
1 Comparing EM27/SUN observations and TCCON

Observations in Fairbanks began with the Arctic Mobile Infrared Greenhouse Gas Observations (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 with5
an average offset of 0.06% (∼0.24 ppm) (see Fig. S1 panel (a)). The LANL EM27 was then operated alongside the Caltech
TCCON instrument (Wennberg et al., 2017) in December 2017 (see correlation in Fig. S1 panel (c)), and in September 2018
(see correlation in Fig. S1 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. S1). The instrument10
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. S1 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).

1.1 EM27/SUN ILS measurements15

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, 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 XCO2 is retrieved from EM27/SUN20
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 LINEFIT 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 the25
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 S1 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 S1 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/SUN30
shows a remarkable decrease in PE in 2019 relative to ILS measurements collected before the detector upgrade in 2018.
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Table S1. Results from Instrument Line Shape tests for KIT and LANL EM27/SUNs.

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

5 August 2016 0.9910, 2.155 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 –

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 bias5
corrected to TCCON using a linear interpolation between the multiplicative offset observed by Hedelius et al. (2016) in January
2015,

TCCON = 1
1.0006×LANL,

and the multiplicative offset observed in December 2017, shown in Fig. S1 panel (c),

TCCON = 1
0.9966×LANL,10

as a function of days since 1 January 2015. The daily BC value was applied to all LANL EM27 observations as follows:

LANLcorrected =BC ×LANL. (1)

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. S1 panel (b)) and the
slope of LANL EM27 vs. Caltech TCCON (Fig. S1 panel (d)) such that

TCCON =
1.0001

0.9991
KIT.
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Figure S1. 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).

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

xri −xai =Ai (xT −xai) . (2)5

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

XCO2 =
column CO2

column dry air
= hTx. (3)

From here, we define cri = hTxri as the retrieved XCO2 and cai = hTxai as the a priori XCO2. Then applying hT to both10
sides of Eq. 2 yields

cri = cai +hTAi (xT −xai) . (4)
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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

ai,j =
(
hTAi

)
j

1

hj
, (5)5

Eq. 4 can be written as

cr0 = ca0 +(γ− 1)
∑
j

hj(a0)j(xa)j (6)

where γ =
cr1
ca1

. Because OCO-2 ACOS retrievals and GGG2014 use the same a priori profiles,

cr1 −
cr1
ca1

ca0 = 0,

and adding this to the right side of Eq. 6 yields

cr0 = cr1 +

(
1− cr1

ca1

)∑
j

hj (1− (a0)j)(xa)j . (7)

Hence Eq. 7 can be used to simulate an OCO-2 retrieval of XCO2 that would result from assuming that the ground-based10
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,

dNNG =

(
1− cr1

ca1

)∑
j

hj (1− (a0)j)(xa)j , (8)

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, 2018). When the averaging kernel correction factor is applied15
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:

X̃NNG =XNNG + dNNG (9)

where the NNG XCO2 retrieval aggregate (explained further in the manuscript) is defined as XNNG.
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Figure S2. 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 Sodankylä, and "UAF" refers to
Fairbanks.
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