the supplement (see Sect. S2) demonstrates that SCA and HDD are 

mostly unchanged when calculated for 2014-2016 instead of 2014-2019.
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4.3.5 Regions and zones

We define regions in North America, Europe, and Asia, which are further subdivided into 

5o latitude by 20o longitude zones, and zones are designated as temperate, boreal, or tundra. 

For the purposes of this analysis, the classification of zones as temperate, boreal, or tundra, 

as well as the longitudinal division between the European and Asian regions are guided by 

maps of ecoregions from Hayes et al. (2011) and Euskirchen et al. (2007) (see Fig. 4.1). The 

Boreal Forest zones considered cover a narrower range of latitudes than the boreal regions 

defined for the Transcom 3 ecoregions (Gurney et al., 2000), which include all high Arctic 

tundra and portions of temperate Asia as part of the boreal regions. Otherwise, the North 

American Boreal region and Eurasian Boreal region defined by Transcom 3 are very similar 

to the North American Boreal and Asian Boreal regions defined in this analysis. We differ 

markedly from Transcom 3 in defining separate European Boreal and European Temperate 

regions, while Transcom 3 combines all of Europe into a single European region. In North 

America, the zones are shifted by 3o latitude relative to the zones in Eurasia; starting at 

47oN and extending in to 72oN in 5o increments. This was done to bring ground sites in the 

North American Boreal region closer to the center latitude of their encompassing zones and 

to more accurately fit the boundaries of temperate, boreal, and tundra biomes.

Also shown in Fig. 4.1 are the locations of five ground sites where long-term observations 

of XCO2 have been collected (see Table 4.1 for details). These ground sites include two sites 

in the European Temperate region (Bialystok and Bremen), one site in the European Boreal 

region (Sodankylaa), and two sites in the North American Boreal region (East Trout Lake 

and Fairbanks). Ground-based data are explained further in Sect. 4.3.2 and seasonal cycles 

of ground-based data are compared to satellite and model-derived seasonal cycles in Sect. 

4.4.1.
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where t is days, ω = 2π/365,25, the interannual trend is defined by a0 + a1t, and the seasonal 

cycle amplitude (SCA) is defined by 2|a2|. The fit is calculated using nonlinear least squares 

optimization with standard error defined as the mean daily standard deviations in retrieved 

XCO2 . As a metric for seasonal timing we define half drawdown day (HDD) as the day of 

year when the detrended seasonal cycle fit, f(t) - a0 - a1t, crosses zero from positive to 

negative.

The approach used by Lindqvist et al. (2015) was found to be more numerically stable 

than fitting to a truncated Fourier Series, as has been employed in previous studies (Wunch 

et al., 2013; Thoning et al., 1989), because periods of missing data can produce unrealistic 

oscillations in a Fourier series fit. Even for zones with the longest winter gaps in observations, 

the shape of the seasonal cycle fit using Eq. 4.1 only has one annual maximum and minimum.

4.4 Results

4.4.1 XCO2 seasonal cycles near ground sites

Before attempting to interpret spatial distributions of seasonal cycle parameters on con

tinental scales, it is of value to get a better idea of how seasonal cycle parameters from 

observations at a single location compare to those from spatially averaged data. To this end,
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4.3.6 XCO2 seasonal cycle modeling and parameters

The primary focus of our analysis is characterizing seasonality in XCO2 and exploring how 

and why this seasonality differs across regions of the Boreal Forest. To this end, time-series 

are constructed using daily average XCO2 from satellite retrievals, ground-based solar-viewing 

FTIR spectrometers , and CAMS model estimates with data assimilation from in situ surface 

concentrations. Seasonal cycles are characterized following methods used by Lindqvist et al. 

(2015), in which daily mean XCO2 are fit to a skewed sine wave of the form



five high latitude sites are considered with long term ground-based observations, as described 

in Sect. 4.3.2, and seasonal cycle fits to near noon ground-based (NNG) observations at these 

sites are compared to those from spatially averaged data over a commonly used satellite co

incidence region of 5o latitude by 10o longitude centered on the location of the ground site, 

as well as over the 5o latitude by 20o longitude zone in which the ground site is located 

(reference zones in Fig. 4.1). In Fig. 4.2, observed SCA and HDD from NNG and OCO-2 

are correlated against model-derived SCA and HDD from CAMS and GEOS-Chem at each 

of the three spatial scales, and the corresponding linear regression equations and correlation 

coefficients are reported in Table 4.2. These correlations exhibit tight linearity for SCA and 

reasonable linearity for HDD when comparing observed and model-derived parameters at all 

scales. SCA and HDD from CAMS are in better agreement with observations than those 

from GEOS-Chem in every case, as demonstrated by the fact that the CAMS linear regres

sion falls closer to the y = x line in every panel of Fig. 4.2. Both CAMS and GEOS-Chem 

tend to yield larger SCA and later HDD than observations, for all three spatial scales, which 

stands in contrast to earlier work by Yang et al. (2007) who found that the Transcom model 

underestimated SCA of CO2 mixing ratios relative to aircraft observations at nearly every 

altitude. Details of the full time-series, plots of seasonal cycle fits, and seasonal cycle fit 

parameters for these ground sites, coincidence regions, and encompassing zones are reported 

in Sect. S1.1 of the supplement.

In Fig. 4.3 and Table 4.3 the relationships between seasonal cycle parameters from a 

single point, at or nearest the ground sites, and spatially averaged data are explored, in this 

case NNG are correlated against spatially averaged OCO-2 retrievals, while model estimates 

near the ground site are correlated against spatially averaged model estimates. Jacobs et 

al. (2020) have shown that an alternative bias correction, parameterized for temperature 

at 700 hPa, resulted in reduced seasonality in OCO-2 bias within the 5o latitude by 10o 

longitude coincidence region relative to NNG observations at East Trout Lake, Sodankyla, 

and Fairbanks. Results in the supplement show that the alternative bias correction improved 
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agreement in both SCA and HDD between NNG seasonal cycles and coincident OCO-2 

seasonal cycles. The results in Fig. 4.3 and Table 4.3 indicate that HDD correlations across 

scales tend to be slightly weaker and markedly different depending on whether one considers 

observed or model-derived seasonal cycles. For the coincidence region and the encompassing 

zone, OCO-2 data consistently yield later HDD than NNG, while spatially averaged model 

estimates tend to yield HDD that is in good agreement or slightly earlier than the point 

nearest to the ground site. SCA for ground sites are well correlated and mostly in close 

agreement with both SCA for 5o latitude by 10o longitude coincidence regions and SCA for 

encompassing 5o latitude by 20o longitude zones. The relatively weaker correlations in HDD 

across spatial scales suggest greater spatial heterogeneity in HDD within zones from both 

observed and model-derived seasonal cycles, while SCA appears to scale well with spatial 

averaging.

4.4.2 XCO2 seasonal cycles by zone

The full set of seasonal cycle fit parameters and their standard errors for each zone and 

ground site in Fig. 4.1 are reported in the supplement for OCO-2 data, NNG data, CAMS 

model estimates, and GEOS-Chem model estimates. Time-series of daily averages with daily 

standard deviations, the seasonal cycle fits, and fit residuals for OCO-2 observations are 

plotted in Figures S4 through S11. Time-series of daily model estimates, the model-derived 

seasonal cycle fits, and the corresponding OCO-2 seasonal cycle fits are plotted in the Figures 

S13 through S28. While the fits to model estimates are generally similar in shape with fits 

to observations, there are some zones that yield an unrealistic drop in wintertime values in 

the OCO-2 seasonal cycle fits, which is more pronounced for zones with fewer satellite-based 

XCO2 observation near the peak and trough of the seasonal cycle. This wintertime drop in 

the shape of the seasonal cycle is evidence that should motivate further efforts to increase 

satellite-based observations over high latitude regions outside of the summer months. Only a 

small number of zones, particularly the two most northern Asian Tundra zones, are obviously 
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compromised by insufficient data in spring and autumn, most of the zones that exhibit a 

wintertime drop in the seasonal cycle fit still yield SCA that are comparable to corresponding 

results from CAMS and GEOS-Chem. The close similarities between spatial distributions of 

seasonal cycle parameters from OCO-2, CAMS, and GEOS-Chem are apparent in Fig. 4.4. 

Direct correlations between observational and model-derived SCA and HDD are included 

in the supplement (see Fig. S29) in which GEOS-Chem was found to have correlation 

coefficients of 0.738 and 0.449, and CAMS was found to have correlation coefficients of 0.644 

and 0.556, for SCA and HDD respectively. The most notable discrepancies in SCA between 

OCO-2 and CAMS occur in the Asian and North American tundra regions for which CAMS 

estimates yield larger and more homogeneous values of SCA than OCO-2 data; however, 

some of the OCO-2 seasonal cycle fits for the Tundra zones are compromised by insufficient 

data coverage. Overall, model estimates tend to yield larger SCA and later HDD than OCO- 

2 and NNG. Even though SCA and HDD derived from GEOS-Chem cover a broader range 

of values, particularly over-estimating SCA in the Asian Boreal and Tundra regions and 

predicting later HDD in a number of Temperate and Boreal zones, GEOS-Chem seasonal 

cycles remain strongly correlated with observed seasonal cycles. Results in the supplement 

(see Fig. S30) indicate that SCA derived from clipped time-series of OCO-2 and CAMS 

(restricted to 2014-2016) were only marginally different from SCA derived for the full time 

(2014-2019), suggesting that the different results in GEOS-Chem are not likely to be caused 

by the shorter duration of model output.

4.4.3 Spatial distributions of SCA and HDD

Seasonal cycle amplitudes (SCA) and half drawdown day (HDD) are mapped in Fig. 4.4, 

showing results from OCO-2 observations, CAMS model estimates, and GEOS-Chem model 

estimates. Figure 4.4 demonstrates that both OCO-2 observations and model estimates 

from CAMS and GEOS-Chem yield larger SCA and earlier HDD in the Asian Boreal Forest 

than any other region. The earlier seasonal timing of the Asian Boreal Forest zones is 
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consistent with results from Keppel-Aleks et al. (2012) and Schneising et al. (2011), and 

these studies also linked earlier drawdown in Asia to larger SCA. Although one would not 

necessarily expect SCA of surface in situ measurements to match SCA of XCO2, this finding 

also aligns with the study by Lin et al. (2020), who found that Siberia had the largest SCA 

in surface CO2 concentrations when normalized for area. The CAMS and GEOS-Chem 

results in Fig. 4.4 follow a much more systematic distribution with pronounced meridional 

gradients, whereas the results from OCO-2 show more spatial heterogeneity, and this is 

particularly true for HDD. Seasonal cycles of direct observations are expected to display 

more heterogeneity than seasonal cycles of model estimates, which depend on mathematical 

modeling of atmospheric transport to calculate XCO2, even if the underlying fluxes are based 

on in situ data assimilation. Overall, the spatial distributions in SCA and HDD from OCO-2 

agree more with those from CAMS than from GEOS-Chem estimates, which produce larger 

magnitudes of SCA for many regions, as well as SCA and HDD spread across a larger range. 

In addition, OCO-2 observations yield notably smaller SCA than CAMS or GEOS-Chem in 

the western zones of the Asian Boreal Forest, in the Asian Tundra, and in the eastern zones 

of North America.

Figure 4.5, panels (b), (d), and (f) show a clear increase in SCA from west to east 

across the Eurasian continent in both model-derived and observational results. In North 

America, longitudinal gradients are more subtle. While OCO-2 observations exhibit a slight 

gradient across North America that increases east to west, CAMS and GEOS-Chem yield 

SCA that increase from west to east, remaining consistent with gradients for Eurasia. This 

discrepancy in North America hinges primarily on the zones of Boreal Forest and Tundra in 

eastern North America, which have the smallest SCA for that continent when using OCO-2 

data, but have the largest SCA for that continent when using CAMS or GEOS-Chem model 

estimates. As expected, panels (a), (c), and (e) of Fig. 4.5 show a meridional gradient with 

increasing SCA from south to north for both observational and model-derived seasonal cycles. 

However, the Asian Boreal Forest zones stand apart from other regions in all panels of Fig.
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4.5, particularly when plotted against latitude, with larger SCA than other data at similar 

latitude or longitude. Results in Fig. 4.6 demonstrate that HDD are far more scattered and 

do not follow the distinct trends with latitude and longitude that SCA does. HDD spatial 

gradients seem to be inverted relative to SCA with a vague tendency toward later HDD at 

more northern latitudes and more western longitudes (with similar discrepancies between 

observed and model-derived longitudinal gradients for North America).

4.4.4 The relationship between SCA and HDD

Figure 4.7 and the calculated linear regressions in Table 4.4 show that there is a negative 

correlation between HDD and SCA for both observed and model-derived seasonal cycle fits, 

such that earlier HDD corresponds to larger SCA. CAMS model estimates yield correlations 

between HDD and SCA that are more similar to those from OCO-2 and NNG measurements, 

while GEOS-Chem yields stronger correlations with steeper slopes. The results in Fig. 4.7 

emphasize the exceptionally early HDD and large SCA of the Asian Boreal Forest, such 

that many of the Asian Boreal zones fall more in line with the tundra zones than with the 

other boreal zones. A meridional gradient is suggested by the fact that the linear regressions 

plotted in Fig. 4.7 are shifted up for the tundra zones and shifted down for the temperate 

zones, with the boreal zones in between the two. Furthermore, the separate linear regressions 

for the temperate, boreal, and tundra zones plotted in Fig. 4.7 have much larger R2 than 

the linear regressions for all the zones together (see Table 4.4), suggesting that there are 

different dynamics in different biomes that affect relationships between extent and timing 

of apparent CO2 uptake. The strength of this correlation in observed and CAMS seasonal 

cycles was highest for tundra, and lowest for temperate zones with the boreal zones falling 

in between.
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4.5 Discussion

In this analysis, methods described by Lindqvist et al. (2015) were used to fit daily average 

time-series of daily Xco2 to a skewed sine wave (see Eq. 4.1) and subsequently calculate 

seasonal cycle amplitude (SCA) and half drawdown day (HDD), as described in Sect. 4.3.6. 

These fitting methods have been found to yield more stable and realistic fits for time-series 

with winter gaps than fitting to a truncated Fourier Series. Increased OCO-2 throughput 

(Kiel et al., 2019; O'Dell et al., 2018; Osterman et al., 2019) and use of a bias correction and 

quality control methods tailored to northern high latitudes (Jacobs et al., 2020) improve the 

availability of OCO-2 data at the edges of the growing season and assist in generating stable 

and realistic seasonal cycle fits. Results in Fig. 4.3 and Table 4.3 indicate close agreement 

between SCA from NNG observations at five ground sites and corresponding SCA from 

OCO-2 data in the 5o latitude by 10o longitude spatial coincidence regions. Relatively weak 

correlations in HDD at the five ground sites, both across spatial scales and between observed 

and model-derived seasonal cycles, are likely to be at least partly attributable to spatial 

heterogeneity in seasonal cycle timing within 5o latitude by 20o longitude zones. It is possible 

that HDD as a phase metric is not as well constrained by the seasonal cycle fitting methods 

used here as SCA. Many of the greatest discrepancies in HDD when comparing coincidence 

regions or zones to ground sites (see Fig. 4.3 and Table 4.3) occur in observed seasonal cycles 

and may arise from disagreement between NNG and OCO-2 observations. Discrepancies 

between observed and model-derived HDD, which are most apparent for GEOS-Chem Xco2 

estimates, could reflect an inaccurate representation of ecosystem respiration in the CASA 

terrestrial biosphere model, which underlies the CarbonTracker2019 biospheric fluxes used in 

the GEOS-Chem CO2 simulation. Byrne et al. (2018) found that differences in the seasonal 

timing of NEE maximum drawdown were primarily driven by differences in the timing of 

ecosystem respiration in spring and fall, while the amplitude of NEE was largely influenced by 

the magnitude ofpeak gross primary production (GPP). This could explain the higher degree 

of spatial heterogeneity in seasonal cycle timing because ecosystem respiration is driven by 
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soil temperature, soil moisture, and litter accumulation, which could all be expected to 

exhibit a higher degree of spatially heterogeneity than ambient temperature and sunlight. If 

there is, in truth, more spatial heterogeneity in the timing of seasonal CO2 uptake, then a 

failure to accurately represent these spatial distributions in timing could be exacerbated by 

errors or differences in atmospheric transport modeling and result in larger or more variable 

discrepancies between observed and model-derived HDD. In this case, the relatively spatially 

homogeneous values of SCA would be easier to accurately predict in the models than HDD. 

Alternatively, if SCA is primarily defined by the magnitude of maximum GPP, it may be 

better constrained in the models because data products like SIF and NDVI can be used to 

validate model estimates of GPP, while ecosystem respiration does not have a direct data 

proxy.

OCO-2, CAMS, and GEOS-Chem all yield very similar spatial distributions of SCA and 

HDD across the northern high latitude regions (see map in Fig. 4.1), and both had large 

SCA and early HDD in the Asian Boreal Forest as well as a clear increase in SCA from 

west to east across the Eurasian continent. Discrepancies between GEOS-Chem SCA and 

SCA from both CAMS and observations are consistent with the assessments of seasonal bias 

resulting from the GEOS-Chem transport modeling framework with MERRA-2 meteorology, 

as described by Schuh et al. (2019). They found that the GEOS-Chem CO2 simulation 

overestimates XCO2 in winter and underestimates XCO2 in summer relative to the TM5 

transport model, yielding an exaggerated seasonal oscillation and larger SCA. Byrne et al. 

(2018) found that CarbonTracker2016, using CASA to constrain biospheric carbon exchange, 

estimated later NEE drawdown than flux inversions with either GOSAT or TCCON data 

assimilation, and this appears to be consistent with the later HDD estimated by the GEOS- 

Chem CO2 simulation. Despite these discrepancies, we contend that the strong correlations 

between GEOS-Chem and observational results (see Sect. S2 in the supplement) suggest 

that GEOS-Chem simulations remain a useful tool for investigating the broader implications 

of spatial distributions in SCA and HDD from OCO-2 observations.

150



Two limiting hypotheses for the origin of the spatial patterns in XCO2 SCA shown in 

Fig. 4.4 are that they arise from differences in flux magnitudes within the 5o latitude by 20o 

longitude zone or that they arise from transport patterns accumulating CO2 exchanges across 

multiple zones or regions. To investigate the relative influences of atmospheric transport or 

fluxes within zones on XCO2 seasonal cycles, we consider source apportionment from the 

GEOS-Chem CO2 simulation (Nassar et al., 2010) and GEOS-Chem surface contact tracers, 

as well as surface CO2 flux estimates used in the GEOS-Chem and CAMS models.

4.5.1 CO2 source contributions

Through analysis of XCO2 source attribution in the GEOS-Chem CO2 simulation, 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 GEOS-Chem, averaged by region and day of year, are shown in Fig. 4.8, 

demonstrating that the seasonal variability in fossil fuel, fire, and ocean source contributions 

are negligibly small compared to the seasonal variability in the terrestrial NEE contribution. 

Furthermore, seasonal cycle fits of GEOS-Chem daily average terrestrial NEE contribution 

within each zone to Eq. 4.1 yield SCA and HDD that are very strongly correlated to SCA 

and HDD from GEOS-Chem XCO2 (see Fig. 4.9). Figure 4.9 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.

4.5.2 The role of transport inferred from GEOS-Chem tracers

GEOS-Chem surface contact tracers were used to simulate the release of tracers from 

land and ocean yielding relative concentrations of tracers with lifetimes of 5, 15, 30, and 

90 days for a given grid point and day. The surface contact tracers for a given zone were 
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found to vary minimally in time, so a total average was taken by averaging spatially and 

temporally within each zone (see map in Fig. 4.1) and over all days in 2014-2016.

The surface contact tracers show that the largest XCO2 SCA occurs in areas with the 

greatest influence from air that contacted land surfaces 15 to 30 days prior. There are clear 

similarities in the spatial distributions of SCA in panels (a), (c), and (e) of Fig. 4.4 and 

those of the surface contact tracers from land with a 15 or 30 day lifetime, as shown in 

panels (c) and (e) of Fig. 4.10. There are also similarities in the spatial distributions of 

HDD in panels (b), (d), and (f) of Fig. 4.4 and those for the surface contact tracers from 

ocean with a 15 or 30 day lifetime, as shown in panels (d) and (f) of Fig. 4.10. The relative 

strength of linear relationships between seasonal cycle parameters from OCO-2 observations 

and surface contact tracers are quantified with correlation coefficients in Fig. 4.11. The 

higher correlation coefficients obtained when comparing SCA to land and ocean tracers with 

15 day and 30 day lifetimes suggest that accumulation of CO2 flux due to atmospheric 

transport on roughly monthly timescales plays an important role in defining XCO2 SCA.

Correlations between HDD and land tracers are weak, which is unexpected given the 

close correlation between HDD from terrestrial NEE and HDD from XCO2 in Fig. 4.9 panel 

(b). Relationships between HDD and land and ocean tracers seem to follow a curve rather 

than a line, or may be representative of two different linear relationships for different groups 

of zones (see supplement Fig. S31). The correlations with ocean tracers were always inverted 

relative to those with land tracers, such that reduced contribution from ocean tracers and 

increased contributions from land tracers consistently correspond with larger SCA and often 

correspond with earlier HDD (see supplement Fig. S31). The relatively strong correlations 

between land tracers and SCA is consistent with the finding in Sect. 4.5.1 that terrestrial 

biospheric exchange is the dominant driver of seasonality in XCO2 .
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4.5.3 The role of CO2 fluxes in XCO2 SCA

The role of fluxes within each 5o latitude by 20o longitude zone in determining the XCO2 

SCA are assessed here using flux estimates from the same model frameworks that are used 

for previous comparisons of XCO2 SCA in this analysis. The GEOS-Chem CO2 simulation 

uses a combination of flux inventories (Hoesly et al., 2018; Randerson et al., 2018; Werf 

et al., 2017) and CarbonTracker2019 (Jacobson et al., 2020) biospheric fluxes from land and 

ocean, while the CAMS v19r1 model framework includes a flux inversion that is internally 

consistent with model estimates of XCO2 (Chevallier, 2020a). To obtain the estimated CO2 

flux for GEOS-Chem, the fossil fuel, biomass burning, and biospheric fluxes are summed 

together. First, CO2 fluxes from each model are averaged spatially within zones for each 

3-hourly time-step. A total average annual flux is calculated for each zone by summing all 

3-hourly CO2 fluxes in each year and taking an average over the six years in 2014-2019. To 

calculate flux SCA, the daily sums of 3-hourly, spatially-averaged fluxes within each zone 

are used to derive a 15-day rolling mean, which is then averaged by day of year to yield an 

average annual cycle, and the difference between the maximum and minimum of the average 

annual cycle is taken to be the flux SCA. The annual cycles of fluxes are plotted in Figures 

S32 through S49.

Figure 4.12 has maps of average annual fluxes and flux SCA for GEOS-Chem and CAMS, 

which show that flux SCA in panels (a) and (b) are distributed following more of a meridional 

gradient and less of a longitudinal gradient than XCO2 SCA in panels (a), (c), and (e) of 

Fig. 4.4. The weak correlations between flux SCA and XCO2 SCA, shown in panels (a), 

(b), and (c) of Fig. 4.13 and quantified in Fig. 4.14, combined with the relatively strong 

correlations between XCO2 and surface contact tracers with 15 and 30 day lifetimes, suggest 

that accumulation of CO2 flux due to atmospheric transport on roughly monthly timescales 

is more influential in determining XCO2 SCA than fluxes within a 5o latitude by 20o longitude 

zone. However, there are slightly stronger correlations between average annual flux and XCO2 

SCA, shown in panels (d), (e), and (f) of Fig. 4.13 and quantified in Fig. 4.14, which suggest 
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some possible link between Xco2 SCA and the relative source or sink strength of a given 

zone. Panels (c) and (d) of Fig. 4.12 show that both models predict large negative average 

annual fluxes for Asian Boreal zones, designating the Asian Boreal region as a major sink for 

CO2, and suggesting that anomalously large Xco2 SCA in the Asian Boreal region may be 

partially influenced by enhancements in CO2 uptake within that region. In another instance, 

the European Temperate zone 3 and Bremen TCCON site both have exceptionally large 

positive average annual CO2 flux due to a significant contribution from fossil fuel emissions 

(as shown in Sect. S4), but they did not yield anomalously large flux SCA because the fossil 

fuel emissions do not exhibit any significant seasonal variability. The European Temperate 

zone 3 and Bremen also yielded smaller Xco2 SCA and later HDD than most of the other 

zones and ground sites for both observed and model-derived seasonal cycles. In this case, 

the large fossil fuel emissions may be indirectly influencing the Xco2 SCA despite the fact 

that these emissions are not directly contributing to the seasonal variability in atmospheric 

CO2 in this zone or at this site.

4.6 Conclusions

Satellite-based instruments, such as OCO-2, open the possibility to study CO2 exchange 

and transport throughout the vast and largely un-instrumented northern high latitudes. 

Improvements in retrieval and quality control methods for satellite-based observations of 

atmospheric CO2 have allowed for a data-driven investigation of Xco2 seasonality over re

gions, like Siberia, that have previously been largely inaccessible and unobserved. Our results 

show that the Asian Boreal Forest region is distinct from other northern high latitude regions 

with larger seasonal cycle amplitude (SCA) and earlier half drawdown day (HDD) (see Sect. 

4.3.6), and gradients of increasing SCA and earlier HDD span from west to east across the 

Eurasian continent. Longitudinal gradients in SCA and HDD across the North American 

continent are more subtle than longitudinal gradients across the Eurasian continent. Dis

crepancies between observed (OCO-2) and model-derived (CAMS and GEOS-Chem) SCA 
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and HDD in the eastern zones of North America result in opposing longitudinal gradients in 

SCA and HDD across the North American continent, such that OCO-2 observations yield 

increasing SCA from east to west, while model estimates yield increasing SCA from west 

to east. In order to assess the relative influences of the accumulation of CO2 exchanges 

during atmospheric transport or the magnitudes of fluxes within 5o latitude by 20o longi

tude zones, we compare GEOS-Chem CO2 source apportionment and GEOS-Chem surface 

contact tracers with observed spatial distributions of SCA and HDD from OCO-2. GEOS- 

Chem simulated source contributions of NEE to XCO2 yield nearly the same seasonal cycles 

as XCO2 , while other source contributions exhibit little to no seasonal variability, suggesting 

that the seasonality in XCO2 over northern high latitudes can be attributed almost entirely 

to terrestrial biospheric exchange. The dominance of terrestrial biospheric exchange in the 

GEOS-Chem model is likely an intentional quality built into the model, but the strong cor

relations between observed and GEOS-Chem-derived seasonal cycle parameters lend some 

credence to the assumptions made in the GEOS-Chem CO2 simulation. GEOS-Chem surface 

contact tracers revealed that the largest XCO2 SCA occur in areas with the greatest influence 

from land tracers with 15 or 30 day lifetimes. The correlations of XCO2 SCA with land con

tact tracers are stronger than the correlations of XCO2 SCA with SCA of CO2 fluxes within a 

given 5o latitude by 20o longitude zone. This indicates that accumulation of terrestrial CO2 

flux during atmospheric transport on roughly monthly timescales is a major driver of regional 

variations in XCO2 SCA, which is at least as important in shaping observed XCO2 seasonality 

as the terrestrial flux magnitudes within zones. However, there is some correlation between 

the total average annual fluxes used in the GEOS-Chem CO2 simulation and XCO2 SCA, 

and the Asian Boreal region was still determined to have by far the largest negative fluxes of 

any of the regions in addition to having the largest XCO2 SCA and earliest HDD. Our overall 

conclusions are that a combination of the magnitudes of fluxes within zones and the accumu

lation of CO2 flux during atmospheric transport defines the observed spatial distributions of 

XCO2 seasonal cycle parameters, a robust understanding of atmospheric transport patterns 
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on roughly monthly timescales is essential for accurate interpretation of XCO2 seasonality for 

northern high latitudes, and seasonality in XCO2 in northern high latitude regions is almost 

completely dictated by seasonality in the exchange of CO2 with the terrestrial biosphere. 

In future work, it would of value to expand this analysis to assess both long-term temporal 

trends in XCO2 seasonality, as well as interannual anomalies that may result from global 

weather patterns such as the polar vortex or el niño.

4.7 Code and data availability

OCO-2 data and quality control parameters used here are taken from OCO-2 Lite files 

(version 9, ”B9”), and quality filtering and bias corrections are applied following Jacobs et al. 

(2020), as described in Sect. 2.1. OCO-2 Lite files are produced by the NASA OCO-2 project 

at the Jet Propulsion Laboratory, California Institute of Technology, and obtained from the 

NASA Goddard Earth Science Data and Information Services Center (GES-DISC; https: 

//daac.gsfc.nasa.gov/). TCCON data are available from the TCCON data archive, 

hosted by CaltechDATA: https://tccondata.org/. EM27/SUN GGG2014 retrievals from 

Fairbanks, Alaska are available on the Oak Ridge National Laboratory Distributed Active 

Archive Center (ORNL DAAC): https://doi.org/10.3334/ORNLDAAC/1831 [these data 

may still be in the process of being published to the ORNL DAAC, but are expected to be 

available by the time of manuscipt acceptance]. Methods used to bias correct EM27/SUN 

data to TCCON are described in the supplemental materials for Jacobs et al. (2020). All 

ground-based datasets are also cited individually in Sect. 2.2. CAMS optimized flux

inversion model output is available on the Copernicus website: https://ads.atmosphere. 

copernicus.eu/cdsapp\#!/dataset/cams-global-greenhouse-gas-inversion. GEOS- 

Chem source code is publicly available (https://doi.org/10.5281/zenodo.3701669). Model 

output analyzed in this work are archived at Zenodo [data in netCDF format will be uploaded 

after manuscript acceptance].
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4.10 Tables

Table 4.1: Summary of instrument type, years of observations, geographic coordinates, and corresponding coordinates of the 
nearest model grid point in CAMS and GEOS-Chem (GC) for each ground site.

Site Type Years location CAMS location GC location
Bialystok
Bremen
East Trout Lake
Sodankylä
Fairbanks

TCCON
TCCON
TCCON
TCCON

EM27∕SUN

2014-2018
2014-2019
2016-2019
2014-2019
2016-2019

53.23oN, 23.03oE
53.1oN, 8.85oE

54.35oN, 104.99oW
67.26oN, 26.25oE

64.86oN, 147.85oW

54.0oN, 22.5oE
54.0oN, 7.5oE

54.0oN, 105.OoW
67.37oN, 26.63oE

65.37oN, 146.25oW

54.0oN, 22.5oE
54.0oN, 10.0oE

54.0oN, 105.0oW
68.0oN, 27.5oE

64.0oN, 147.5oW

Table 4.2: Linear regression equations and correlation coefficients for the correlations in Fig. 4.2 comparing model-derived and 
observed SCA and HDD at different scales for five ground sites.

Panel CAMS fit CAMS R2 GEOS-Chem fit GEOS-Chem R2
(a) y == 0.84x + 1.92 0.840 y = 0.90x + 1.98 0.872
(b) y == 0.84x + 1.94 0.657 y = 1.04x + 0.87 0.754
(c) y == 0.89x + 1.31 0.797 y = 1.03x + 0.91 0.834
(d) y == 0.79x + 38.65 0.585 y = 0.47x + 98.21 0.622
(e) y == 0.44x + 95.62 0.470 y = 0.35x + 117.36 0.432
(f) y == 0.66x + 56.85 0.515 y = 0.48x + 94.97 0.385



Table 4.3: Linear regression equations and correlation coefficients for the correlations in Fig. 4.3 in which SCA and HDD from 
NNG or model estimates near the ground sites are compared to SCA and HDD from spatially averaged satellite observations or 
spatially averaged model estimates over the corresponding 5o latitude by 10o longitude coincidence regions and encompassing 
5o latitude by 20o longitude zones.

Panel observed fit observed R2 CAMS fit CAMS R2 GEOS-Chem fit GEOS-Chem R2
(a) y = 0.82x + 1.44 0.808 y = 1.03x - 0.47 0.986 y = 1.13x - 1.38 0.984
(b) y = 0.92x + 0.71 0.889 y = 1.04x - 0.55 0.958 y = 1.12x - 1.21 0.974
(c) y = 1.38x - 60.07 0.666 y = 0.99x + 1.00 0.892 y = 1.50x - 89.00 1.000
(d) y = 1.29x - 45.32 0.698 y = 1.26x - 46.00 0.839 y = 1.94x - 167.50 0.958

Table 4.4: Linear regression equations and correlation coefficients for the correlations in Fig. 4.7 in which SCA is correlated 
against HDD for observed and model-derived results. Linear regressions were calculated considering all 5o latitude by 20o 
longitude zones, and then separately for zones in temperate, boreal, and tundra regions.

Ecoregion(s) observed fit observed R2 CAMS fit CAMS R2 GEOS-Chem fit GEOS-Chem R2
All y = -0.10x + 27.48 0.182 y = -0.06x + 21.82 0.066 y = -0.17x + 42.06 0.346
Temperate y = -0.10x + 27.01 0.151 y = -0.11x + 27.87 0.311 y = -0.15x + 37.05 0.606
Boreal y = -0.18x + 41.54 0.514 y = -0.18x + 42.30 0.596 y = -0.24x + 54.27 0.843
Tundra y = -0.21x + 47.45 0.744 y = -0.13x + 34.88 0.617 y = -0.20x + 47.55 0.823



4.11 Figures

Figure 4.1: Map for of regions, zones, and locations of ground-based XCO2 observations.
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Figure 4.2: Correlations of seasonal cycle parameters from observed XCO2 against sea
sonal cycle parameters from CAMS and GEOS-Chem model estimates. SCA and HDD 
are compared for three spatial types at each of the five ground sites: seasonal fits of near 
noon ground-based (NNG) observations from TCCON and EM27/SUN measurements are 
compared to fits of model-derived daily averages at the nearest model grid-point to the 
ground-site; fits of daily average OCO-2 retrievals that fall within the 5o latitude by 10o 

longitude region of coincidence, centered on the location of each ground site, are compared 
to fits of model-derived daily averages that fall within the coincidence region; fits of OCO-2 
daily averages for the 5o latitude by 20o longitude zone containing each ground site are com
pared to fits of model-derived daily averages for the same zones (see map in Fig. 4.1 and 
site details in Table 4.1).
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Figure 4.3: Correlations of SCA and HDD from observational and model-derived seasonal 
cycles at or nearest to each of five ground sites with those from seasonal cycles of spatially 
averaged data within the 5o latitude by 10o longitude satellite coincidence regions centered 
on each site and within the 5o latitude by 20o longitude zones that contains each site (not 
centered on the location of the site). For these correlations, we only compare across scales by 
pairing ground-based observations with spatially averaged OCO-2 data and pairing single
point CAMS and GEOS-Chem model estimates as near as possible to the ground sites 
with corresponding spatially averaged model estimates in the same model framework. Note: 
There are some overlapping points in the correlations of HDD in panels (c) and (d) that may 
visually obscure some of the results.
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Figure 4.4: Maps of zones scaled by SCA and HDD using OCO-2, CAMS, and GEOS-Chem 
seasonal cycle fits.
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Figure 4.5: Plots of latitude and longitude correlated to SCA using observational results 
from OCO-2 and NNG observations ((a) and (b)), CAMS model estimates ((c) and (d)), 
and GEOS-Chem model estimates ((e) and (f )). The latitude and longitude for each zone is 
located at its center.
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Figure 4.6: Plots of latitude and longitude correlated to HDD using observational results 
from OCO-2 and NNG observations ((a) and (b)), CAMS model estimates ((c) and (d)), 
and GEOS-Chem model estimates ((e) and (f )). The latitude and longitude for each zone is 
located at its center.
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Figure 4.7: Correlations between SCA and HDD using OCO-2 and NNG seasonal cycle 
fits, (a), CAMS seasonal cycle fits, (b), and GEOS-Chem seasonal cycle fits (c). Linear 
regressions are plotted for all zones, as well as separately for Temperate, Boreal, and Tundra 
regions.

179



Figure 4.8: Detrended seasonal cycles of GEOS-Chem source contributions to column av
erage CO2 averaged by region and day of year.
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Figure 4.9: Correlations between SCA (left) and HDD (right) from GEOS-Chem XCO2 

seasonal cycles and GEOS-Chem source contribution of terrestrial NEE to the column.
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Figure 4.10: Maps of GEOS-Chem surface contact tracers on several timescales for each 
zone, with units that are scaled relative to an arbitrary initial release of tracer particles.
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Figure 4.11: Correlation coefficients for column contributions of tracer vs. OCO-2 SCA 
(left) and column contributions of tracer vs. OCO-2 HDD (right).

Figure 4.12: Maps of average total annual CO2 flux, using GEOS-Chem (GC) and CAMS 
flux estimates (top), and SCA in CO2 flux, calculated as the difference between the maximum 
and minimum of the average annual cycle in flux (bottom).

183



Figure 4.13: Correlation plots of flux SCA and average annual fluxes from CAMS and used 
in the GEOS-Chem CO2 simulation against XCO2 SCA from OCO-2 and NNG, CAMS model 
estimates, and GEOS-Chem model estimates.

184



Figure 4.14: Correlation coefficients for the linear fits in Fig. 4.13, as well as alternative 
correlation coefficients for average annual fluxes vs. XCO2 SCA with European Temperate 
zone 3 and Bremen removed.
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Chapter 5: Conclusions and future outlook

5.1 Conclusions

This dissertation has carved a path from collecting observations of greenhouse gases at a 

single site, to using those observations in combination with those from other long-term green

house gas monitoring stations for an evaluation of satellite-based observations, and finally, 

taking advantage of improvements in satellite-based observations to conduct an analysis of 

atmospheric CO2 seasonal cycles in northern high latitude regions. Through these efforts we 

contribute to the global network of sites for validation of model estimates and satellite-based 

observations, develop quality control standards and alternative bias correction for OCO-2 

satellite-based retrievals of XC O2 that increase data throughput and reduce seasonal OCO-2 

biases relative to ground-based measurements at northern high latitudes, and address im

portant scientific questions on the nature of seasonal carbon exchange on continental and 

global scales through analysis of OCO-2 observations.

Chapter 2 discusses the establishment of a long-term monitoring station in Fairbanks, 

Alaska, USA (64.859°N, 147.850°W, 212 m above ground level) with a solar-viewing Bruker 

EM27/SUN FTS for retrieving atmospheric column-averaged dry air mole fractions of CO2, 

CH4 and CO (XCO2, XCH4, and XCO). Measurements of atmospheric trace gases that have 

long chemical lifetimes in the troposphere, like CO2 and CH4, have to be extremely precise 

because spatial and temporal variability in these gas concentrations are small relative to back

ground levels. Therefore, our observations in Fairbanks have to be carefully monitored and 

vetted to ensure they meet the standards necessary for use in validation of model estimates 

and satellite-based observations. Over four years of measurements were evaluated and vetted 

through a series of data comparisons. Observations in Fairbanks were processed using two dif

ferent retrieval algorithms, PROFFASTand EGI/GGG2014, for estimatingXCO2, XCH4, and 

XCO from infrared spectra (https://www.imk-asf.kit.edu/english/3225.php; Hedelius 

and Wennberg (2017); Wunch et al. (2015)). Results from the two retrieval types vary con
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sistently over time and are tightly correlated, but are separated by offsets with PROFFAST 

slightly underestimating EGI/GGG2014 for XCO2 and XCH4 , while slightly overestimating 

EGI/GGG2014 for XC O . Data from colocated measurements with two EM27/SUN FTS 

instruments operating side-by-side in Fairbanks were collected and compared in 2016, 2018, 

and 2020, demonstrating that biases between instruments and variability in those biases 

are close to or less than previously reported estimates of precision for the EM27/SUN. 

EM27/SUN FTS measurements were compared to measurements from the Total Carbon 

Column Observing Network (TCCON) site at Caltech in Pasadena, California resulting in 

larger biases than were observed between two EM27/SUN FTS in Fairbanks, but similar 

to discrepancies between retrieval methods. However, unlike the biases between retrieval 

methods, the variability in biases between TCCON and EM27/SUN retrievals were about 

an order of magnitude larger than variability in biases between EM27/SUN FTS over time. 

It is believed that biases between EM27/SUN and TCCON observations may be partially at

tributable to differences in spectral resolution between the instruments and more continuous 

colocated comparisons over time could provide more details.

Our study of biases and quality control methods for terrestrial northern high latitude 

observations from the Orbiting Carbon Observatory 2 (OCO-2) yielded a tailored set of 

quality control thresholds and an alternative bias correction for Boreal Forest regions, that 

allow for increased data throughput and reduced seasonality in bias relative to ground-based 

observations. In particular, increased data throughput in spring and autumn months made 

it possible to perform a data-driven analysis of XC O2 seasonal cycles using satellite-based 

measurements (in Chapter 4). The alternative bias correction was developed to correct 

seasonally dependent biases that were more pronounced when comparing to data from the 

two TCCON sites than when comparing to EM27/SUN measurements in Fairbanks. In 

spring and autumn, OCO-2 ACOS B9 retrievals are biased low relative to ground-based 

observations, while in summer OCO-2 is biased high. We found that mid-tropospheric 

temperature at 700 hPa was correlated with another variable used in the standard OCO- 
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2 bias correction, the difference between a priori and retrieved surface pressure (dp). As 

a result, when the mid-tropospheric temperature deviates significantly from the average 

global temperature, the standard bias correction will tend to over-correct or under-correct 

the retrievals. Furthermore, this analysis provided insight into how the OCO-2 ACOS B9 

retrievals perform at high latitudes with respect to many different retrieval variables, and 

even if there are future upgrades to the retrieval algorithm, those insights can still act as a 

guide for further improvements.

Once OCO-2 northern high latitude measurements were evaluated to find good prac

tices for data handling that would yield sufficient data throughput in spring and autumn 

for seasonal cycle analysis, while reducing seasonal bias in OCO-2 relative to ground-based 

measurements, OCO-2 and ground-based observations could be combined in an analysis of 

XCO2 seasonal cycles on continental scales. For this analysis northern high latitude regions 

are divided into 5o latitude by 20o longitude zones and each zone is designated as temper

ate, boreal, or tundra. We fit daily average XCO2 to a skewed sine wave using methods 

previously defined by Lindqvist et al., 2015 for analysis of seasonal cycles with temporal 

gaps, like the winter gaps in high latitude observations. From these fits, we approximate 

an average seasonal cycle amplitude (SCA) and phase (half drawdown day: HDD) of XCO2 

for three to six year time-series of satellite-based and ground-based observations, as well as 

model estimates of XCO2 from the Copernicus Atmospheric Monitoring Services (CAMS) 

global inversion-optimized greenhouse gas flux model v19r1 and GEOS-Chem CO2 simula

tion v12.7.2 Nassar et al., 2010. OCO-2 observations yield SCA in very good agreement 

with CAMS SCA, and are tightly correlated with GEOS-Chem SCA estimates, although 

GEOS-Chem SCA are biased high. Through this analysis we found that the alternative bias 

correction for high latitude OCO-2 observations did improve agreement between OCO-2 and 

model-derived SCA. Spatial distributions of SCA and HDD revealed relatively pronounced 

longitudinal gradients, with west to east gradients of increasing SCA and earlier HDD across 

the Eurasian continent and anomalously large SCA and early HDD for zones in the Asian 
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Boreal Forest. In North America, gradients were more subtle and discrepancies between ob

served and model-derived SCA in the eastern boreal and tundra zones result in what appears 

to be opposing longitudinal gradients. The longitudinal gradients in SCA and HDD suggest 

an important role for atmospheric transport, and this lead to an evaluation of transport 

effects with the help of the GEOS-Chem atmospheric transport model. Analysis of GEOS- 

Chem surface contact tracer contributions reveals that the largest SCA occur in regions that 

have the largest contributions from land-based surface contact tracers with 15 or 30 day 

atmospheric lifetimes, suggesting that accumulations of CO2 exchanges during atmospheric 

transport on approximately monthly timescales play an important role in shaping observed 

XCO2 seasonal cycles in northern high latitude regions. Furthermore, surface contact tracer 

contributions from land were more correlated with XCO2 SCA than estimates of total annual 

fluxes or seasonal cycle amplitudes of flux estimates within a region, emphasizing the impor

tance of understanding the effects of atmospheric transport when interpreting observations 

of XCO2 .
Overall, these analyses are inextricably tied together and depend on one another. With

out collecting data at individual monitoring sites, like Fairbanks, in which data is standard

ized and vetted through its inclusion in a global network, the analysis of quality controls and 

biases in high latitude OCO-2 observations would not have been possible. Furthermore, with

out developing tailored quality control methods for high latitude OCO-2 observations, there 

would not have been sufficient data throughput over these regions to mathematically model 

seasonal cycles. The alternative bias correction developed in Chapter 3 went a step further 

by reducing biases in OCO-2 seasonal cycle fits relative to model-derived and ground-based 

seasonal cycles. As a whole, this work demonstrates that science questions about global 

phenomenon can only be addressed through the collaboration of many smaller groups and 

the combination of different types of observations and model estimates.
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5.2 Challenges and set-backs

There was an original plan to analyze XCH4 gradients over the Tanana Flats Wetlands to 

the south of Fairbanks, and that motivated the multi-instrument campaign deployments of 

EM27/SUN FTS in the Fairbanks area in 2016. Previous studies have used gradients in Xgas 

measurements from configurations of multiple EM27/SUN FTS to estimate emissions from 

dairy farms (Chen et al., 2016; Viatte et al., 2016), volcanoes (Butz et al., 2017), and urban 

areas, including city networks in Berlin (Hase et al., 2015), Toronto, Paris (Vogel et al., 

2019), and Munich (Dietrich et al., 2021). The general strategy is to surround an emission 

source with EM27/SUN FTS instruments and use wind measurements and atmospheric 

transport models in combination with gradients in column measurements across the site. A 

major challenge to our proposed analysis of wetland emissions is that CH4 column gradients 

resulting from biospheric CH4 emissions are more dispersed, with no point source to target, 

and are far smaller over short distances than anthropogenic sources. As a result estimates 

of biospheric fluxes using column gradients have to be collected with instruments separated 

over a greater distance, and long-term measurements that can capture seasonal shifts would 

yield the most useful results. When observing gradients over these longer transects there 

is a possibility that the two observing sites are influenced by different background signals 

from long-range atmospheric transport of CH4 from other regions. Furthermore, the farther 

appart two sites are the less likely it is that any sustained upwind-downwind relationship will 

be established between the sites, so there need to be a number of instruments and a wealth of 

ancillary meteorological parameters to account for atmospheric transport between sites. In 

our case, we did not have access to the resources necessary to execute such a large endeavor. 

In 2016, our gradient campaign measurements involved only two EM27/SUN spectrometers, 

and no ancillary data were collected on site while the instruments were running, except 

for the pressure measurements needed to run the retrievals. We were further limited to 

sites that are accessible by the relatively scant road system in central Alaska. Through 

collaboration with Taylor Jones and Steven Wofsy at Harvard University, preliminary flux 
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inversion attempts suggested that only two observing sites yield an under-constrained model 

inversion. It's possible that gradients between two sites could be used for flux inversions 

if the two sites were collecting data more frequently, over a longer period of time, so one 

could set up sheltered and remotely operated EM27/SUN FTS that are left to observe over 

the course of the year. For the best results at least three, if not four or five, observing 

sites running simultaneously are recommended, and regular measurements of atmospheric 

wind speed and direction profiles at each site would be a great asset. There was a second 

attempt at a gradient campaign around Tanana Flats with three EM27/SUN FTS in 2018, 

although this campaign was very rushed and limited in the amount of data that was able 

to be collected because the instruments were on loan from other institutions that needed 

them back for other pro jects. There was a fallback plan to generate estimates of column 

enhancements by coupling CH4 flux estimates from a process-based model with atmospheric 

transport from the Stochastic Time-Inverted Lagrangian Transport (STILT) model (available 

at https://uataq.github.io/stilt/), and compare these to observed gradients in XCH4 , 

with the (possibly fraught) assumption that both sites share the same background CH4 

contribution. The issue that came up in this approach was that many process-based flux 

models that cover Alaska have sparse spatial resolution, rarely better than 0.5o latitude by 

0.5o longitude or roughly 50 km. Our transects between instruments were 70 km at the 

most, but often less than that, so with that spatial resolution it is possible that two sites 

would end up in the same model grid cell. We needed a CH4 flux model with higher spatial 

resolution, and we finally found a group working to develop a pan-Arctic model with 1 km 

resolution. Unfortunately, their model still has not been set up for dates after 2015, so we 

were unable to include this analysis in the dissertation.

5.3 Future work

As the time-series of observations in Fairbanks get longer, there will be opportunities to 

analyze interannual variability in seasonal cycles of these gases and investigate anomalies. 
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Combining the retrievals from the EM27/SUN to estimate column emission ratios or com

bining with other atmospheric measurements at UAF to conduct a multi-instrument analysis 

could be very interesting. The EM27/SUN shelter at UAF will eventually have to be re

placed, preferably with something more air tight and weather resistant than the plywood, 

which has begun to warp. If software allowing for automation of the EM27/SUN instrument 

becomes more widely available that could provide a good opportunity to construct a new 

fully automated shelter. Of potentially great value would be more EM27/SUN gradient cam

paigns in high latitude regions with more instruments running remotely over longer periods. 

This could potentially be successful with the development of several other stations, like the 

one in Fairbanks, dispersed around Alaska. Instrument automation would also be of great 

value for such a project.

A more in depth exploration of sources of bias in TROPOMI CO measurements relative 

to ground-based EM27/SUN observations is warranted, possibly including modified spatial 

coincidence criteria fit to a cone in the direction of the sun rather than a circle around 

the site or a look at the impacts of atmospheric aerosol scattering. There is still a lot of 

work to be done investigating TROPOMI CH4 measurements at high latitudes, including 

consideration of alternative quality controls to increase high latitude throughput and an 

assessment of sources of bias. The work on improving satellite-based observations at high 

latitudes, and globally, is far from over, and there is a large collaborative effort that is just 

starting to thoroughly evaluate retrieval methods for OCO-2 over northern high latitudes. 

New satellite missions are planned to launch and each one will require a careful evaluation of 

biases, vetted by ground-based observations. As a result, it is imperative that ground-based 

observations continue for as long as possible and that more ground-based stations are added 

in regions that represent substantial spatial gaps in satellite validation data. Results in 

Chapter 4 also demonstrate a need to carefully evaluate and improve our understanding of 

global atmospheric transport dynamics, if we hope to accurately interpret and use satellite

based measurements of XCO2 .
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Ongoing improvements to satellite-based observations over high latitude regions could 

be developed through further exploration of the spectral qualities of retrievals over snow, 

coupled with considerations for our current knowledge of unique radiative transfer effects in 

high latitude regions. A closer look at how retrievals perform in the separate weak and strong 

CO2 bands for OCO-2 could potentially lead to discoveries of improved retrieval methods 

over snow and ice covered surfaces because reflectance over different types of snow and ice 

is different within each spectral band. At the site level observations before snow-melt are 

particularly useful, as are early-season targeted satellite overpasses of snow covered sites. 

In general, a more systematic global analysis of the effects of surface albedo on passive 

satellite-based measurements may be useful.
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Appendix A: EM27 operational procedures

These procedures for setting up and running EM27/SUN measurements reflect those 

specifically used at UAF with a computer running Windows 7 and a wired ethernet con

nection for internet access. It is important that accurate time of measurements are kept by 

setting the computer clock to sync over the internet, or in the field one may consider a GPS 

device or similar to ensure accurate time keeping.

A.1 Opus and CamTracker set up

Network settings:

1. Because we have a wired internet connection to the computer in our set-up, we use an 

ethernet to USB adapter to connect the ethernet connection from the EM27/SUN to 

the computer. To set the correct network settings, first go to the ”Network and Sharing 

Center” in Windows 7. The set up should look like Fig. A.1 with the connection for 

the EM27/SUN (Network 3 in this case) disconnected from the internet, as indicated 

by ”Access Type: No Internet Access” to the right of the network icon.

Figure A.1: Network and Sharing Center window in our set-up with Windows 7.
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2. Select ”Change adapter settings” in the left panel of the Network and Sharing Center

window in Fig. A.1, and the Network Connections window shown in Fig. A.2 should

appear.

Figure A.2: Network Connections window in our set-up with Windows 7.

3. Left click once to select, then right click on the network that corresponds to the 

EM27/SUN ethernet connection, in our case it is Network 3 , and select ”Proper- 

ties” from the drop-down menu. This will open the Network 3 Properties window 

shown in Fig. A.3.
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Figure A.3: Network Connection Properties window in our set-up with Windows 7.

4. Select ”Internet Protocol Version 4 (TCP/IPv4)” in the properties list (shown in Fig.

A.3), then click ”Properties” in the lower right and another window should appear as 

in Fig. A.4 where the IP address can be set manually.

Figure A.4: Window for setting IPv4 properties to communicate with the EM27/SUN in 
our set-up with Windows 7.

200



Opus settings:

1. Opus should be installed with Tensor27 selected in the instrument list during the guided 

set up, and will then need to be registered using a key and institutional credentials. 

For more details consult the Opus software provider, who should provide instructions 

for installation and registration.

2. After installation, open Opus and look for an icon in the toolbar that says ”Direct 

Command Entry” and one the looks like two test tubes. If they are not there, they 

can be added by clicking on one of the downward arrows in the toolbar, hovering the 

mouse over ”Add or Remove Buttons” then ”Measurements” and selecting them from 

the list of icons (see Fig. A.5).

Figure A.5: Adding ”Direct Command Entry” and ”Repeated Measurements” icon to the 
Opus toolbar.

3. To create an ”.xpm” file for repeated measurements, click on the ”Repeated Measure

ments” icon, represented by two test tubes, from the toolbar and fill in each tab with 

the necessary information (see Figures A.6 through A.11 for the settings we use for 

dual detector measurements with the KIT EM27/SUN in Fairbanks). Once the infor

mation is filled in, one can go to the ”Advanced” tab to save those settings as a ”.xpm” 

for later recall and in the ”Basic” tab clicking on ”Repeated Sample Single Channel” 
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to start observations. This option will still run dual detector observations if the right 

settings are selected, even though it says ”Single Channel”. However, this is more of a 

short-cut and running a macro is the preferred method, as it allows for updates to the

time-stamps in Opus and ensures consistency in data collection methods.

Figure A.6: ”Repeated Measurements”, ”Basic” tab selections.
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Figure A.7: ”Repeated Measurements”, ”Advanced” tab selections.

Figure A.8: ”Repeated Measurements”, ”Optic” tab selections.
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Figure A.9: ”Repeated Measurements”, ”Acquisition” tab selections.

Figure A.10: ”Repeated Measurements”, ”FT” tab selections.

204



Figure A.11: ”Repeated Measurements”, ”Display” tab selections. Note: There are no 
settings to fill in on the ”Background” or ”Check Signal” tabs.
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4. Macro:

VARIABLES SECTION

FILE <$ResultFile 1> = ScSm;

NUMERIC <LoopCount> = 0;

NUMERIC <year> = 0;

NUMERIC <month> = 0;

NUMERIC <day> = 0;

NUMERIC <hour> = 0;

NUMERIC <minute> = 0;

NUMERIC <second> = 0;

NUMERIC <hourAtLastTimeSync> = 0;

PROGRAM SECTION

UserDialog (0, STANDARD, EDIT:'<LoopCount>', BLANK, BLANK, BLANK, BLANK, BLANK, BLANK, BLANK, BLANK, BLANK, BLANK, BLANK, BLANK, BLANK);

GetTime (<year>, <month>, <day>, <hour>, <minute>, <second>);

<hourAtLastTimeSync>=<hour>;

StartLoop (<LoopCount>, 0);

<$ResultFile 1> = MeasureSample (0, {EXP='EM27SUN-Fairbanks-KIT-dual.xpm', XPP='C:\OPUS_7.2.139.1294\XPM'});

GetTime (<year>, <month>, <day>, <hour>, <minute>, <second>);

If (<hourAtLastTimeSync>, .LT., <hour>);

SendCommand (0, {UNI='RECONNECT'});

Message ('Doing RECONNECT to re-sync time...', ON_SCREEN, 25);

<hourAtLastTimeSync>=<hour>;

Endif ();

EndLoop (0);
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A.2 Start-up and shutdown instructions for running EM27

Start-up:

1. Make sure cover is open, instrument is on and connected to the computer, and surface 

pressure measurements are being recorded (we had a python script that recorded a 

log file from the Zeno Weather Station when that was in use). There should be three 

connections to the instrument, a power supply, an ethernet connection that allows the 

computer to send and receive data with the EM27/SUN, and a USB to mini-USB for 

the computer to send and receive data from the internal camera used for solar tracking.

Figure A.12: EM27/SUN start-up step 1.
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2. Open CamTracker and click 'Initialize Tracker'. If the background in the displayed

CamTracker is not black (as shown in the screenshot, below) then the camera is not 

connected to the computer, in which case check that the instrument is on and try 

unplugging and reconnecting this cord from the instrument. Under the 'Image Pro

cessing' tab > activate 'Sun' and 'Camera'.

Figure A.13: EM27/SUN start-up step 2a.
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Figure A.14: EM27/SUN start-up step 2b.

If there is persistent trouble with initializing the tracker, check that the ethernet con

nection is configured as described in Sect. A.1 and ensure that the this connection is 

live, but not connected to the internet. We use an ethernet to USB adapter to plug 

the ethernet for the instrument into the computer and this seems to work better when 

the computer is also connected to the internet through an ethernet connection.
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The position of the ellipse will likely still need adjustments until the sun is within the 

field of view, then the CamTracker software should automatically bring center on the 

ellipse. This is done in the 'Tracker' tab with Manual Motor 1 controlling the elevation 

and Manual Motor 2 controlling the azimuth. I use 0.10 adjustments if I think I am 

close to the right position (note that the movements of the motors may be somewhat 

counter-intuitive as they seem to be inverted and diagonally positioned in the field of 

view). If the instrument is frequently run in the same location, adjustments can be 

made to the default elevation and azimuth positions in the CamTracker config file, 

or the offsets can be recorded through out the day for future reference. When the 

CamTracker ellipse is centered correctly there will be three green circles in the 'Image 

Processing' tab.

Figure A.15: EM27/SUN start-up step 2c.
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3. Open Opus, 'OPUS', (I have been using 7.2 because 7.8 was not working properly, 

but this may not be a problem in the future). If there is a message that says ”Sorry, 

we are already running,” then one can open ”task manager” in Windows 7, find opus 

process, and 'End Process'. After that one should be able to start Opus. Type in the 

password when prompted and then click ok to clear the pop-up. Next, select 'Direct 

Command Entry' from the toolbar, send command, ”XSM=1”, wait for the ”Answer: 

” to appear, and then click 'Accept and Exit'.

Figure A.16: EM27/SUN start-up step 3a.
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Figure A.17: EM27/SUN start-up step 3b.

4. Select the double test tube icon in the toolbar, and under the 'Basic' tab correct .xpm 

file should be listed to the right of 'Load' and the appropriate output directory for 

spectra below that. Go to the 'Check Signal' tab and make sure that CamTracker is 

centered on the ellipse before recording the approximate stable Amplitude and Position. 

Click on 'Save Peak Position', then 'Accept and Exit'.
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Figure A.18: EM27/SUN start-up step 4a.
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Figure A.19: EM27/SUN start-up step 4b.
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5. Select 'macro' > 'Run Macro' > 'RepeatedMeasurements-KIT-dual.mtx' (or whichever 

is being used). The standard macro can easily be modified to call a different .xpm file, 

so if running different instruments or configurations, one only needs to create new .xpm 

files and swap these out in the code for the macro. Usually 2000-3000 iterations is a 

good choice to run for a full day. It is possible to exit Opus before all the iterations 

are complete, but it is generally undesirable to set this number too low and have Opus 

quit collecting data in the middle of the day.

Figure A.20: EM27/SUN start-up step 5a.
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Figure A.21: EM27/SUN start-up step 5b.

During operations:

Unload all files in Opus every couple hours by going to 'file' > 'Unload all files', wait for 

file list to appear in the pop up window, then select 'Unload files' (be patient, this can be 

slow). This is not always strictly necessary, but Opus can freeze up if it is overloaded with 

backlogged spectra. Alternatively, it may be possible to set the macro to unload spectra 

automatically.
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Shutdown:

1. In Opus, go to 'file' > 'exit' > 'no' > 'yes'

2. In CamTracker under 'Tracker' tab, click 'Move Tracker to Park Position', then close 

CamTracker.

Figure A.22: EM27/SUN shutdown.

3. Close the shelter cover.
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A.3 Processing and inputs for retrievals

PROFFAST:

Figure A.23: Flowchart for running PROFFAST retrievals. Note that this process may be 
changed in future versions and the development of python scripts for automating these steps 
is already underway by Darko Dubravica. Also, pTintraday.inp files should have timestamps 
in local time, and it is easiest if Opus timestamps are also in local time. If Opus timestamps 
are in UTC, then this should be reflected by a 0.0 time offset in the preprocess4.inp file and 
a -8.0 (for UTC-8.0=AKDT at UAF) in the inp_fast/dtmess.mp file.

PROFFASTretrievals: note that if the first spectrum is missing its dual detector coun

terpart, there will be no CO retrievals for that day unless that spectrum is left out of the 

invers10.inp file.
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GGG2014:

Figure A.24: Flowchart for running EGI/GGG2014 retrievals. Note that this process has 
changed slightly in GGG2020, with new formats for file_loc.lst or top files. EGI/GGG2020 
automatically fetches *.mod files from the Caltech modmaker, and does not require the user 
to obtain those in advance. If there is an error referencing the met file, and one exists, it 
may be the case that some interferograms have timestamps not represented by times in the 
met file. In this case, it is usually easiest to simply find those interferograms not matched 
to the met data and remove them from the opus_spectra/YYYYMMDD directory. One 
way to identify these is to go to spectra/[ID]/i2s_infiles/*opusi2s.in and look for *.ifg.* files 
with fill values for the met parameters. In EGI/GGG2020 this information is stored in 
analysis/[ID]/daily/YYYYMMDD/matchup/*-i2s.in.

GGG2014 directory structure: note that paths to input and output directories are defined 

in the file_loc.lst and top files, so one can choose a structure that is convenient for them. In 

our case all input and output is stored in /em27_data/ and follows the general format that 

EGI creates during installation and setup.
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A.4 Problematic observations

After being fit with the dual detector, the KIT instrument was having problems con

sistently tracking the sun, particularly after clouds passed over the CamTracker software 

would fail to recenter on the solar ellipse until someone intervened. Several adjustments had 

to be made to the CamTracker configuration file to correct this problem, and without any 

reference for what these settings should be it took several days of testing different values. 

After working with the LANL EM27/SUN with the dual detector upgrade, it was found 

that the CamTracker settings for this instrument needed to be adjusted to different values 

than either the KIT EM27/SUN with dual detector or the LANL EM27/SUN before the 

upgrade. Even with what seem to be the appropriate tracker settings for each instrument, 

occasional instances of extended cloud cover can still cause the EM27/SUN FTS to return to 

the park position, in which case the tracker will need to be reinitialized before observations 

can resume. Problems with LANL EM27/SUN solar tracking persisted through the first 

several days of colocated observations in May 2018, and these issues were exacerbated by 

intermittent cloud cover because the LANL EM27/SUN tracker would fail to recenter after 

interference from even very light cloud cover. As a result data collected on 15, 17, 18, and 

before 12:00 AKDT on 19 May 2018 were removed from the colocated comparisons in this 

analysis. On 19 May there were clouds that passed over and the LANL EM27/SUN suc

cessfully recentered on the sun afterward, so the adjustments in CamTracker seemed to have 

worked; however, there was still another incident on May 21 in which the LANL EM27/SUN 

CamTracker seemed slow to respond to the movement of the sun and to commands for man

ual adjustment, requiring a full restart to regain correct functioning. After this the LANL 

EM27/SUN appeared to be operating as it should until 25 June 2018 when Opus reported 

the following error:

"Fatal 10431 Scanner Stopped

Scanner Error Static 10434 Laser period too slow or modulation too slow"
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Ultimately, the LANL EM27/SUN FTS was sent to Karlsruhe for further inspection where 

it was found that a spare screw was loose inside the instrument, and it was suspected that 

this occurred during the upgrade. It is unclear how this may have affected the observations 

with the LANL EM27/SUN during May and June 2018. There were large discrepancies 

in retrieved XCO between the two EM27/SUN FTS on 21 June 2018 that are suspected 

to be a result of some internal interference from this loose screw. The LANL EM27/SUN 

was returned to Fairbanks in August 2018 and the CamTracker configuration file had to be 

further adjusted for the LANL EM27/SUN. Further discrepancies in retrieved XCO between 

the two EM27/SUN FTS on 22 August 2018 are also suspected to be linked to failures in solar 

tracking, but these discrepancies are largely undetectable in retrievals of XCO2 and XCH4 . 

For the KIT EM27/SUN, the CamTracker configuration was only adjusted in early 2018 and 

the same settings worked without issue when this instrument returned from Karlsruhe in 

2019 and 2020. It is unknown whether the CamTracker settings for the LANL EM27/SUN 

were consistent from 2018 to 2020 because the configuration file used in 2018 was lost. The 

CamTracker settings of interest (LANL: as of 2020; KIT: as of 2018) were the ”manual pixel 

correction” (LANL: 85/210; KIT: 60/35), the ”tracker orientation” (LANL: -51.0, -137.0; 

KIT: ?), and the ”field stop position” (LANL: x=515, y=495; KIT: x=605.6, y=477.6). 

Erroneous retrievals were again linked to difficulties with solar tracking on 13 August 2020, 

this time with the KIT EM27/SUN operating on a Windows 10 laptop. The CamTracker 

software is not entirely compatible with Windows 10 and one work around to get solar 

tracking to work on Windows 10 is to lower the frame rate from 12MHz to 10MHz. The 

lower frame rate would cause the solar tracker to be slower to recenter when clouds pass over. 

It is clear that the problems with tracking in August 2020 were related to the Windows 10 

laptop because the tracking problems occurred again with the LANL EM27/SUN on 14 

August 2020 when running with the Windows 10 laptop, while the KIT EM27/SUN was 

running in the shelter without issue.
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Appendix B: Supplemental materials for Chapter 3

B.1 Comparing EM27/SUN observations and TCCON

Observations in Fairbanks began with the Arctic Mobile Infrared Greenhouse Gas Ob

servations (AMIGGO) campaign during 4 August to 15 October 2016, including 20 days of 

side-by-side observations collected with two EM27/SUN spectrometers, the KIT EM27 and 

the LANL EM27 (the LANL EM27 is owned by Los Alamos National Laboratories and the 

KIT EM27 is owned by the Karlsruhe Institute of Technology). Throughout this period the 

spectrometers exhibited a stable correlation with an average offset of 0.06% (~0.24 ppm) 

(see Fig. B.1 panel (a)). The LANL EM27 was then operated alongside the Caltech TCCON 

instrument (Wennberg et al., 2017) in December 2017 (see correlation in Fig. B.1 panel (c)), 

and in September 2018 (see correlation in Fig. B.1 panel (d)). Both the LANL EM27 and 

the KIT EM27 were serviced and upgraded to include dual detectors (allowing for retrievals 

of XCO; Hase et al. (2016)) in winter 2017/18, and this resulted in an observed reduction in 

the offset between the two EM27/SUN spectrometers (seen when comparing panels (a) and 

(b) of Fig. B.1). The instrument upgrades in early 2018 also resulted in a reduced offset 

between the LANL EM27 and Caltech TCCON relative to observations in December 2017 

(see Fig. B.1 panel (c)). Additional days of side-by-side observations between the KIT EM27 

and LANL EM27, after instrument upgrades, were conducted in May, June, and August of 

2018, and these also exhibit a stable correlation with a negligible average offset of 0.01% 

(~0.04 ppm).

B.1.1 EM27/SUN ILS measurements

To ensure continued instrument performance, the instrument line shapes (ILS) of each of 

the two EM27/SUN FTS used in Fairbanks were characterized at multiple times from August 

2016 to present using the LINEFIT algorithm (Hase et al., 1999) with methods discussed 

by Frey et al. (2015) and Hedelius et al. (2016). In previous studies with the EM27/SUN, 
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such as Frey et al. (2019) and Butz et al. (2017) EM27/SUN retrievals are attained with 

the PROFFIT retrieval algorithm (Hase et al., 2004), which requires an empirical input of 

the non-ideal instrument ILS. In this paper XC O2 is retrieved from EM27/SUN observations 

with the GGG2014 retrieval algorithm (Wunch et al., 2015), which assumes the ideal ILS. 

However, modulation efficiency (ME) and phase error (PE) are two parameters from LINE- 

FIT retrievals of the ILS that can be used as an indication of instrument performance and 

stability over time. Modulation efficiency is the ratio of the normalized modulation of the 

actual FTS (non-ideal ILS) and the normalized modulation of the ideal instrument ILS as 

function of optical path difference (OPD), so the ideal ILS will have a ME of unity (Hase, 

2012). Deviations from unity in ME are a result of attenuation in the signal as a function 

of OPD (Wunch et al., 2007). The phase error is the angle between the real and imaginary 

parts of the Fourier Transform of the ILS and nonzero PE reflects asymmetry in the ILS 

(Wunch et al., 2007). Following Hedelius et al. (2016), Table B.1 reports single ME and 

PE values at the maximum OPD (MOPD) (Frey et al., 2015) for each ILS measurement 

collected since the start of observations in Fairbanks in 2016. All results for ME and PE 

in Table B.1 are approximately the same or better than those reported by Hedelius et al. 

(2016) or Frey et al. (2019). In addition, note that the KIT EM27/SUN shows a remarkable 

decrease in PE in 2019 relative to ILS measurements collected before the detector upgrade 

in 2018.

Table B.1: Results from Instrument Line Shape tests for KIT and LANL EM27/SUNs.

Date

5 August 2016

KIT EM27/SUN
ME/AU, PE/mrad

0.9910, 2.155

LANL EM27/SUN
ME/AU, PE/mrad

0.9857, -1.395
17 March 2017 0.9839, 2.308 -
16 November 2017 0.9848, 2.281 -
9 December 2017 - 0.9993, -2.128
27 September 2018 - 0.9964, 2.635
4 October 2018 - 0.9943, 2.727
21 January 2019 0.9853, 0.3386 -
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B.1.2 EM27/SUN bias correction to TCCON

The LANL EM27/SUN was used as a transfer standard to rescale EM27/Sun retrievals 

to the TCCON trace-gas scale using side-by-side comparisons with the Caltech TCCON in 

Pasadena. Fairbanks observations used in this paper for August 2016 through October 2017 

were collected by the LANL EM27, and there are two correlations between the LANL EM27 

and the Caltech TCCON instrument both before and after this data collection period. These 

observations (2016-2017) were bias corrected to TCCON using a linear interpolation between 

the multiplicative offset observed by Hedelius et al. (2016) in January 2015, 

 

and the multiplicative offset observed in December 2017, shown in Fig. B.1 panel (c), 

 

as a function of days since 1 January 2015. The daily BC value was applied to all LANL

EM27 observations as follows:

Because the KIT EM27 was the instrument observing continuously at UAF in 2018 

and side-by-side observations between the KIT EM27 and LANL EM27 showed that these 

instruments maintained a stable relationship through the summer months in 2018, only one 

constant bias correction term was applied to EM27/SUN retrievals of XCO2 collected in 

Fairbanks in 2018. The 2018 bias correction was determined to be the ratio of the slope of 

LANL EM27 vs. KIT EM27 (Fig. B.1 panel (b)) and the slope of LANL EM27 vs. Caltech 

TCCON (Fig. B.1 panel (d)) such that
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Figure B.1: Correlations between LANL EM27/SUN and KIT EM27/SUN in side-by-side 
observations in Fairbanks (a and b), and between LANL EM27/SUN and Caltech TCCON 
in Pasadena (c and d).

B.2 Averaging kernel correction derivation

Following the methods discussed by Rodgers and Connor (2003), the difference between 

the retrieved, xri , and a priori profile, xai , for instrument i can be described as the difference 

between the true profile, xT , and a priori profile, scaled by the averaging kernel matrix of 

instrument i, Ai , such that
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The pressure weighting function, hT , is described by Connor et al. (2008) and Wunch et al. 

(2011), and represents the pressure thickness of dry air in each layer of the profile. The dry 

air mole fraction of CO2 is obtained by applying the pressure weighting function to the CO2 

profile, so

From here, we define cri = hT xri as the retrieved XCO2 and cai = hT xai as the a priori 

XCO2. Then applying hT to both sides of Eq. B.2 yields

Now, assign OCO-2 as instrument i = 0 and the ground-based instrument as i = 1, and 

suppose that the true profile is some scaling of the a priori profile such that xT = γxa. 

Furthermore, we assume the ground-based retrieval to be derived from the true profile, 

cr1 = hT γxa1. Therefore, given a normalized column averaging kernel for instrument i, 

defined by Connor et al. (2008) as

Eq. B.4 can be written as
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where γ = —. Because OCO-2 ACOS retrievals and GGG2014 use the same a priori ca1

profiles,



and adding this to the right side of Eq. B.6 yields

Hence Eq. B.7 can be used to simulate an OCO-2 retrieval of XCO2 that would result from 

assuming that the ground-based retrieval is ”truth” and rescaling with the OCO-2 averaging 

kernel. In practice, we define an averaging kernel correction factor for each coincident OCO-2 

retrieval, 

using the CO2 a priori profiles, pressure weighting functions, and averaging kernel vectors 

reported in the OCO-2 Lite files (OCO-2 Science Team/Michael Gunson, Annmarie Eldering, 

2020). When the averaging kernel correction factor is applied to ground-based near noon 

aggregation, the result is a set of averaging kernel corrected ground-based observations that 

each correspond to a single coincident sounding, which we assign the following notation: 

where the NNG XCO2 retrieval aggregate (explained further in the manuscript) is defined asXNNG.
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Figure B.2: Monthly averages of the averaging kernel correction terms dNNG, and the terms 
composing dNNG, which includes the ratio of retrieved to a priori ground-based XCO2 (γ ≡ 
scaling ratio), the modified scaling ratio (1 - γ ), and the averaging kernel adjusted a priori 
dry air mole fraction of CO2 from OCO-2. Note that ”ETL” refers to East Trout Lake, 
”SOD” refers to Sodankyla, and ”UAF” refers to Fairbanks.
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Table B.2: Descriptions of OCO-2 parameters used for QC filters in B8 QC, B9 QC, and Boreal QC or otherwise discussed in 
the manuscript (Osterman et al., 2019; Kiel et al., 2019).
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Name Units
co2_ratio -
h2o_ratio -
altitude_stddev m
max_declocking_wco2 %
dpfrac ppm

dp hPa
dp_o2a hPa
dp_sco2 hPa
dp_abp hPa
co2_grad_del ppm
albedo_sco2 -
rms_rel_wco2 %
rms_rel_sco2 %
s31 -
albedo_slope_sco2 -
aod_total -
dws -
aod_water -
aod_ice -
ice_height -
aod_sulfate + aod_oc -
aod,strataer -
aod_oc -
aod_seasalt -
deltaT K
sza degrees
xco2_uncertainty ppm
tcwv kg m-2

Description 
Ratio of single-band XcO2 retrieved by the 2.06 μm band to the 1.61 μm band, with the IMAP-DOAS algorithm. 
Ratio of single-band Xh2O retrieved by the 2.06 μm band to the 1.61 μm band, with the IMAP-DOAS algorithm. 

Standard deviation in surface elevation in the sounding field of view. 
An estimate of the absolute value of the clocking error in the 1.61 μm band.

XcO2,raw (1- a priori surface pressure in the strong CO2 band divided by retrieved surface pressure) where XcO2,raw is retrieved XcO2 without the B9 bias correction.
The difference between the retrieved and a priori surface pressure from GEOS5-FP-IT. 

The difference between retrieved and a priori surface pressure at the pointing location of the O2 A band. 
The difference between retrieved and a priori surface pressure at the pointing location of the strong CO2 band. 

Difference between retrieved and a priori surface pressure from the fast O2 A band only preprocessor. 
Difference in CO2 vertical gradient (surface minus level 13) between retrieved and a priori profiles. 

Retrieved 2.06 μm band reflectance. 
Residual mean squared of the 1.61 μm band relative to the continuum signal. 
Residual mean squared of the 2.06 μm band relative to the continuum signal. 

Ratio of signal in the 2.06 μm band to the 0.76 μm band. 
Retrieved 2.06 μm band reflectance slope. 

Sum of retrieved extinction optical depths of all cloud and aerosols at 0.755 μm. 
Sum of retrieved extinction optical depths of dust, water, and seasalt at 0.755 μm. 

Retrieved extinction optical depth of cloud water at 0.755 μm. 
Retrieved extinction optical depth of cloud ice at 0.755 μm. 

Retrieved ice cloud height as a ratio of atmospheric pressure to retrieved surface pressure. 
Sum of retrieved extinction optical depths of sulfate and organic carbon aerosols at 0.755 μm. 

Retrieved extinction optical depth of total aerosols in the upper troposphere and stratosphere at 0.755 μm. 
Retrieved extinction optical depth of organic carbon aerosols at 0.755 μm. 

Retrieved extinction optical depth of seasalt aerosols at 0.755 μm. 
Retrieved offset to the a priori temperature profile.

Solar zenith angle (with 90o at the horizon and 0o directly overhead). 
Retrieval error in XcO2∙ 

Retrieved total column water vapor obtained by multiplying retrieved scaling factor by prior from the ECMWF 
(European Centre for Medium-Range Weather Forecasts).
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Appendix C: Supplemental Materials for Chapter 4

C.1 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. 

1 of the manuscript and labels for zones follow the numbering on that map. Regions are 
abbreviated in this supplement as follows:

ASB Asian Boreal

ASTem Asian Temperate

ASTun Asian Tundra

EUB European Boreal

EUTem European Temperate

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:

BIA Bialystok, Poland

BRE Bremen, Germany

ETL East Trout Lake, Saskatchewan, Canada

SOD Sodankyla, Finland

UAF Fairbanks, Alaska, U.S.A.

C.1.1 Seasonal cycle fits for ground sites and 5o latitude by 10o 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 
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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, Alaska (see details in Sect. 2.2). 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 GEOS-Chem 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 

C.1, C.2, and C.3 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 each 

site, as well as for OCO-2 data, CAMS estimates, and GEOS-Chem estimates averaged 

spatially over the 5o latitude by 10o 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. (2020), and Fig. C.1 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 C.2 and C.3 show the plotted time-series 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 

5o latitude by 10o longitude coincidence region, and averaged within the 5o latitude by 20o 

longitude zone that encompasses each site (see map in Fig. 1 for the manuscript).
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Figure C.1: SCA and HDD from NNG observations correlated with those from OCO-2 data 
in the 5o latitude by 10o longitude coincidence regions corrected by either the alternative bias 
correction (ABC), described by Jacobs et al. (2020), or the standard global bias correction 
for ACOS B9 retrievals (B9 BC).
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Table C.l: Seasonal cycle fit parameters, αi, with uncertainty estimates, σαi, for fits of near noon ground-based (NNG) data 
and OCO-2 data in the 5o latitude by 10o longitude coincidence regions centered at each ground site (review Sect. 2.1, 2.2, and 
3.1 of the manuscript for more information) to Eq. 1 in the manuscript, as well as corresponding standard errors, σ, used in fit 
optimization.Site σppm αoppm σaoppm α1ppm days-1 ppm days-1 a2ppm σa2ppm α3 days σa3 days a4 σa4 a5 days σa5 daysBIA 0.496 394.73 2.5e-03 7.10e-03 1.7e-09 4.424 7.5e-04 54.427 0.222 -0.500 1.5e-04 -77.628 2.26BRE 0.500 394.90 4.7e-03 7.15e-03 2.9e-09 3.951 1.9e-03 63.255 0.629 -0.427 4.3e-04 -70.229 11.4ETL 0.506 395.74 0.010 6.29e-03 3.4e-09 5.009 9.9e-04 65.743 0.114 -0.715 4.9e-05 -90.354 0.638SOD 0.391 393.80 l.le-03 7.24e-03 5.3e-10 5.115 3.8e-04 62.481 0.237 -0.660 4.0e-05 -73.322 1.25UAF 0.368 396.62 8.2e-03 5.95e-03 2.9e-09 5.219 7.2e-04 57.112 0.391 -0.762 5.8e-05 -82.481 1.26BIA, 5x10 1.291 396.20 0.034 6.65e-03 1.4e-08 4.363 7.9e-03 67.449 4.097 -0.429 1.5e-03 -90.438 65.0BRE, 5x10 1.272 396.31 0.035 6.66e-03 1.6e-08 3.992 8.2e-03 71.975 5.463 -0.501 2.1e-03 -64.495 54.5ETL, 5x10 1.190 395.53 0.018 7.05e-03 8.4e-09 4.783 4.4e-03 69.868 1.858 -0.677 4.1e-04 -96.879 11.1SOD, 5x10 1.380 394.37 0.038 7.06e-03 1.7e-08 4.627 8.1e-03 74.091 26.795 -0.758 1.9e-03 -75.782 71.4UAF, 5x10 1.430 395.30 0.032 7.05e-03 1.8e-08 5.317 9.6e-03 80.909 11.254 -0.816 l.le-03 -111.311 27.2
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Table C.2: Seasonal cycle fit parameters, αi, with uncertainty estimates, σai, for fits of CAMS estimated Xco2 from the grid
points nearest to the ground sites (see Table 1, in the manuscript, for exact coordinates) and CAMS estimated Xco2 averaged 
over the 5o latitude by 10o longitude coincidence regions centered at each ground site (using actual coordinate of the ground 
site as center) to Eq. 1 in the manuscript, as well as corresponding standard errors, σ, used in fit optimization.Site σppm αoppm σaoppm αqppm days-1 ppm days-1 a2ppm σa2ppm α3 days σa3 days a4 σa4 a5 days σa5 daysBIA 0.289 395.26 2.1e-04 6.96e-03 9.7e-ll 4.455 9.0e-05 54.139 0.019 -0.560 1.2e-05 -69.083 0.181BRE 0.231 395.29 1.4e-04 6.87e-03 6.2e-ll 4.399 6.1e-05 61.253 0.015 -0.646 6.8e-06 -60.591 0.094ETL 0.212 395.19 l.le-04 6.75e-03 5.2e-ll 4.961 6.5e-05 63.245 7.5e-03 -0.716 3.1e-06 -81.583 0.040SOD 0.249 394.38 1.6e-04 7.13e-03 7.2e-ll 5.482 7.2e-05 57.489 0.012 -0.679 4.8e-06 -64.031 0.065UAF 0.148 394.69 5.6e-05 6.99e-03 2.6e-ll 5.323 3.3e-05 65.471 3.2e-03 -0.741 1.2e-06 -79.559 0.015BIA, 5x10 0.445 395.36 5.1e-04 6.95e-03 2.3e-10 4.364 2.1e-04 53.409 0.046 -0.539 2.9e-05 -68.342 0.484BRE, 5x10 0.365 395.42 3.4e-04 6.87e-03 1.5e-10 4.245 1.4e-04 59.290 0.038 -0.615 1.9e-05 -59.068 0.282ETL, 5x10 0.340 395.19 2.9e-04 6.76e-03 1.3e-10 4.966 1.7e-04 63.262 0.019 -0.717 7.8e-06 -81.476 0.101SOD, 5x10 0.384 394.43 3.8e-04 7.08e-03 1.7e-10 5.355 1.7e-04 58.974 0.028 -0.678 1.2e-05 -64.223 0.161UAF, 5x10 0.295 394.67 2.2e-04 7.01e-03 1.0e-10 5.264 1.3e-04 66.506 0.013 -0.744 4.7e-06 -78.977 0.061



Table C.3: Seasonal cycle fit parameters, ai, with uncertainty estimates, σai, for fits of GEOS-Chem estimated Xco2 from the 
grid-points nearest to the ground sites (see Table 1, in the manuscript, for exact coordinates) and GEOS-Chem estimated Xco2 
averaged over the 5o latitude by 10o longitude coincidence regions centered at each ground site (using actual coordinate of the 
ground site as center) to Eq. 1 in the manuscript, as well as corresponding standard errors, σ, used in fit optimization. Note 
that daily values from GEOS-Chem are used, so daily standard deviations for the data in the 5o by 10o coincidence regions 
represent spatial variability and are used directly as standard error in the fit optimization, whereas the single grid points near 
the ground sites have no spatial variability and are assigned the standard error of 0.250 ppm.Site σppm αoppm σαoppm α1ppm days-1 ppm days-1 α2ppm σa2ppm α3 days σα3 days α4 σα4 α5 days σα5 daysBIA 0.250 392.43 3.1e-04 6.60e-03 6.2e-10 4.734 1.4e-04 59.926 0.028 -0.595 1.5e-05 -59.223 0.223BRE 0.250 392.64 3.2e-04 6.38e-03 6.le-10 4.717 1.5e-04 66.694 0.029 -0.668 1.3e-05 -59.752 0.173ETL 0.250 392.54 3.2e-04 6.10e-03 6.le-10 5.374 1.9e-04 70.342 0.018 -0.771 6.1e-06 -75.665 0.077SOD 0.250 392.00 3.1e-04 6.24e-03 6.le-10 5.782 1.6e-04 63.652 0.020 -0.687 8.4e-06 -62.111 0.111UAF 0.250 391.76 3.2e-04 6.31e-03 6.le-10 5.740 1.9e-04 70.623 0.016 -0.777 5.3e-06 -74.030 0.068BIA, 5x10 0.368 392.51 6.8e-04 6.59e-03 1.3e-09 4.656 2.9e-04 58.697 0.060 -0.570 3.6e-05 -60.196 0.538BRE, 5x10 0.341 392.75 5.9e-04 6.39e-03 l.le-09 4.625 2.9e-04 68.183 0.054 -0.673 2.4e-05 -60.683 0.321ETL, 5x10 0.299 392.55 4.6e-04 6.08e-03 8.8e-10 5.353 2.8e-04 70.216 0.026 -0.766 9.0e-06 -75.365 0.114SOD, 5x10 0.238 392.04 2.8e-04 6.23e-03 5.6e-10 5.734 1.4e-04 63.442 0.019 -0.681 7.9e-06 -61.605 0.105UAF, 5x10 0.209 391.73 2.2e-04 6.23e-03 4.3e-10 5.895 1.4e-04 70.268 0.011 -0.781 3.5e-06 -73.842 0.045



Figure C.2: 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 5o latitude by 10o longitude coincidence region, and within the zone encompassing 
the ground site.
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Figure C.3: Daily average time-series and seasonal cycle fits of GEOS-Chem model esti
mates (2014-2016) and observations (OCO-2 2014-2019 and NNG as available 2014-2019) at 
ground sites, within the 5o latitude by 10o longitude coincidence region, and within the zone 
encompassing the ground site.
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C.1.2 Seasonal cycle fits for OCO-2 data in 5o latitude by 20o longitude zones

In this section, details of seasonal cycle fits to OCO-2 daily averages (see details in Sect. 

2.1) within all 5o latitude by 20o longitude zones are provided. Figures C.4 through C.11 

show plots of time-series of OCO-2 data and the corresponding fits, and Tables C.4 and 

C.5 report standard errors used in each fit, the seasonal fit parameters calculated, and an 

estimate of parameter uncertainty.

The alternative bias correction (ABC) proposed by Jacobs et al. (2020), which is param

eterized to account bias related to temperature at 700 hPa, was applied to OCO-2 data used 

in this study. Figure C.12 shows how SCA and HDD from OCO-2 correlate with those from 

CAMS and GEOS-Chem estimates when XCO2 retrievals are corrected with either the stan

dard global bias correction for B9 retrievals (B9 BC) or the ABC. Three zones in the Asian 

Tundra region (6, 8, and 9) are excluded from the correlations in Fig. C.12 because with 

the B9 BC their seasonal cycle fits yielded erratic results that were drastically inconsistent 

with other zones, and it is likely that observations in these far northern tundra zones are 

still highly sensitive to radiative transfer effects that are unique to northern high latitudes. 

Figure C.12 demonstrates that there is a slight improvement in the agreement between ob

servational (OCO-2) and model-derived (CAMS and GEOS-Chem) SCA and HDD when the 

ABC is applied to OCO-2 data. However, SCA and HDD from OCO-2 data with the B9 BC 

are often more strongly correlated with those from model estimates for all zones other than 

those three Asian Tundra zones.
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Figure C.4: Daily average time-series of OCO-2 observations by zone in the North American 
Boreal region, with seasonal cycle fits and fit residuals.
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Figure C.5: Daily average time-series of OCO-2 observations by zone in the European Boreal 
region, with seasonal cycle fits and fit residuals.
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Figure C.6: Daily average time-series of OCO-2 observations by zone in the Asian Boreal 
region, with seasonal cycle fits and fit residuals.
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Figure C.7: Daily average time-series of OCO-2 observations by zone in the North American 
Temperate region, with seasonal cycle fits and fit residuals.

Figure C.8: Daily average time-series of OCO-2 observations by zone in the European 
Temperate region, with seasonal cycle fits and fit residuals.
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Figure C.9: Daily average time-series of OCO-2 observations by zone in the Asian Temperate 
region, with seasonal cycle fits and fit residuals.

Figure C.10: Daily average time-series of OCO-2 observations by zone in the North American 
Tundra region, with seasonal cycle fits and fit residuals.
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Figure C.11: Daily average time-series of OCO-2 observations by zone in the Asian Tundra 
region, with seasonal cycle fits and fit residuals.
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Table C.4: Seasonal cycle fit parameters, αi, with uncertainty estimates, σαi, for fits of OCO-2 data to Eq. 1 in the manuscript, 
and standard errors, σ, for zones in Boreal regions.Zone σppm α0ppm σaoppm αqppm days-1 &ai ppm days-1 α2ppm ppm α3 days σα3 days α4 σα4 α5 days σα5 daysNAB-I 1.309 394.424 0.045 7.313e-03 2.1e-08 4.736 0.012 69.228 6.292 -0.720 l.le-03 -82.840 27.128NAB-2 1.142 394.940 0.026 7.095e-03 1.2e-08 5.018 6.5e-03 75.812 2.374 -0.728 4.4e-04 -89.050 12.024NAB-3 1.307 395.582 0.024 7.037e-03 l.le-08 4.791 6.1e-03 69.649 2.202 -0.679 5.1e-04 -99.473 13.533NAB-4 1.246 395.131 0.028 6.835e-03 1.3e-08 5.063 6.4e-03 72.906 3.972 -0.729 4.9e-04 -88.260 17.530NAB-5 1.857 394.898 0.082 7.319e-03 3.7e-08 4.842 0.019 74.901 14.835 -0.691 2.1e-03 -99.807 70.616NAB-6 1.911 395.439 0.073 6.946e-03 3.5e-08 5.182 0.017 61.724 35.313 -0.811 1.5e-03 -75.845 89.135NAB-7 1.495 395.610 0.044 6.792e-03 2.3e-08 5.384 0.012 78.378 15.593 -0.789 1.2e-03 -104.100 42.934EUB-1 1.236 395.536 0.023 6.984e-03 l.le-08 4.696 6.6e-03 64.245 5.755 -0.437 1.3e-03 -59.368 59.072EUB-2 1.349 394.820 0.043 7.153e-03 1.8e-08 4.907 9.4e-03 91.721 13.471 -0.780 1.2e-03 -123.621 40.278EUB-3 1.353 394.752 0.032 6.962e-03 1.4e-08 4.912 6.9e-03 67.243 9.163 -0.658 l.le-03 -77.140 39.721EUB-4 1.425 394.993 0.035 7.122e-03 1.6e-08 4.572 7.9e-03 70.456 11.901 -0.510 1.5e-03 -84.720 94.022EUB-5 1.327 394.421 0.042 6.977e-03 2.0e-08 4.999 9.9e-03 71.224 14.200 -0.840 1.0e-03 -78.370 34.248EUB-6 1.357 394.797 0.042 6.951e-03 1.8e-08 4.879 9.1e-03 65.892 30.660 -0.752 2.2e-03 -68.159 75.994EUB-7 1.442 395.768 0.063 6.790e-03 2.2e-08 5.240 0.050 52.870 50.557 -0.537 3.5e-03 -59.560 219.979ASB-I 1.264 395.424 0.020 6.871e-03 9.2e-09 6.464 6.6e-03 63.227 0.797 -0.800 1.6e-04 -100.237 3.012ASB-2 1.390 395.324 0.021 6.844e-03 9.1e-09 5.864 6.9e-03 60.427 1.026 -0.767 2.3e-04 -93.244 4.426ASB-3 1.442 395.156 0.030 6.937e-03 1.4e-08 6.469 8.7e-03 63.938 2.053 -0.846 2.1e-04 -95.673 5.886ASB-4 1.424 395.339 0.031 6.675e-03 1.4e-08 6.150 8.8e-03 69.088 2.101 -0.857 2.6e-04 -107.016 5.852ASB-5 1.252 395.007 0.025 7.132e-03 1.2e-08 5.923 6.6e-03 68.765 1.902 -0.799 2.6e-04 -108.636 6.937ASB-6 1.343 396.020 0.029 6.777e-03 1.4e-08 6.249 7.4e-03 71.355 2.682 -0.830 2.7e-04 -104.828 7.779ASB-7 1.277 396.337 0.027 6.714e-03 1.3e-08 6.038 7.1e-03 77.819 3.166 -0.826 4.4e-04 -118.412 8.712ASB-8 1.320 394.833 0.034 7.140e-03 1.6e-08 5.702 9.2e-03 80.547 3.271 -0.890 3.3e-04 -114.120 7.958ASB-9 1.261 394.745 0.033 6.974e-03 1.4e-08 5.252 7.2e-03 63.698 7.667 -0.696 7.9e-04 -86.592 30.354ASB-10 1.375 395.467 0.038 7.087e-03 1.6e-08 5.942 8.4e-03 78.892 9.215 -0.797 7.7e-04 -110.633 24.672



Table C.5: Seasonal cycle fit parameters, ai, with uncertainty estimates, σai, for fits of OCO-2 data to Eq. 1 in the manuscript, 
and standard errors, σ, for zones in Temperate and Tundra regions.Zone σppm α0ppm σα0ppm α1ppm days-1 σα1ppm days-1 α2ppm σα2ppm α3 days σα3 days α4 σ α4 α5 days σα5 daysNATem-1 1.133 395.442 0.029 6.801e-03 1.2e-08 5.287 6.5e-03 72.451 1.998 -0.711 4.2e-04 -88.732 10.379NATem-2 1.185 395.671 0.024 7.082e-03 l.le-08 4.638 6.9e-03 70.616 1.641 -0.733 4.1e-04 -96.406 8.936NATem-3 1.667 395.620 0.098 6.971e-03 4.3e-08 4.146 0.024 68.076 18.191 -0.590 4.0e-03 -85.343 136.549EUTem-1 1.218 395.707 0.016 6.664e-03 6.8e-09 4.972 4.3e-03 63.771 1.293 -0.639 3.5e-04 -92.198 8.918EUTem-2 1.278 396.047 0.018 6.631e-03 7.4e-09 4.513 4.4e-03 66.479 2.025 -0.488 7.1e-04 -93.990 23.489EUTem-3 1.298 396.247 0.019 6.693e-03 8.5e-09 3.953 4.7e-03 73.427 2.493 -0.487 1.0e-03 -77.439 29.770EUTem-4 1.318 395.101 0.027 6.949e-03 1.2e-08 5.069 6.4e-03 68.179 3.443 -0.634 6.6e-04 -95.369 21.136EUTem-5 1.354 395.952 0.026 6.672e-03 1.2e-08 4.863 6.0e-03 70.659 4.698 -0.492 1.0e-03 -92.903 44.915ASTem-1 1.437 395.357 0.022 6.895e-03 9.7e-09 5.182 6.9e-03 65.308 1.447 -0.737 3.6e-04 -102.264 7.171ASTem-2 1.184 395.154 0.015 6.959e-03 6.4e-09 5.317 4.2e-03 64.538 0.940 -0.730 2.1e-04 -96.134 4.869ASTem-3 1.231 394.967 0.024 7.282e-03 l.le-08 5.357 5.5e-03 63.557 2.203 -0.696 4.0e-04 -94.909 11.655NATun-1 1.322 394.687 0.040 6.976e-03 1.9e-08 4.831 0.010 78.833 4.343 -0.743 6.5e-04 -88.775 19.623NATun-2 1.384 395.105 0.074 6.780e-03 3.3e-08 4.353 0.024 65.754 46.412 -0.656 3.6e-03 -62.542 175.464NATun-3 1.517 394.656 0.053 6.929e-03 2.6e-08 4.960 0.013 72.775 28.104 -0.806 1.4e-03 -80.740 67.991NATun-4 1.293 394.174 0.048 7.280e-03 2.1e-08 4.905 0.011 65.527 39.898 -0.866 1.7e-03 -72.816 72.364NATun-5 1.411 394.663 0.048 7.287e-03 2.5e-08 5.216 0.013 83.494 28.714 -0.893 6.5e-04 -100.010 56.531ASTun-1 1.412 395.012 0.041 7.004e-03 1.9e-08 5.465 0.011 77.558 10.104 -0.902 3.7e-04 -95.576 19.979ASTun-2 1.584 395.245 0.044 7.003e-03 2.3e-08 5.954 0.013 77.232 4.556 -0.929 2.8e-04 -106.731 8.413ASTun-3 1.476 394.104 0.042 7.549e-03 2.4e-08 5.019 0.013 96.744 5.572 -1.000 7.4e-06 -113.963 6.012ASTun-4 1.364 395.087 0.039 7.003e-03 1.8e-08 5.767 0.010 72.205 14.238 -0.907 3.3e-04 -92.977 26.374ASTun-5 1.469 396.249 0.043 6.685e-03 1.9e-08 5.943 0.010 81.223 10.094 -0.857 7.8e-04 -115.640 20.973ASTun-6 1.473 394.144 0.050 7.233e-03 2.2e-08 5.244 0.012 60.570 42.968 -0.892 l.le-03 -74.459 74.305ASTun-7 1.283 394.435 0.156 6.756e-03 1.8e-08 5.261 0.174 37.140 88.359 -0.913 1.9e-03 -39.709 114.391ASTun-8 1.312 395.393 0.217 6.655e-03 2.0e-08 5.349 0.255 34.305 156.969 -0.934 2.6e-03 -43.099 174.322ASTun-9 1.359 394.569 0.037 6.730e-03 2.2e-08 4.771 0.011 61.929 7.502 -1.000 9.3e-08 -71.253 5.877



Figure C.12: Comparing the relationships between observational (OCO-2) and model- 
derived (CAMS and GEOS-Chem) SCA and HDD when OCO-2 data are corrected by either 
the alternative bias correction (ABC), described by Jacobs et al. (2020), or the standard 
global bias correction for ACOS B9 retrievals (B9 BC). Asian Tundra zones 6, 8, and 9 are 
excluded from these comparisons because applying the B9 BC resulted in erratic and un
realistic seasonal cycle fits, particularly yielding HDD that are far outliers relative to other 
zones.
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C.1.3 Seasonal cycle fits for CAMS estimates in 5o latitude by 20o longitude zones

In this section, details of seasonal cycle fits to CAMS daily averages (Chevallier (2020a); 

Chevallier (2020b)) within all 5o latitude by 20o longitude zones are provided. Figures C.13 

through C.20 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 C.6 and C.7 report standard errors 

used in each CAMS fit, the seasonal fit parameters calculated, and an estimate of parameter 

uncertainty.
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Figure C.13: 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 C.14: 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 C.15: 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 C.16: Time-series of CAMS XCO2 by zone in the North American Temperate region, 
with seasonal cycle fits to CAMS and OCO-2.

Figure C.17: 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 C.18: Time-series of CAMS XCO2 by zone in the Asian Temperate region, with 
seasonal cycle fits to CAMS and OCO-2.

Figure C.19: 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 C.20: 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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Table C.6: Seasonal cycle fit parameters, αi, with uncertainty estimates, σai, for fits of CAMS estimated Xco2 1° Eq. 1 in the 
manuscript, and standard errors, σ, for zones in Boreal regions.Zone σppm αoppm σaoppm α1ppm days-1 σa1 ppm days-1 α2ppm σa2ppm α3 days σα3 days α4 σα4 α5 days σα5 daysNAB-1 0.496 394.702 6.2e-04 6.924e-03 2.9e-10 5.541 3.6e-04 62.109 0.037 -0.755 1.3e-05 -77.557 0.164NAB-2 0.400 394.826 4.1e-04 6.806e-03 1.9e-10 5.471 2.4e-04 64.413 0.024 -0.752 8.3e-06 -76.771 0.108NAB-3 0.444 395.219 5.0e-04 6.765e-03 2.3e-10 4.795 2.8e-04 64.498 0.035 -0.706 1.5e-05 -80.527 0.192NAB-4 0.333 394.938 2.8e-04 6.755e-03 1.3e-10 5.243 1.6e-04 65.031 0.018 -0.730 6.7e-06 -76.053 0.088NAB-5 0.372 394.885 3.5e-04 6.908e-03 1.6e-10 4.795 2.0e-04 68.124 0.025 -0.727 9.7e-06 -76.614 0.126NAB-6 0.325 394.725 2.7e-04 6.905e-03 1.2e-10 5.184 1.6e-04 67.284 0.016 -0.747 5.9e-06 -78.015 0.076NAB-7 0.326 394.717 2.7e-04 7.018e-03 1.2e-10 5.285 1.6e-04 67.187 0.016 -0.744 5.8e-06 -78.335 0.075EUB-1 0.445 394.902 5.1e-04 6.958e-03 2.3e-10 4.705 2.3e-04 61.624 0.046 -0.647 2.2e-05 -61.590 0.301EUB-2 0.520 394.621 6.9e-04 6.991e-03 3.1e-10 5.561 3.3e-04 54.521 0.044 -0.663 2.0e-05 -72.991 0.271EUB-3 0.445 394.624 5.0e-04 7.075e-03 2.3e-10 5.202 2.2e-04 56.855 0.038 -0.638 1.8e-05 -64.540 0.257EUB-4 0.400 394.627 4.1e-04 6.977e-03 1.9e-10 4.957 1.9e-04 62.702 0.034 -0.667 1.5e-05 -62.361 0.204EUB-5 0.485 394.495 6.0e-04 7.041e-03 2.7e-10 5.573 2.8e-04 57.937 0.041 -0.676 1.7e-05 -65.659 0.237EUB-6 0.432 394.435 4.7e-04 7.078e-03 2.2e-10 5.381 2.2e-04 59.659 0.035 -0.676 1.5e-05 -63.406 0.202EUB-7 0.361 394.574 3.3e-04 6.953e-03 1.5e-10 5.166 1.6e-04 64.378 0.026 -0.692 l.le-05 -61.405 0.143ASB-1 0.613 394.385 9.4e-04 7.082e-03 4.4e-10 6.228 6.0e-04 55.116 0.045 -0.810 1.2e-05 -87.346 0.161ASB-2 0.543 394.632 7.4e-04 6.782e-03 3.4e-10 5.525 4.5e-04 55.343 0.041 -0.769 1.3e-05 -89.816 0.175ASB-3 0.574 394.081 8.3e-04 7.090e-03 3.8e-10 6.357 5.2e-04 55.573 0.039 -0.805 1.0e-05 -85.590 0.141ASB-4 0.544 394.244 7.4e-04 6.907e-03 3.4e-10 6.116 4.4e-04 53.098 0.038 -0.763 1.2e-05 -85.412 0.162ASB-5 0.522 394.395 6.8e-04 6.839e-03 3.2e-10 6.137 3.9e-04 52.824 0.036 -0.758 1.2e-05 -83.369 0.155ASB-6 0.549 394.018 7.6e-04 7.106e-03 3.5e-10 6.408 4.7e-04 56.426 0.036 -0.793 9.9e-06 -83.356 0.134ASB-7 0.463 394.115 5.4e-04 7.002e-03 2.5e-10 6.354 3.1e-04 54.146 0.027 -0.763 8.6e-06 -80.595 0.115ASB-8 0.488 394.271 6.0e-04 6.949e-03 2.8e-10 6.248 3.3e-04 53.796 0.032 -0.743 l.le-05 -79.387 0.143ASB-9 0.497 394.505 6.2e-04 6.942e-03 2.9e-10 5.949 3.3e-04 55.038 0.035 -0.714 1.3e-05 -77.311 0.178ASB-IO 0.474 394.117 5.7e-04 7.082e-03 2.6e-10 6.227 3.2e-04 57.442 0.030 -0.752 9.8e-06 -77.056 0.130



Table C.7: Seasonal cycle fit parameters, ai, with uncertainty estimates, σa,i, for fits of CAMS estimated Xco2 to Eq. 1 in the
manuscript, and standard errors, σ, for zones in Temperate and Tundra regions.Zone σppm αoppm σα0ppm α1ppm days-1 σα1 ppm days-1 α2ppm σα2ppm α3 days σα3 days α4 σα4 α5 days σα5 daysNATem-1 0.465 394.934 5.5e-04 6.836e-03 2.5e-10 5.312 3.2e-04 62.548 0.034 -0.760 l.le-05 -80.058 0.149NATem-2 0.506 395.577 6.6e-04 6.791e-03 3.0e-IO 4.063 3.5e-04 68.041 0.058 -0.650 3.0e-05 -80.590 0.405NATem-3 0.380 395.301 3.7e-04 6.935e-03 1.7e-10 4.461 2.0e-04 71.892 0.029 -0.693 1.3e-05 -74.749 0.166EUTem-1 0.553 395.145 7.7e-04 6.934e-03 3.6e-10 4.903 3.8e-04 53.246 0.053 -0.610 2.9e-05 -84.139 0.420EUTem-2 0.569 395.309 8.3e-04 6.983e-03 3.8e-10 4.490 3.5e-04 52.840 0.066 -0.526 4.5e-05 -75.840 0.752EUTem-3 0.531 395.441 7.2e-04 6.885e-03 3.3e-10 4.155 3.0e-04 59.597 0.081 -0.591 4.4e-05 -59.269 0.662EUTem-4 0.583 394.801 8.6e-04 6.962e-03 3.9e-10 5.411 4.3e-04 53.155 0.054 -0.668 2.5e-05 -80.186 0.332EUTem-5 0.533 394.945 7.2e-04 7.013e-03 3.3e-10 4.913 3.2e-04 55.643 0.056 -0.610 3.0e-05 -69.266 0.432ASTem-1 0.605 394.659 9.2e-04 6.736e-03 4.3e-10 5.306 5.5e-04 55.966 0.055 -0.752 1.9e-05 -89.016 0.251ASTem-2 0.482 394.798 5.9e-04 6.848e-03 2.7e-10 5.349 3.2e-04 55.593 0.036 -0.702 1.5e-05 -84.082 0.196ASTem-3 0.526 394.595 7.0e-04 6.867e-03 3.2e-10 5.806 3.8e-04 53.928 0.040 -0.724 1.5e-05 -81.036 0.197NATun-1 0.452 394.455 5.2e-04 6.887e-03 2.4e-10 5.717 3.0e-04 63.923 0.030 -0.765 9.5e-06 -74.707 0.126NATun-2 0.334 394.407 2.8e-04 6.884e-03 1.3e-10 5.723 1.6e-04 67.646 0.017 -0.755 5.5e-06 -69.225 0.073NATun-3 0.250 394.750 1.6e-04 6.824e-03 7.2e-ll 5.403 9.0e-05 68.146 9.6e-03 -0.739 3.5e-06 -72.190 0.046NATun-4 0.277 394.590 2.0e-04 6.957e-03 8.9e-ll 5.636 l.le-04 68.352 0.011 -0.750 3.7e-06 -73.490 0.049NATun-5 0.309 394.575 2.4e-04 7.012e-03 1.1e-10 5.534 1.4e-04 68.950 0.013 -0.750 4.7e-06 -74.306 0.062ASTun-1 0.346 394.754 3.0e-04 6.994e-03 1.4e-10 5.727 1.9e-04 66.431 0.016 -0.778 4.9e-06 -79.448 0.064ASTun-2 0.438 394.251 4.8e-04 7.102e-03 2.2e-10 6.041 3.1e-04 62.383 0.022 -0.807 6.1e-06 -84.530 0.082ASTun-3 0.380 394.572 3.7e-04 7.014e-03 1.7e-10 5.875 2.2e-04 66.273 0.018 -0.776 5.6e-06 -79.209 0.074ASTun-4 0.466 394.211 5.5e-04 7.152e-03 2.5e-10 6.320 3.5e-04 62.990 0.024 -0.803 6.6e-06 -82.345 0.088ASTun-5 0.540 394.149 7.4e-04 7.105e-03 3.4e-10 6.119 4.4e-04 60.281 0.036 -0.777 l.le-05 -81.113 0.146ASTun-6 0.542 394.215 7.4e-04 7.049e-03 3.4e-10 6.047 4.0e-04 56.946 0.043 -0.733 1.5e-05 -73.568 0.200ASTun-7 0.483 394.409 5.9e-04 7.013e-03 2.7e-10 5.894 3.0e-04 57.867 0.036 -0.705 1.4e-05 -69.976 0.186ASTun-8 0.400 394.380 4.1e-04 7.008e-03 1.9e-10 5.991 2.1e-04 62.260 0.023 -0.722 8.4e-06 -69.715 0.112ASTun-9 0.414 394.343 4.4e-04 7.035e-03 2.0e-IO 5.947 2.2e-04 61.338 0.027 -0.717 9.7e-06 -66.476 0.131



C.1.4 Seasonal cycle fits for GEOS-Chem estimates in 5o latitude by 20o longitude zones

In this section, details of seasonal cycle fits to GEOS-Chem daily averages (see Sect. 2.4) 

within all 5o latitude by 20o longitude zones are provided. Figures C.21 through C.28 show 

plots of time-series of GEOS-Chem model estimates, the corresponding fits to GEOS-Chem 

estimates (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 C.8 and C.9 report standard errors used in each GEOS-Chem fit, the seasonal 

fit parameters calculated, and an estimate of parameter uncertainty.
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Figure C.21: Time-series of GEOS-Chem XCO2 by zone in the North American Boreal 
region, with seasonal cycle fits to GEOS-Chem and OCO-2.
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Figure C.22: Time-series of GEOS-Chem XCO2 by zone in the European Boreal region, with 
seasonal cycle fits to GEOS-Chem and OCO-2.
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Figure C.23: Time-series of GEOS-Chem XCO2 by zone in the Asian Boreal region, with 
seasonal cycle fits to GEOS-Chem and OCO-2.
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Figure C.24: Time-series of GEOS-Chem XCO2 by zone in the North American Temperate 
region, with seasonal cycle fits to GEOS-Chem and OCO-2.

Figure C.25: Time-series of GEOS-Chem XCO2 by zone in the European Temperate region, 
with seasonal cycle fits to GEOS-Chem and OCO-2.
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Figure C.26: Time-series of GEOS-Chem XCO2 by zone in the Asian Temperate region, 
with seasonal cycle fits to GEOS-Chem and OCO-2.

Figure C.27: Time-series of GEOS-Chem XCO2 by zone in the North American Tundra 
region, with seasonal cycle fits to GEOS-Chem and OCO-2.
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Figure C.28: Time-series of GEOS-Chem XCO2 by zone in the Asian Tundra region, with 
seasonal cycle fits to GEOS-Chem and OCO-2.
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Table C.8: Seasonal cycle fit parameters, αi, with uncertainty estimates, σαi, for fits of GEOS-Chem estimated Xco2 to Eq. 1 
in the manuscript, and standard errors, σ, for zones in Boreal regions.Zone σppm α0ppm σαoppm α1ppm days-1 σai ppm days-1 α2ppm σa2ppm α3 days σα3 days α4 σα4 α5 days σα5 daysNAB-1 0.451 392.288 1.0e-03 6.302e-03 2.0e-09 5.683 6.2e-04 66.819 0.058 -0.771 1.9e-05 -74.678 0.240NAB-2 0.320 392.234 5.2e-04 6.082e-03 1.0e-09 5.855 3.2e-04 69.566 0.027 -0.778 8.5e-06 -73.380 0.109NAB-3 0.372 392.451 7.0e-04 6.111e-03 1.4e-09 5.315 4.3e-04 70.094 0.042 -0.764 1.4e-05 -74.872 0.182NAB-4 0.302 392.160 4.6e-04 6.057e-03 8.9e-10 5.711 2.8e-04 69.529 0.026 -0.785 7.9e-06 -71.902 0.102NAB-5 0.324 391.960 5.4e-04 6.274e-03 1.0e-09 5.274 3.2e-04 72.473 0.032 -0.765 l.le-05 -72.299 0.140NAB-6 0.330 391.813 5.5e-04 6.098e-03 l.le-09 5.844 3.4e-04 70.823 0.028 -0.787 8.6e-06 -73.061 0.111NAB-7 0.266 391.718 3.6e-04 6.229e-03 6.9e-10 5.939 2.2e-04 70.234 0.018 -0.782 5.6e-06 -73.551 0.071EUB-1 0.389 392.397 7.7e-04 6.224e-03 1.5e-09 5.024 3.8e-04 66.998 0.062 -0.682 2.7e-05 -60.576 0.352EUB-2 0.425 392.102 9.0e-04 6.221e-03 1.8e-09 5.920 4.0e-04 57.191 0.053 -0.620 2.7e-05 -62.973 0.384EUB-3 0.387 392.107 7.5e-04 6.289e-03 1.5e-09 5.582 3.4e-04 60.374 0.053 -0.647 2.5e-05 -58.499 0.337EUB-4 0.348 392.177 6.1e-04 6.175e-03 1.2e-09 5.313 3.1e-04 67.974 0.044 -0.691 1.8e-05 -61.336 0.241EUB-5 0.384 391.893 7.4e-04 6.379e-03 1.5e-09 6.096 3.4e-04 60.294 0.043 -0.651 2.0e-05 -60.331 0.272EUB-6 0.328 391.998 5.4e-04 6.250e-03 l.le-09 5.793 2.6e-04 62.962 0.035 -0.678 1.5e-05 -60.778 0.200EUB-7 0.298 392.157 4.5e-04 6.020e-03 8.7e-10 5.519 2.3e-04 68.222 0.031 -0.702 1.2e-05 -59.820 0.162ASB-I 0.668 391.034 2.2e-03 6.549e-03 4.3e-09 7.800 1.4e-03 54.603 0.067 -0.803 1.9e-05 -88.662 0.247ASB-2 0.510 391.235 1.3e-03 6.683e-03 2.5e-09 6.852 8.1e-04 55.316 0.047 -0.777 1.5e-05 -90.337 0.196ASB-3 0.581 390.999 1.6e-03 6.448e-03 3.3e-09 7.745 l.le-03 55.100 0.051 -0.805 1.4e-05 -88.781 0.187ASB-4 0.472 391.149 l.le-03 6.604e-03 2.2e-09 7.115 6.8e-04 53.966 0.041 -0.770 1.3e-05 -87.314 0.170ASB-5 0.448 391.533 9.8e-04 6.117e-03 2.0e-09 6.968 6.0e-04 53.805 0.041 -0.769 1.3e-05 -84.057 0.168ASB-6 0.588 391.342 1.7e-03 6.073e-03 3.4e-09 7.622 l.le-03 57.304 0.056 -0.790 1.6e-05 -83.520 0.216ASB-7 0.437 391.126 9.3e-04 6.628e-03 1.9e-09 7.455 5.6e-04 55.030 0.035 -0.758 l.le-05 -81.102 0.148ASB-8 0.434 391.401 9.2e-04 6.193e-03 1.8e-09 7.230 5.4e-04 54.383 0.038 -0.755 1.2e-05 -79.042 0.163ASB-9 0.467 391.850 l.le-03 6.010e-03 2.1e-09 6.604 5.6e-04 55.204 0.052 -0.691 2.2e-05 -73.462 0.284ASB-10 0.411 391.275 8.4e-04 6.556e-03 1.7e-09 7.220 4.9e-04 58.351 0.032 -0.745 l.le-05 -77.207 0.146



Table C.9: Seasonal cycle fit parameters, ai, with uncertainty estimates, σai, for fits of GEOS-Chem estimated Xco2 to Eq. 1 
in the manuscript, and standard errors, σ, for zones in Temperate and Tundra regions.Zone σppm α0ppm σα0ppm α1ppm days-1 σα1ppm days-1 α2ppm σα2ppm α3 days σα3 days α4 σα4 α5 days σα5 daysNATem-1 0.419 392.482 8.9e-04 6.381e-03 1.7e-09 5.422 5.5e-04 67.755 0.050 -0.768 1.7e-05 -78.184 0.216NATem-2 0.417 392.986 9.0e-04 6.148e-03 1.7e-09 4.233 5.0e-04 75.135 0.072 -0.685 3.5e-05 -76.536 0.438NATem-3 0.329 392.169 5.6e-04 6.358e-03 l.le-09 4.984 3.2e-04 73.868 0.037 -0.735 1.4e-05 -70.551 0.179EUTem-1 0.449 392.261 1.0e-03 6.393e-03 2.0e-09 5.213 4.5e-04 55.310 0.069 -0.576 4.1e-05 -69.017 0.607EUTem-2 0.478 392.428 l.le-03 6.600e-03 2.3e-09 4.763 4.8e-04 56.828 0.091 -0.537 5.9e-05 -62.815 0.957EUTem-3 0.465 392.691 l.le-03 6.413e-03 2.1e-09 4.625 5.4e-04 67.158 0.102 -0.664 4.7e-05 -60.538 0.622EUTem-4 0.454 392.149 1.0e-03 6.315e-03 2.0e-09 5.617 4.7e-04 53.963 0.065 -0.612 3.4e-05 -68.331 0.490EUTem-5 0.475 392.300 l.le-03 6.473e-03 2.2e-09 5.115 4.9e-04 57.856 0.084 -0.589 4.8e-05 -62.397 0.697ASTem-1 0.529 391.663 1.4e-03 6.270e-03 2.7e-09 6.167 8.5e-04 56.399 0.062 -0.752 2.2e-05 -89.350 0.282ASTem-2 0.434 392.009 9.3e-04 5.990e-03 1.9e-09 5.846 5.1e-04 56.128 0.052 -0.691 2.2e-05 -79.004 0.291ASTem-3 0.457 391.891 1.0e-03 6.086e-03 2.0e-09 6.261 5.5e-04 54.116 0.053 -0.695 2.2e-05 -77.244 0.291NATun-I 0.351 392.012 6.3e-04 6.008e-03 1.2e-09 5.991 3.8e-04 68.813 0.033 -0.789 9.7e-06 -71.084 0.127NATun-2 0.289 391.930 4.3e-04 5.990e-03 8.2e-10 6.078 2.5e-04 70.278 0.022 -0.767 7.1e-06 -67.679 0.091NATun-3 0.245 391.944 3.1e-04 5.868e-03 5.9e-10 5.980 1.8e-04 71.312 0.016 -0.782 4.9e-06 -67.476 0.064NATun-4 0.229 391.693 2.7e-04 6.044e-03 5.1e-10 6.244 1.6e-04 70.773 0.013 -0.779 3.9e-06 -69.500 0.051NATun-5 0.250 391.681 3.2e-04 6.073e-03 6.1e-10 6.104 1.9e-04 71.131 0.015 -0.778 4.8e-06 -71.263 0.062ASTun-1 0.330 391.558 5.5e-04 6.359e-03 l.le-09 6.603 3.4e-04 67.757 0.022 -0.775 7.1e-06 -76.325 0.090ASTun-2 0.449 391.500 1.0e-03 6.227e-03 2.0e-09 6.936 6.4e-04 64.141 0.035 -0.786 l.le-05 -83.217 0.140ASTun-3 0.332 391.633 5.6e-04 6.033e-03 l.le-09 6.718 3.5e-04 67.115 0.021 -0.781 6.7e-06 -77.814 0.086ASTun-4 0.417 391.582 8.6e-04 5.714e-03 1.7e-09 7.463 5.6e-04 63.639 0.027 -0.806 7.6e-06 -81.997 0.100ASTun-5 0.494 391.566 1.2e-03 6.025e-03 2.4e-09 7.220 7.5e-04 61.542 0.042 -0.772 1.4e-05 -80.410 0.177ASTun-6 0.459 391.422 1.0e-03 6.382e-03 2.1e-09 7.025 5.9e-04 57.745 0.045 -0.740 1.6e-05 -74.500 0.204ASTun-7 0.402 391.776 8.0e-04 6.187e-03 1.6e-09 6.609 4.1e-04 58.667 0.038 -0.683 1.6e-05 -69.479 0.217ASTun-8 0.331 391.539 5.5e-04 6.348e-03 l.le-09 6.794 2.9e-04 62.794 0.026 -0.723 9.4e-06 -66.671 0.123ASTun-9 0.322 391.562 5.2e-04 6.443e-03 1.0e-09 6.708 2.7e-04 62.164 0.025 -0.703 9.9e-06 -64.805 0.130



C.2 Correlations between observational and model-derived SCA and HDD

Based on the seasonal cycle fits reported in the previous sections of this supplement 

seasonal cycle amplitudes (SCA) and half drawdown day (HDD) are calculated, as defined 

in Sect. 2.6 of the manuscript for all zones and ground sites using observations (OCO-2 

and NNG) and model estimates from CAMS and GEOS-Chem. Figure C.29 shows the 

direct correlations of SCA and HDD from observations with SCA and HDD from model 

estimates. Then, Fig. C.30 shows the correlations of CAMS and observational SCA and 

HDD calculated for 2014-2019 with those calculated for 2014-2016 to account for possible 

disagreements in SCA and HDD that would arise from the fact that GEOS-Chem estimates 

are calculated only for 2014-2016, while CAMS estimates, OCO-2 observations, and most of 

the ground-based observations cover the full six years in 2014-2019. Note that East Trout 

Lake and Fairbanks are excluded from Fig. C.30 because these datasets did not start until 

late in 2016. The Asian Tundra zone 9 is also excluded from Fig. C.30 because restricting 

the OCO-2 observations to 2014-2016 caused a drastic change in HDD, from day of year 178 

to day of year 121. However, the shift in SCA for ASTun-9 was only 0.29 ppm suggesting 

that the SCA is far more robust to larger data gaps in this fit than HDD is.
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Figure C.29: Correlations between observational (OCO-2 and NNG) and model-derived 
(CAMS and GEOS-Chem) SCA and HDD for all zones and ground sites. Seasonal cycles 
from OCO-2, NNG, and CAMS are all fit to time-series covering 6 years, 2014-2019, as used 
in the manuscript.
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Figure C.30: Correlations of SCA and HDD calculated from time-series for 2014-2019 with 
those calculated from time-series restricted to 2014-2016.
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C.3 GEOS-Chem tracers plotted against OCO-2 seasonal cycle parameters

Figure C.31: 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 obser
vations in 5o latitude by 20o longitude zones. Error bars for relative tracer contributions 
represent variability in one annual cycle, while those for SCA are determined by the uncer
tainty in seasonal cycle fitting parameters.
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C.4 CO2 fluxes by day of year from CAMS and GEOS-Chem

In this section time-series of daily sums of CO2 flux are provided for all 5o latitude by 20o 

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 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 annual cycles of CAMS flux estimates are similar to annual cycles 

of daily CO2 fluxes used in the GEOS-Chem CO2 simulation and the separation of emission 

sources for fluxes used in GEOS-Chem 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.
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Figure C.32: Time-series of CAMS and GEOS-Chem 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.

276



Figure C.33: Time-series of CAMS and GEOS-Chem total daily sum CO2 flux averaged by 
day of year (DOY) over 2014-2019 and spatially by 50 latitude by 20o longitude zone in the 
North American Boreal region.
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Figure C.34: Time-series of CAMS and GEOS-Chem total daily sum CO2 flux averaged by 
day of year (DOY) over 2014-2019 and spatially by 50 latitude by 20o longitude zone in the 
European Boreal region.
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Figure C.35: Time-series of CAMS and GEOS-Chem total daily sum CO2 flux averaged by 
day of year (DOY) over 2014-2019 and spatially by 5o latitude by 20o longitude zone in the 
Asian Boreal region.
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Figure C.36: Time-series of CAMS and GEOS-Chem total daily sum CO2 flux averaged by 
day of year (DOY) over 2014-2019 and spatially by 5o latitude by 20o longitude zone in the 
North American Temperate region.
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Figure C.37: Time-series of CAMS and GEOS-Chem total daily sum CO2 flux averaged by 
day of year (DOY) over 2014-2019 and spatially by 5o latitude by 20o longitude zone in the 
European Temperate region.

Figure C.38: Time-series of CAMS and GEOS-Chem total daily sum CO2 flux averaged by 
day of year (DOY) over 2014-2019 and spatially by 5o latitude by 20o longitude zone in the 
Asian Temperate region.
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Figure C.39: Time-series of CAMS and GEOS-Chem total daily sum CO2 flux averaged by 
day of year (DOY) over 2014-2019 and spatially by 5o latitude by 20o longitude zone in the 
North American Tundra region.
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Figure C.40: Time-series of CAMS and GEOS-Chem total daily sum CO2 flux averaged by 
day of year (DOY) over 2014-2019 and spatially by 50 latitude by 200 longitude zone in the 
Asian Tundra region.
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