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Abstract. Passive remote sensing of atmospheric carbon dioxide uses spectroscopic measurements of sunlight back-scattered
by the Earth’s surface and atmosphere. The current state-of-the-art retrieval methods use three different spectral bands, the
oxygen A-band-A-band at 0.76 pm and the weak and strong CO; absorption bands at 1.61 and 2.06 pm, respectively, to
infer information on light scattering and the carbon dioxide column-averaged dry-air mole fraction XCOs. In this study, we
propose a one-band XCO, retrieval technique which uses only the 2.06 ;sm band measurements from the Orbiting Carbon
Observatory-2 (OCO-2) satellite. We examine the data quality by comparing the OCO-2 XCO; with collocated ground-based
ground-based measurements from the Total Carbon Column Observing Network (TCCON). Over land and ocean the OCO-2
one-band retrieval shows differences to TCCON observations with a standard deviation of ~ 1.30 ppm and a station-to-station
variability of ~ 0.50 ppm. Moreover, we compare one-band and three-band retrievals over Europe,the Middle East and Africa
region-and see high correlation between the two retrievals with a SD of 0.93 ppm. Compared to the three-band retrievals, XCOq

retrievals using only the 2.06 pm band st

have similar retrieval accuracy, precision and data yield.

1 Introduction

Sinee-Over the past decade, space-based measurements of atmospheric carbon dioxide (CO) are used, along with ground-based
measurements, to characterize COq sources and sinks in order to better understand the carbon cycle. The inversion models
that calculate the CO, fluxes are sensitive to biases in the carbon dioxide dry-air column-averaged mole fraction (XCO,)
as small as 0.5 ppm (see e.g. Miller et al. (2007); Basu et al. (2013)). This poses enormous challenges on the instruments,
calibration and retrieval algorithms used to measure XCO- and much effort is needed to reduce e.g. instrument, calibration,
spectroscopy and other forward model errors. In particular, scattering by aerosol and thin cirrus clouds (thick clouds are
screened) can lead to light path modifications causing unacceptable errors in XCO; if not accounted for in the radiative
transfer calculations (Guerlet et al., 2013; Aben et al., 2007). The currently operational CO- satellites, i.e. the Greenhouse

gases Observing Satellite (GOSAT) (Kuze et al., 2009) and the-Orbiting-Carbon-Observatory-2-(0OCO-2) (Crisp et al., 2017),
and the corresponding retrieval algorithms (e.g. Butz et al. (2009); Boesch et al. (2011); O’Dell et al. (2012); Buchwitz et al.
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(2017)) apply a three-band approach using three spectral bands around 0.76 (O A-band), 1.61 (weak CO; band) and 2.06
pm (strong CO2 band) to simultaneously retrieve XCO- and other relevant parameters such as surface albedos and aerosol
properties.

It has been proposed by Butz et al. (2009), based on simulated OCO measurements, that retrievals using the 2.06 pym
band alone actually show similar performance as using three bands. The reasons would be that one-band retrievals are less
dependent on spectral scattering properties than three-band retrievals. We examine whether this claim holds for real OCO-
2 measurements, by comparing the XCOy products for both methods in terms of accuracy and data yield. For the OCO-2
measurements a single band retrieval is computationally less expensive, which is important considering the huge data amount
to be processed. More generally, a single-band retrieval requires a mere-simple-simpler and thus cheaper instrument, and may
avoid possible complications related to spectral window-dependent (calibration) errors. For example for OCO-2, there are
indications that it is necessary to fit an intensity offset in the weak and strong CO; absorption bands to account for potential
instrumental errors (Wu et al., 2018).

The paper is organized as follows: we first introduce the data that we used in this work in Sect. 2. The retrieval algorithm and
setup for three-band and one-band retrievals are described in Sect. 3. Section 4 evaluates the one-band retrieval performance
with TCCON XCO; observations and compares the performance to that of three-band retrievals. Finally we conclude and

discuss our findings in Sect. 5.

2 Data

In this paper, we use OCO-2 version 8 L1b data between September 2014 and October 2017. To evaluate the retrieval per-
formance, we only use measurements that are collocated with TCCON measurements. Although some limitations exist as
discussed by Kulawik et al. (2016), TCCON measurements are still the most appropriate validation product for space based
XCOx, retrievals. OCO-2 measurements are considered collocated when they are taken within 2 hours and a distance of less
than 3 degrees in both latitude and longitude of a TCCON measurement. Here, we do not use TCCON stations located within
polluted areas, high latitude regions or areas with significant topography. The retrieval algorithm also uses the ECMWF (Euro-
pean Centre for Medium Range Weather Forecasts) high-resolution analysis data to get meteorological information including
pressure, temperature, humidity and surface wind speed. For each OCO-2 measurement, the surface elevation data is obtained
from the 90 m digital elevation data of NASA’s Shuttle Radar Topography Mission (SRTM) (Farr et al., 2007). Prior informa-
tion on the carbon dioxide profile is extracted from the CarbonTracker model for the year 2013 with an added annual increase

of 2.25 ppm (Peters et al., 2007).

3 Retrieval algorithm and methodology

We use the RemoTeC retrieval algorithm (Hasekamp and Butz, 2008; Butz et al., 2009), which has been extensively used for

greenhouse gas retrievals from satellite observations like GOSAT, OCO-2 and S5P measurements (Butz et al., 2011; Schepers
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et al., 2012; Guerlet et al., 2013; Hu et al., 2016; Wu et al., 2018; Hu et al., 2018). The adaptations and first use for OCO-2
measurements are described in Wu et al. (2018). There we employed the three-band XCO,, retrievals which will be used here
as a reference to compare against our XCO,, retrievals from the 2.06 ym band.

The three-band retrieval fits OCO-2 measurements in all the three OCO-2 spectral windows. The state vector that is retrieved
contains 35 elements as shown in Table 1 : a 12-layer vertical profile of CO partial columns, the total columns of HyO and
CHy, three effective scattering parameters and, for each channel, three albedo parameters describing the Lambertian albedo up
to its second order spectral dependence, an intensity offset, spectral shifts for the Earth radiance measurement and the solar
reference model. We do not retrieve the dry air column but compute it using the ECMWF meteorological data. As described
in Wu et al. (2018), we use a Lambertian reflection model for land surface reflection properties and for ocean surfaces a wind-
speed driven reflection model of Cox and Munk (1954) combined with an additive wavelength-dependent Lambertian term.
The retrieved three aerosol parameters are the total column number density NV, the parameter o of a power-law size distribution
(n(r) oc r— with the particle radius r) and the central height parameter z of a Gaussian height distribution. The full width half
maximum of the Gaussian height distribution is fixed at 2 km.

In the one-band retrieval, we attempt to infer XCO4 by only using OCO-2 measurements in the spectral range 2042-2081
nm. The state vector is the same as for the three-band retrieval except that the CH,4 column is not included and it only contains
surface albedo, intensity offset and spectral shift parameters for the 2.06 ym band (see Table 1). In the retrieval, we seek
the state vector for which a cost function including the difference between the forward model and measurements and a side
constraint is minimized. The same Phillips-Tikhonov regularization scheme as employed in the three-band retrieval is used to
solve the minimization problem iteratively (Phillips, 1962; Tikhonov, 1963; Hasekamp and Landgraf, 2005; Wu et al., 2018).

Like for the three-band retrieval, we choose the regularization parameter such that the degree of freedom for signal (DFS) for

the CO4 profile is in the range 1.0-1.5 (Wu et al., 2018). Clearly, a one band retrieval using only the 2.06 ym band is onl

ossible if surface pressure information from meteorological re-analysis/ forecast is used in the retrieval algorithm. Retrievin,
this information, as is done by most algorithms requires the Oy A-band (Yokota et al., 2009; O’Dell et al., 2012).

It should be noted that the retrieval algorithm is only applicable to clear-sky scenes, so we must define a suitable cloud
filter that preselects the scenes to be processed. Before performing full-physics XCO; retrievals, we retrieve the columns of
03, CO2 and H5O independently in the three spectral bands under the assumption of a non-scattering atmosphere. When
neglecting cloud or aerosol scattering, the ratio between the COy or HoO column retrieved from the 1.61 pm band and those
retrieved from the 2.06 um band is a measure of the lightpath modification because a large deviation can be introduced due
to different light path sensitivity. The ratio between the retrieved O, column and the one computed from the ECMWF surface
pressure can also be used to detect clouds. We consider the following scenes as sufficiently cloud-free:

02(0.76um)

H,0(1.61 1.61
Ho0(L.61pm) ) e ond 0,08 < SO2(1-01pm)
O (ecmwf)

0.90 < e
H0(2.064m) CO42(2.06um)

< 1.02,0.98 < <1.03 (1)

This classifies around 26% of all soundings as cloud-free. However, this cloud screening strategy can not work for the

one-band retrieval because here we restrict ourselves to use only measurements from the 2.06 pm band.
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Here, we propose a new eleudfiltercloud filter based only on the 2.06 um band, to truly investigate the case where the
other bands are not available. We first screen by retrieving XCO- using the whole 2.06 pm band under the assumption of a
non-scattering atmosphere and divide this by the a priori value derived from the CarbonTracker. When this ratio is < 0.96 or
> 1.04, the scene is considered too cloudy for XCOx retrieval. Then, we use two sub spectral windows in the 2.06 ;m band:
one weak absorption window centered around 2.08 pm in the spectral range 2078-2081 nm and one strong absorption window
centered around 2.05 pm in the spectral range 2042-2057 nm. The columns of CO5 and H5O are retrieved independently
from these two sub windows under the assumption of a non-scattering atmosphere, and the ratios between the CO3 or HyO

column retrieved from those two sub windows are used for cloud screening. The idea is similar as three-band cloud filterin
that a large deviation can be introduced to CO- and H,O columns retrieved from these two bands due to different light path
sensitivity (Taylor et al., 2016). We only use spectra which meet the following criteria:

H,O(2. CO, (2.
20(2.08um) _ ) o nd 0.8 < SO2(2:08pm)

089 < ———= —_— =
H,0(2.05um) CO5(2.05um)

<1.03 2)

After the filtering procedure described above, around 27% of total soundings are considered as cloud-free cases, which
is similar to what is found by the three-band eleudfiltercloud filter. The one-band eleudfiltercloud filter and the three-band
cleudfilter-cloud filter have an overlap of 75%.

For cloud-screened soundings, we first run full-physics retrievals and then apply posterior quality filtering based on the
criteria shown in Table 2. Those criteria are related to extreme viewing geometry, difficult scattering scenes, challenging
surface properties, spectra with larger uncertainties and poor fit between forward model and measurements. After the quality
filtering, the overall throughputs are 17.0% and 18.0% for one-band and three-band retrievals, respectively. The two data sets

have an overlap of 75%.

4 Performance evaluation

Note that in this work, we do not apply a bias correction as it is common practice for CO, retrievals from space based observa-
tions (Wunch et al., 2017; Wu et al., 2018; O’Dell et al., 2018), but show the uncorrected results because we want to evaluate
the true retrieval capability. Due to the high spatial sampling of OCO-2, we typically obtain several collocations of OCO-2
retrievals with individual TCCON measurements for our collocation criteria in a single overpass. To reduce the impact of ran-
dom and representation errors in our comparison, we compare overpass-averages between OCO-2 and TCCON results and use
bias (b, ), standard deviation of the difference (o, ) and station-to-station variability (o) for performance evaluation (Buchwitz
et al., 2017). The station-to-station variability is the standard deviation of all biases between the different TCCON sites and is
a measure of regional-scale accuracy which is crucial for flux inversion.

Figure 1 shows validations of one-band XCO retrievals over land and ocean. We neglect cases where less than 10 individual
data points are available in OCO-2 retrievals during one overpass. Here, both land and ocean retrievals exhibit high correlation

(around 0.94) with TCCON data and both have an standard deviation (SD) of ~ 1.30 ppm.
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To evaluate the one-band and three-band retrieval performance in more detail, Figs. 2 and 3 show the bias and SD of the
retrievals per TCCON station. One-band and three-band retrievals have similar bias and SD among most individual stations.
One-band retrievals have slightly higher overall SD which is increased by 0.01 ppm for land retrievals and 0.14 ppm for
ocean retrievals. Over land, one-band and three-band retrievals have comparable station-to-station variability of 0.44 and
0.42 ppm, respectively. Over ocean, the one-band retrieval has a station-to-station variability of 0.55 ppm which is about

0.1 ppm higher than that of three-band retrieval, however, as shown in Fig. 3 this is mainly caused by larger biases from the

Lauder and Ascension stations. The causes for large biases over the two sites is still unclear but it is unlikely due to aerosols
because non-scattering retrievals exhibit similar biases and over ocean aerosols should lead to underestimation instead of
overestimation (Butz et al., 2013).

Table 3 summarizes the overall validation performance of the one-band and three-band retrievals with TCCON measure-
ments. Compared with three-band retrievals, one-band retrievals have similar throughput and similar high correlation coeffi-
cients with TCCON. In one-band retrievals, the single sounding precision are 0.16 ppm larger over both land and ocean. In
term of bias, one-band retrievals have a smaller overall bias but a similar station-to-station variability as three-band retrievals.

For the general applicability of the one-band retrieval, it is important to know if the performance of the one-band retrievals is
more affected by the amount and properties of aerosols than the three-band retrievals. Figure 4 shows one-band and three-band
land retrieval differences with respect to TCCON as a function of aerosol optical thickness (AOT) in the O, A-bandA-band, size
parameter and layer height as retrieved by the three-band retrievals. With AOT, one-band retrievals show a positive correlation
of 0.17 while three-band retrievals present a anti-correlation of —0.11. In both retrievals, the range of errors between AOT=
0.01 and AOT=0.30 are around 1.0 ppm. Scattering errors in both retrievals shows similar correlations with aerosol size
parameter and layer central height. So, compared with three-band retrievals, one-band retrievals exhibit a similar dependence
on aerosol properties.

On the other hand, as shown in Fig. 5 the DFS for aerosol parameters in the one-band retrieval is mostly well below 1
while for the three-band retrieval it is around 2 in most cases. Aerosol properties as retrieved by the one-band retrievals vary
within a small range around the prior values. This triggers the question whether a non-scattering retrieval would also provide
similar performance as the one-band "full-physics" retrieval for the cases considered in this study. To investigate this, we
also performed a non-scattering retrieval using the 2.06 ym band only. The results are summarized in Table 4. It can be seen
that the non-scattering retrieval have-has a much larger bias, and the standard deviation of differences with TCCON and the
station-to-station bias are somewhat larger than for the one-band (and three-band) retrieval. The improvement of the one-band
retrievals compared to the non-scattering retrievals becomes more clear if we consider the Izana TCCON station close to
the Sahara, known as a region with difficult aerosol scenes for XCO; retrieval. Here, we employ a coarse spatial collocation
criteria (16.5 < latitude < 34.0 degrees and —16.0 < longitude < 24.5 degrees) for observations made between September
2014 and October 2017 which results in +06-theusands-10° valid retrievals. For this Sahara region, the standard-deviation-bias
and standard deviation (b, o) of differences with TCCON for one-band ad non-scattering retrievals are (—0.23, 1.49and-) ppm

and (—2.46, 1.93) ppm, respectively.
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We conclude that despite the small DFS for aerosol properties in the one-band retrieval, the explicit treatment of aerosols in
the one-band retrieval is still important to achieve sufficient accuracy on XCOs, comparable to the three-band retrievals.

To further investigate the validity of the conclusions based on the OCO-2 vs TCCON comparison, we performed a compar-
ison between one-band and three-band retrievals over a larger region. Here, we do one-band and three-band XCOs retrievals
over Europe, the Middle East and Africa (EMEA) regionfor all OCO-2 observations made between 08 September 2014 and 31
December 2014. In Fig. 6, one-band and three-band retrievals over the EMEA region show similar data coverage and regional
XCOg variations. For example, low XCOs4 values in East Europe and enhancement towards the Middle East. Here, one-band
and three-band retrievals are highly correlated (r = 0.84) with a SD of 0.93 ppm. This indicates that the conclusions drawn
above on the similar performance between the one-band and three-band retrievals are not only valid for regions around TCCON

stations.

5 Conclusions

The comparison between the performance of one-band XCO, retrievals from OCO-2 using only the 2.06 ym band and the
commonly employed three-band retrievals showed that with one band similar accuracy can be achieved as with three bands
while the processing time is reduced by 40%. The most noticeable difference is the slightly increased standard deviation of the
differences between OCO-2 and TCCON measurements. We see that leaving out the Oy A-band and weak CO» absorption band
has little effect on the station-to-station variability in the XCOq retrievals. Our results suggest that the O2 A-band adds only
limited information on aerosols relevant for XCOy, retrievals confirming earlier results (Butz et al., 2009) using simulated OCO
measurements. For future missions it may be better to replace the O, A-band with measurements that have larger information
content on aerosols, like a Multi-Angle Polarimeter (MAP) (Mishchenko and Travis, 1997; Hasekamp and Landgraf, 2007,
Wu et al., 2015).

In order to evaluate the true retrieval capability of the the one-band and three-band retrievals, we have not applied any bias
corrections in this study. It should be noted though, that in general a bias correction is needed and will improve the validation
against TCCON. For example, Wunch et al. (2017) and Kiel et al. (2018) have found it necessary to apply, among other, a

swath-dependent bias correction.
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Table 1. State vector elements for the three-band and one-band retrievals.
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Figure 1. XCOx, retrievals by using only the 2.06 pm band of OCO-2. We evaluate overpass averaged results over land and ocean separately.
In each panel, we include bias (b,), standard deviation of the difference (o,), station-to-station variability (o), number of overpass (N),
Pearson correlation coefficient () and one-to-one line. For each overpass, variations of XCO» retrievals and TCCON data are presented with

errorbars.

11



(G9'0=>)A (69°0=>)A pueq wrf 9()°g Ul UL} UBTLIOqUIRT] POPPY

GT0°0 =>pue=> G00'0— G10°0 =>pue=> g00'0— pueq wrf 9('g UT ONEI JASHO A)suaul panry
A G10°0 =>pue=> g00'0— pueq wrf T9°T UT ONEI JASHO A)suaul panry

A GT10°0 =>pue=> G00'0— PUeq-Y £Q UT ONEI JASHO AJSuajul panry

01 => 01T => 20DX 10§ A1UTe)Io0un [BASINY

10'T =>pue=> G160 A sreadInal sorsAyd-T[ny pue Surrepess-uou usamiaq OH Jo oney
T10'T =>pue=> GRG0 A sreadInal sorsAyd-[[ny pue SurIayess-uou usamlaq QD Jo oney
00¢ => 00g => 19jowered oner [0s010Y

10=> A pueq wr! 9z ur yadap reondo [0so1oy

A (650 =>)ge'0 => pueq-y 20 ut yydop [eondo josory

(G0'F =>pue=> G66°€)0'G =>pue=>G'¢ (0°g =>pue=> ('¢)¢'8 =>pue=>('¢ Iorowrered az1s [0sory
(£000°0 =>pue=>>$0000°0)$000°0 =>Ppue=> 1000 0— A pueq wr! 90°g ut ado[s opaq[y
A 01T => Oopaq[e papua[g

0¢e=> A pueq wrf 9O Ul Iy JO SSUPOOD)

A 0¢e => PUBQ-V £Q UI 1Y JO SSOUPOOH

A 0°6e => 15 JO SSaupoo3 [[eIoAQ

0°00T =< 0°00T =< pueq wrf 9O'g ur INS

A 0°00T =< pueq-y ©Q ur (YNS) onel asiou-o)-[eusig

01 < 01 < 20 10J TeusIs J0J WOPARIJ JO SIS0

SIOW G), => SI9)OW GJ, => UOTJBLIEA UOTJBAO 908JINS
$92139p G => S92139p G => J[3ue PIUAZ JUIMIA
$Q2139p G), => SQa139p ¢), => J[3ue YPIuZ Ie[0S
[eASLIRI PUBQ-oUO [BASLIRI pUBqg-921y) SO[qeLIBA JOI[I]

70 /2 % L Aq s19)9urered [0SOIOR POASLIIOI QI AU} YPIM PIJE[NOTEd ST Iojoureled OTjeI [0SOIoR

YL (10T “Te 39 younpy) 902y e T-94'0yF g £Qq (90°2y) pueq wrd 90’z pue (940y) pueq-y 20 Ul SOPIQ[E d08JINS JUISn PIALIOP 9q Ued OPAqe PIPU[q Y], u1s A

B )M pOIeW a1 9dA) [BASLIIOI JUBAS[OI AU} UL PAsn J0U SI[qRLIBA JO)[L "S)axorIq Ul A[oyeredas paisi] oIe pue saSuel JUQIQJJIP JARY S[qeLIBA SULID)[Y Pje[al 90B)INS

pue [oso1ae ‘soniadoid aoeyIns JUAISHIP puk ANowoa3 Suimara anbrun s jur[S-uesd0 0) anp I9AIMOH ‘PUE JOAO ISOY) SB BLISIIO SULIA)[Y SUIES Y} 9ABY S[BASLIAI

JUI[S UBJO ‘SI[QRLIBA JSOW IO, "S[BASLI}AI PUBQ-QUO PUB PUBQ-IQIY) UI UBIOO PUB PUB] JOAO S[BASLIAI QDX Alenb mof 109fo1 03 parjdde sojqerrea 1)1 7 dqeL

12



Table 3. Overall performance of three-band and one-band retrievals. Here, overall bias and single sounding precision are estimated for single

soundings. All other quantities are obtained using overpass averaged values.

Diagnostics three-band One-band
land  ocean land ocean
number of valid retrievals [thousand] 366.5 135.6 343.2 130.3
overall bias b [ppm] 0.88 1.54 -0.12 —-0.76
single sounding precision o [ppm] 1.65 1.59 1.81 1.75
number of overpass 816 300 809 306
bias b, [ppm] 1.05 1.42 0.02 —-0.71
standard deviation (SD) o, [ppm] 1.29 1.11 1.30 1.25

station-to-station variability o [ppm]  0.42 0.46 0.44 0.55
Pearson correlation coefficient(cor) 0.94 0.94 0.94 0.93

mean CPU time per retrieval 21.0 seconds 13.0 seconds

Table 4. Similar as Table 3 but for non-scattering retrievals using the 2.06 xm band. Here, we use the same cases as one-band retrievals in

Table 3

Diagnostics Non-scattering

land ocean

overall bias b [ppm] —4.27 -5.15
single sounding precision o [ppm] 1.87 1.85
bias b, [ppm] —4.36 —5.31
standard deviation (SD) o, [ppm] 1.34 1.40

station-to-station variability o5 [ppm] 0.53 0.59

Pearson correlation coefficient(cor) 0.93 0.91
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Figure 2. Bias (left panel) and standard deviation (right panel) variation at different TCCON stations for one-band and three-band retrievals
over land. To see the bias variation on the same reference level, we directly subtract mean bias b, of one-band and three-band retrievals
accordingly as listed in Table 3. The station-to-station variability (o) is included in the legend of left panel. In the right panel, number of
overpass at each station is listed on the bar. The TCCON stations are ordered by latitude from southern hemisphere to northern hemisphere.

Stations with less than 5 overpasses are excluded.
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Figure 3. Same as Fig. 2, but for retrievals over ocean.
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Figure 4. Error on XCO> from one-band and three-band OCO-2 land retrievals as a function of aerosol optical thickness (in O2 A-band),

size parameter and layer height as retrieved by three-band retrievals. Shown are the mean bias for each parameter bin along with standard

deviation within each bin. Background includes the density map of XCO errors from one-band retrievals.
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Figure 5. Histogram of DFS for aerosols, aerosol size parameter, aerosol optical depth and aerosol layer height in the one-band retrievals.
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Figure 6. XCO distributions over the EMEA regions from one-band and three-band retrievals in the time period between 08 September
2014 and 31 December 2014. In the most right panel, corresponding XCOx retrievals from one-band and three-band retrievals are shown
with bias(b), standard deviation (o) and Pearson correlation coefficient (r). Here, a mean bias of 0.88 ppm was subtracted from three-band

retrievals.
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