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Abstract. NASA’s Orbiting Carbon Observatory-2 (OCO-2)

has been measuring carbon dioxide column-averaged dry-

air mole fraction, XCO2
, in the Earth’s atmosphere for over

2 years. In this paper, we describe the comparisons between

the first major release of the OCO-2 retrieval algorithm (B7r)

and XCO2
from OCO-2’s primary ground-based validation

network: the Total Carbon Column Observing Network (TC-

CON). The OCO-2 XCO2
retrievals, after filtering and bias

correction, agree well when aggregated around and coinci-

dent with TCCON data in nadir, glint, and target observation

modes, with absolute median differences less than 0.4 ppm

and RMS differences less than 1.5 ppm. After bias correc-

tion, residual biases remain. These biases appear to depend

on latitude, surface properties, and scattering by aerosols. It

is thus crucial to continue measurement comparisons with

TCCON to monitor and evaluate the OCO-2 XCO2
data qual-

ity throughout its mission.

1 Introduction

The Orbiting Carbon Observatory-2 (OCO-2) is NASA’s first

Earth-orbiting satellite dedicated to observing atmospheric

carbon dioxide (CO2) to better understand the carbon cy-

cle. The mission’s main goal is to measure carbon diox-

ide with enough precision and accuracy to characterize its

sources and sinks on regional scales and to quantify its sea-

sonal and interannual variability (Crisp et al., 2008; Boland

et al., 2009; Crisp, 2015). OCO-2 was successfully launched

on 2 July 2014 into low-Earth orbit, and its grating spec-

trometers measure near-infrared spectra of sunlight reflected

off the Earth’s surface in three spectral regions (centered

at 0.765, 1.61, and 2.06 µm). Carbon dioxide and oxygen

(O2) in the Earth’s atmosphere absorb sunlight at well-known

wavelengths in the three spectral regions. By fitting those ab-

sorption features using an optimal estimation retrieval algo-

rithm described in detail by O’Dell et al. (2012) and Connor

et al. (2008), atmospheric abundances of carbon dioxide and

surface pressure are retrieved along with other atmospheric

and surface properties (e.g., cloud and aerosol optical depth

and distribution, water vapor, temperature, and surface re-

flectance).

The main product from the retrieved abundances of carbon

dioxide and surface pressure is the column-averaged dry-air

mole fraction of CO2, called XCO2
, which is the ratio of CO2

to the dry surface pressure. The XCO2
quantity is useful for

carbon cycle science, as it is used to directly infer surface

fluxes of CO2, and is relatively insensitive to vertical mixing

(Yang et al., 2007; Keppel-Aleks et al., 2011). In the remain-

der of this paper, a “measurement” refers to the entire process

of producing the atmospheric abundances of XCO2
.

OCO-2 measures XCO2
with high precision from space

(Eldering et al., 2017) but possesses biases that the OCO-

2 team have attempted to characterize and remove (Man-

drake et al., 2015). To validate the OCO-2 measurements,

we use the Total Carbon Column Observing Network (TC-

CON; Wunch et al., 2011a), a comprehensive ground-based

validation network that also measures XCO2
. The TCCON in-

struments are solar-viewing Fourier transform spectrometers,

and they measure the same atmospheric quantity as OCO-

2, but their measurements are unaffected by surface proper-

ties and minimally affected by aerosols. TCCON instruments

cannot measure through optically thick clouds.

The OCO-2 satellite has three viewing modes: nadir mode,

in which the instrument points straight down at the surface of

the Earth; glint mode, in which the instrument points just off

the glint spot on the surface; and target mode, in which the

observatory is commanded to scan about a particular point on

the ground as it passes overhead. The three modes serve dif-

ferent purposes: the nadir and glint-mode measurements are

normally used for scientific analyses, and the target mode is

used primarily as part of the OCO-2 bias correction proce-

dure. All three modes must be independently verified using

comparisons with the TCCON data. This paper will describe

the OCO-2 observation modes in Sect. 2, how the OCO-2

version 7 algorithm target-mode retrievals compare with the

TCCON data in Sect. 3, and how the glint and nadir mode

measurements compare with TCCON data in Sect. 4.

2 OCO-2 observation modes

OCO-2’s nadir and glint observation modes are considered

the nominal “science modes” of the OCO-2 measurement

scheme. The nadir observations produce useful measure-

ments only over land and near the sub-solar point over trop-

ical oceans. The glint data are often separated into glint over

land (“land glint”) and glint over water (“ocean glint”), as the

two modes use different surface reflectance models: Lamber-

tian over land (matching the surface model of the nadir obser-

vations) and Cox–Munk with a Lambertian component over

water. Retrievals are performed over a limited latitude range

in glint due to concerns about biases introduced by aerosol

scattering over the largest optical path lengths; see Fig. 1.

The nadir mode data can provide more reliable XCO2
mea-

surements over higher latitudes over land, which is particu-

larly important in the Northern Hemisphere, where the bo-

real forest, a driver of the CO2 seasonal cycle, extends north

of 70◦ N. Measurements over inland lakes can be successful

in ocean glint mode.

OCO-2 has a geographical “near-repeat” after 16 days.

During each 16-day period, the satellite orbits the Earth

233 times, with each orbit along a distinct “orbital path”.

The OCO-2 orbit is sun-synchronous, with an equator cross-

ing time near local noon (13:36 LT; Crisp, 2015). The origi-

nal measurement scheme alternated between glint and nadir

observations on alternate 16-day ground track repeat cycles.

Due to the loss of ocean measurements during nadir mode,

and the loss of high latitude measurements during glint mode,
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Figure 1. OCO-2 nadir, glint, and target-mode measurement density

in 5◦ bins as a function of latitude from the beginning of the mission

through 31 December 2016. These are from the “lite” files applying

“warn level” 11 filters and requiring that the “xco2_quality_flag” is

zero.

key components of the carbon cycle (e.g., the springtime

draw down of CO2 due to the onset of the Northern Hemi-

sphere growing season) were poorly sampled. Thus, the ob-

serving strategy was changed to improve the coverage of the

oceans and high latitude land masses on 2 July 2015 to al-

ternate between glint and nadir modes for each subsequent

orbit. The OCO-2 observation scheme was optimized on

12 November 2015, to assign orbits that are almost entirely

over ocean to always measure in glint mode. This change oc-

curred on 72 out of the 233 orbital paths: 15 over the Atlantic

and 57 over the Pacific, resulting in higher data throughput

due to the reduction in nadir soundings over ocean. Crisp

et al. (2017) discuss the measurement strategy in detail.

Target mode is designed to evaluate biases in the OCO-

2 XCO2
product. The target locations are mostly selected to

be coincident with ground validation stations, typically at

TCCON sites. During a target-mode maneuver, the OCO-2

satellite rotates from its nominal science mode to point at a

selected ground location. This transition takes approximately

5 min and rotates the spacecraft’s solar panels away from the

Sun. The spacecraft then scans across the site or “nods” as

it passes overhead to sweep across the ground several times

(see Fig. 2) over a period of about 4.5 min: these dithered

measurements comprise the “target-mode data”. The space-

craft then transitions out of target mode and back into its

nominal science mode over the next 5 min. In total, the ma-

neuver takes about 14.5 min and, during this time, the space-

craft, traveling at 7.5 kms−1, has traveled over 6500 km.

The strength of target-mode measurements is that thou-

sands of spectra are obtained in a short period of time over

a small region of the world (about 0.2◦ longitude × 0.2◦ lat-
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Figure 2. The zenith angles viewed during an OCO-2 target-mode

maneuver over Lamont on 5 March 2015. The spacecraft “nods”

across the ground target as it rotates overhead. The colors and de-

creasing size of the points indicate the time of the measurement.

The top inset shows the locations of the measurements in latitude

and longitude. The eight footprints are apparent in the roughly N–

S stripes. There are 3473 soundings with a retrieval zenith angle

of less than 40◦ in this target-mode maneuver, most of which are

obscured in the inset by the later, nearly spatially coincident sound-

ings.

itude for the densest measurements). For example, in Fig. 2,

there are 3473 soundings in the region around the Lamont

TCCON station. As long as the target location is far from

large emissions sources, XCO2
can be assumed constant spa-

tially and temporally within a target region, because atmo-

spheric XCO2
is unlikely to change significantly over small

geographic regions within 4.5 min. However, during the ma-

neuver, many other parameters can change significantly, such

as the atmospheric path, the path length of the measurement

(referred to as the “airmass”, where one airmass corresponds

to the optical path length of one vertical column through the

atmosphere), surface reflectivity (albedo), and topography.

Any variability in the retrieved XCO2
in the target-mode data

is considered to be an artifact and can provide insight into

biases caused by the algorithm’s treatment of the parameters.

With this in mind, the target locations were carefully cho-

sen to span a wide range of latitudes, longitudes, and surface

types to challenge the OCO-2 retrieval algorithm (B7r) and

reveal any biases it causes.

3 Target-mode observations

3.1 Target locations and selection

There are a limited number of ground locations that can be

targeted because the locations must be preprogrammed into

the spacecraft software. For the 1st year after launch, there

www.atmos-meas-tech.net/10/2209/2017/ Atmos. Meas. Tech., 10, 2209–2238, 2017
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Table 1. Available targets. Note that the target location (listed in degrees latitude, degrees longitude, and altitude above sea level in km) may

not be exactly centered on a TCCON site location. Targets without a corresponding TCCON station are marked with a star (∗) and are not

discussed in this paper.

Target name Target location Target active dates Data reference

(Lat, Long, Alt)

Anmyeondo, South Korea 36.624, 126.373, 0.006 July 2015–Present

Ascension Island −7.947, −14.387, 0.165 July 2014–Present Feist et al. (2014)

Białystok, Poland 53.196, 23.0758, 0.124 July 2014–Present Deutscher et al. (2014)

Boulder, CO∗ 40.014, −105.104, 1.61 July 2015–Present

Bremen, Germany 53.104, 8.850, 0.004 July 2014–Present Notholt et al. (2014)

Caltech, Pasadena, CA 34.123, −118.073, 0.157 July 2014–Present Wennberg et al. (2014b)

ARM TWP–Darwin, Aus −12.375, 130.917, 0.0049 July 2014–Present Griffith et al. (2014a)

Edwards FRC, CA 34.958, −117.882, 0.699 July 2014–Present Iraci et al. (2016)

Izaña, Tenerife, Spain 28.297, −16.518, 2.2317 July 2014–Present Blumenstock et al. (2014)

Karlsruhe, Germany 49.100, 8.438, 0.11 July 2014–Present Hase et al. (2014)

Eureka, Canada 80.053, −86.417, 0.601 July 2014–June 2015 Strong et al. (2014)

SGP ARM Site, Lamont, OK 36.604, −97.486, 0.3179 July 2014–Present Wennberg et al. (2016)

Lauder, NZ −45.002, 169.685, 0.384 July 2014–Present Sherlock et al. (2014)

Libya∗ 28.550, 23.390, 0.108 June 2016–Present

Litchfield, Aus∗ −17.151, 139.795, 0.233 June 2016–Present

Manaus, Brazil −3.213, −60.598, 0.04877 July 2014–June 2016 Dubey et al. (2014)

Mexico City, Mexico∗ 19.429, −99.138, 2.239 July 2015–Present

Orléans, France 47.965, 2.113, 0.1308 July 2014–Present Warneke et al. (2014)

Paris, France 48.846, 2.356, 0.034 July 2015–Present Te et al. (2014)

Park Falls, WI 45.945, −90.273, 0.474 July 2014–Present Wennberg et al. (2014a)

Fairbanks, Alaska∗ 64.859, −147.844, 0.501 July 2015–Present

Railroad Valley∗ 38.497, −115.690, 1.4359 July 2014–Present

Réunion Island −21.049, 55.285, 0.504 July 2014–Present De Mazière et al. (2014)

Rikubetsu, Japan 43.452, 143.700, 0.236 July 2015–Present Morino et al. (2014b)

Rosemount, MN∗ 44.689, −93.027, 0.289 June 2016–Present

Saga, Japan 33.241, 130.288, 0.003 July 2015–Present Kawakami et al. (2014)

São Paulo, Brazil∗ −23.539, −46.634, 0.76 July 2015–June 2016

Shanghai, China∗ 31.22, 121.456, 0.12 July 2015–June 2016

Sodankylä, Finland 67.368, 26.633, 0.18 July 2014–Present Kivi et al. (2014)

Tsukuba, Japan 36.051, 140.122, 0.0277 July 2014–Present Morino et al. (2014a)

Wollongong, Aus −34.451, 150.855, 0.008 July 2014–Present Griffith et al. (2014b)

were 19 possible target locations. In July 2015, 8 additional

targets slots became available, allowing for 27 target loca-

tions. At several times, target locations have been changed

or replaced. A list of the ground target locations and dates is

provided in Table 1, and a map of their locations is in Fig. 3.

Individual locations can be targeted by OCO-2 only on spe-

cific OCO-2 orbit paths. Only one target location can be as-

signed to a given orbit path, and only if the OCO-2 ground

track for that path is sufficiently close to the ground target lo-

cation. Thus, for each day, there are between one and seven

ground target locations to choose from. The spacecraft power

systems can handle up to three target-mode maneuvers per

day due to the power constraints imposed by rotating the

spacecraft solar panels away from the Sun. We typically se-

lect only one target per day.

There are several TCCON stations that are located in re-

gions with significant spatial variability in topography or

ground cover. For example, the Lauder TCCON station is

in the midst of rolling hills, the Wollongong TCCON sta-

tion is between the ocean and a sharp escarpment, and the

Edwards TCCON station is adjacent to a very bright playa,

a land surface property previously identified from the Green-

house Gases Observing Satellite (GOSAT; Kuze et al., 2009,

2016) results as challenging for space-borne XCO2
retrievals

(Wunch et al., 2011b). With target-mode measurements, the

impact that local surface variability has on the XCO2
re-

trievals becomes apparent.

Other TCCON stations (e.g., Park Falls, Lamont) have

relatively uniform surface properties and are reasonably far

from anthropogenic CO2 sources, but the ground cover can

vary from season to season. The Sodankylä and Eureka sites,

located at high northern latitudes, challenge the OCO-2 algo-

rithm at very high solar zenith angles and airmasses and with

snowy scenes. Izaña, Réunion, and Ascension, all lower-

latitude sites, are located on small islands remote from large

land masses but with significant topography. The Izaña TC-

Atmos. Meas. Tech., 10, 2209–2238, 2017 www.atmos-meas-tech.net/10/2209/2017/
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Figure 3. Map of OCO-2 target locations. Yellow circles show the locations of the targets that coincide with TCCON stations; orange stars

show the locations of targets that do not have co-located TCCON stations.

CON station (28.3◦ N) is at 2.37 km altitude, whereas the

Réunion (20.9◦ S, 0.087 km) and Ascension Island (7.9◦ S,

0.032 km) stations are closer to sea level.

Several TCCON target stations are near or in urban regions

with varied topography and emissions sources: Pasadena

(population ∼ 17 million), Tsukuba (population ∼ 228 000),

Paris (population ∼ 2.24 million), and Karlsruhe (population

∼ 300 000).

There are several target locations that are not TCCON sta-

tions (Fig. 3, orange stars), and, although data from those

targets will not be analyzed in this paper, the data will

help assess the radiometric calibration of the instrument, its

ability to measure large urban sources of CO2, validate its

solar-induced fluorescence observations (Frankenberg et al.,

2014), and assess its ability to measure vertically resolved

information about CO2. Railroad Valley is a heavily instru-

mented radiometric calibration site (Kuze et al., 2011), and

Libya has surface properties that are valuable for radiomet-

ric calibration. Shanghai, São Paulo, and Mexico City are

geographically well-constrained urban regions with signifi-

cant CO2 emissions. Rosemount and Litchfield have instru-

mentation that will help verify the OCO-2 solar-induced flu-

orescence observations. Boulder has frequent AirCore CO2

profile measurements (Karion et al., 2010). Fairbanks is the

location of a future TCCON station.

The OCO-2 spacecraft must be manually commanded to

perform a target maneuver. The target locations are selected

a day or two in advance, based on the weather forecast, the

operational status of the TCCON station (if the target is a

TCCON station), the importance of the projected data loss in

nadir or glint mode from performing the target-mode oper-

ation, and the historical statistics of successful target-mode

measurements over that site. The projected data loss depends

primarily on whether the nominal mode for that orbit was

nadir over land, nadir over ocean, glint over land, or glint

over ocean. If the nominal mode is nadir over ocean, little

useful data loss occurs, as nadir measurements over ocean

are usually too dark in the near-infrared for successful re-

trievals: in this case, the target is almost always selected

given a reasonable weather forecast. This has mostly been

the case for Réunion Island, which has been targeted reg-

ularly from OCO-2 nadir orbits. For the other three cases,

there will be some loss of regular science data to accom-

modate a target-mode operation. In these cases, the histori-

cal statistics of acquiring good target-mode data and weather

forecasts are weighted more heavily before enabling the tar-

get. Often, if the weather forecast is not ideal, no target-mode

measurements will be selected.

As of 31 December 2016, 264 targets have been observed,

with 230 of them over TCCON stations. The TCCON data

have been analyzed for 90 % of those targets. Of the remain-

ing 208 targets, about 59 % (123) were clear enough to obtain

sufficient high-quality OCO-2 data to compare with TCCON

data.

3.2 Target mode and the OCO-2 bias correction

All current space-based XCO2
measurements have system-

atic biases. These biases can be caused by uncertainties in

the spectroscopy, by limitations in the information content of

the measurements (i.e., the spectra do not contain enough in-

formation to resolve multiple independent vertical pieces of

information), by uncertainties or oversimplifications in the

optical properties of the atmosphere and surface – particu-

larly from low-lying cloud, haze, and aerosols – and by un-

certainties in the instrument characterization and calibration

(e.g., Crisp et al., 2017; Wunch et al., 2011a; Guerlet et al.,

2013; Schneising et al., 2012). Considerable effort is ded-

icated to creating robust “bias correction” procedures, and

these are detailed in regularly updated documentation avail-

www.atmos-meas-tech.net/10/2209/2017/ Atmos. Meas. Tech., 10, 2209–2238, 2017



2214 D. Wunch et al.: OCO-2 validation

able online through the Goddard Data Center (GES-DISC,

2016) and the CO2 portal (JPL-Caltech, 2016). The bias cor-

rection procedure for the current B7r dataset is described in

Mandrake et al. (2015).

There are three key types of biases addressed by the OCO-

2 bias correction procedure: footprint-dependent biases; spu-

rious correlations of the retrieved XCO2
with other retrieval

parameters (a “parameter-dependent” bias); and a multiplica-

tive factor to scale to the World Meteorological Organiza-

tion (WMO) trace-gas standard scale (Zhao and Tans, 2006),

which we will refer to as a “scaling” bias. The parameter-

dependent bias can depend on retrieval parameters such as

the surface pressure retrieval error, signal level, airmass, sur-

face albedo, or spurious variability in the retrieved CO2 pro-

file.

Each OCO-2 spectral channel records eight spectra simul-

taneously, each with a slightly different atmospheric path,

and hence measures sunlight that has reflected off of a dif-

ferent surface location or “footprint”. The spectrally depen-

dent radiometric response of each footprint is different and

is calibrated independently. Small (< 0.1 %) uncertainties in

the calibration introduce persistent footprint-dependent bi-

ases in the retrieved XCO2
that must be removed as part of the

bias correction process. Footprint-dependent biases are cor-

rected using a subset of OCO-2 data collected over small ar-

eas around the world, in which there were at least 100 sound-

ings with low variability, and where all eight footprint mea-

surements resulted in a successful retrieval (Mandrake et al.,

2015). Note that there are two footprint-dependent correc-

tions applied to the B7r OCO-2 data: one that is applied as

part of the standard bias correction algorithm and one that

was discovered after the generation of the bias correction.

This second “residual footprint bias” correction must be ap-

plied manually by the data user (Mandrake et al., 2015). In all

subsequent analyses in this paper, both footprint-dependent

biases are removed from the data, unless otherwise specified.

In future versions of the OCO-2 algorithm, there will be no

residual footprint bias correction required.

The parameter-dependent bias correction uses a genetic al-

gorithm to determine which retrieval parameters account for

the largest fraction of the spurious variability found in the es-

timated XCO2
on large spatial scales (Mandrake et al., 2013,

2015). The algorithm uses two subsets of the OCO-2 data

for this task: a “Southern Hemisphere approximation” which

exploits the low spatial and temporal variability of XCO2
in

the Southern Hemisphere south of 25◦ S (e.g., Wunch et al.,

2011b) and a “small area analysis” which exploits the low

spatial variability of XCO2
within small regions (0.89◦ lati-

tude on a single orbit track) and can be applied at all lati-

tudes (Mandrake et al., 2015). A multivariate regression is

performed between spurious XCO2
variability and the param-

eters. The resulting slopes of the regressions allow us to then

subtract the predicted bias from the XCO2
values. In the re-

sults that follow, the footprint and parameter-dependent bi-

ases in the OCO-2 target-mode data have been removed fol-
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Orl éans
Park Falls
Lamont
Tsukuba
Edwards
Pasadena
Saga
Izana
Ascension Island
Darwin
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Réunion
Wollongong
Lauder

(a)

(b)

(c)

Figure 4. The relationship between the median value from each

OCO-2 target-mode maneuver and the median value of the coin-

cident TCCON data, typically recorded within 1 h of the maneuver.

The top plot (a) does not have the Mandrake et al. (2015) bias cor-

rection applied and the middle plot (b) is after bias correction but

before the scaling is applied. Plot (c) shows the relationship when

the scaling correction is applied and the recommended residual foot-

print correction described in Mandrake et al. (2015). Note that the

best fit line in plot (c) is much more consistent with the one-to-one

line than in plot (b). The slope and scatter in plot (c) is unaffected

by the residual footprint correction. The one-to-one line is indicated

by the dashed line, and the best fit is marked in the solid line. The

error bars represent the standard deviation about the median.
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Figure 5. The time series of the differences between the OCO-2 target-mode data and the best fit line in Fig. 4c. The top panel shows the

magnitude of the sum in quadrature of the standard deviation of the OCO-2 data during the target and the standard deviation of the coincident

TCCON data. Those values are plotted as the error bars in the lower panel.

lowing Mandrake et al. (2015), allowing us to determine the

scaling factor that ties the OCO-2 XCO2
scale to the TCCON

scale. Data near coastlines are used to link the scaling fac-

tors between measurement modes. The parameter-dependent

corrections can affect the scaling bias; therefore, they must

be removed before the scaling bias can be computed.

Placing the OCO-2 data on the World Meteorological Or-

ganization’s trace-gas standard scale is crucial for obtaining

accurate flux estimations that are consistent with the inver-

sions that assimilate the surface in situ CO2 measurements

that are carefully calibrated to the WMO scale (Zhao and

Tans, 2006). The TCCON data are tied to the WMO scale

and serve as the link between the calibrated surface in situ

measurements and the OCO-2 measurements.

To tie the TCCON measurements to the WMO scale, over

30 profiles of in situ CO2 have been measured directly over-

head of 15 TCCON stations with aircraft carrying carefully

calibrated instrumentation (Wofsy, 2011; Pan et al., 2010;

Singh et al., 2006) or AirCore (Karion et al., 2010). These

profiles, the first of which were collected in 2004, vary in

altitude range, depending on the vehicle, and thus must be

combined with estimates of the CO2 in the highest altitudes

of the atmosphere to generate a full vertical profile. These

high-altitude CO2 profile estimates are provided by the TC-

CON a priori profiles, which are based on in situ measure-

ments of the atmosphere from aircraft and high-altitude bal-

loon platforms (Wunch et al., 2015). The full vertical pro-

files are then integrated, smoothing with the TCCON averag-

ing kernel and a priori profile to compute the best estimate

of the “true” XCO2
value. Integrated profiles are compared

with the retrieved XCO2
from the TCCON spectra and result

in a highly linear relationship which defines a multiplicative

bias between the TCCON XCO2
and the best estimate of the

“truth”. Removing this bias from the TCCON XCO2
ties it

to the WMO scale. The details of this method of tying the

TCCON XCO2
to the WMO scale are described in Wunch

et al. (2010), Washenfelder et al. (2006), Messerschmidt et al.

(2011), and in Wunch et al. (2015).

We consider TCCON data to be coincident with the OCO-

2 target-mode measurements when they have been recorded

within ±30 min of the time at which the spacecraft is clos-

est to nadir during the maneuver. If there are fewer than

five TCCON data points recorded within that time, the win-

dow is extended to ±120 min, but this is required in only

10 % of cases. We use the full OCO-2 version B7 retrospec-

tive data (i.e., B7r), available from GES-DISC (2016, http:

//disc.sci.gsfc.nasa.gov/OCO-2), and manually apply the fil-

ters listed in Table 2.

The analyses of the target-mode data to develop the scal-

ing bias are completed prior to the generation of “warn lev-

els” and the official filtering schemes, and this scaling bias

is applied as part of the bias correction procedure required

to generate the “lite” files used commonly by the scientific

community. Warn levels determine sets of OCO-2 data with

consistent quality data (as defined by the RMS scatter) within

an observation mode (Mandrake et al., 2013, 2015). A sig-

nificant volume of data is required to generate warn levels,

which is difficult to achieve with the relatively sparse target-

mode data. Furthermore, individual warn levels in one mea-

surement mode are not necessarily equal in quality to another
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Table 2. Filters applied to the target-mode OCO-2 data from the standard OCO-2 files (i.e., not the “lite” files). The parameter names listed

below are written as they are in the standard L2 files. Parameters for which there is only one limit are marked with a “–”. The units are

listed where applicable. The parameter “blended_albedo” is defined as 2.4 × albedo_o2_fph − 1.13 × albedo_strong_co2_fph. The tag “fph”

denotes parameters from the full physics algorithm; “abp” denotes parameters from the A-band preprocessor algorithm designed for quick

cloud screening; “idp” denotes the IMAP-DOAS preprocessor.

Parameter Lower bound Upper bound Units Description

surface_pressure_delta_abp −4000 583 Pa Surface pressure difference from the prior

retrieval_surface_roughness – 26.50 Surface roughness

relative_residual_mean_square_weak_co2 – 0.00250 Spectral residuals in the weak CO2 band

retrieval_zenith – 40 ◦ Zenith angle of the retrieval

outcome_flag – 2 Data quality flag

blended_albedo – 0.8 Described in the table caption

h2o_ratio_idp 0.7 1.02 The ratio of water retrieved from the two CO2 bands

co2_ratio_idp 0.995 1.025 The ratio of CO2 between the two bands

surface_pressure_delta_fph −5 10 hPa Surface pressure difference from the prior

dof_co2_profile 1.8 – Degrees of freedom for signal in the CO2 profile

ice aod – 0.03 Ice aerosol optical depth extracted from the aerosol field

dust aod 0.001 0.3 Dust aerosol optical depth extracted from the aerosol field

co2_grad_del −70 70 The oscillation of the retrieved profile relative to the prior

sulfate aod – 0.4 Sulfate aerosol optical depth extracted from the aerosol field

albedo_weak_co2_fph 0.1 – Weak CO2 albedo

airmass – 3.6 1
cos(solar zenith)

+
1

cos(retrieval zenith)

surface_type Not “Coxmunk” Not “Coxmunk” Retain only soundings over land (pure Lambertian surfaces)
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Figure 6. The site-to-site differences between the OCO-2 data and the coincident TCCON data, separated by observation mode. This is a “box

plot”: the bottom and top edges of the box indicate the 25 and 75 percentile limits; whiskers represent the full range of the data, excluding

the outliers (McGill et al., 1978). The outliers and sites for which only one coincident set of measurements is available are represented by

plus (“+”) symbols. The grey shaded area indicates the ±0.4 ppm uncertainty in the TCCON values: deviations beyond the shading are

more likely attributable to uncertainties in the OCO-2 data. Filled boxes indicate sites for which more than 10 coincident measurements were

made. Open boxes have at least three coincident measurements.

mode. The target-mode filters are consistent with the “warn

level 15” scheme described by Mandrake et al. (2015), ex-

cept that the filter on the surface pressure difference from the

prior in the A-band preprocessor is loosened, and we have

added an additional outlier filter.

Figure 4 shows the OCO-2 XCO2
target-mode median

data comparisons with coincident TCCON data. The best fit

lines were computed using a method that accounts for un-

certainties in the dependent and independent variables (York

et al., 2004). Panel (a) shows the results prior to applying the

parameter-dependent bias correction and has a correlation

coefficient of R2 = 0.78. Panel (b) shows the relationship

after the correction has been applied and an improved cor-

relation coefficient (R2 = 0.86). This increase in R2 is sig-

nificant at the 90 % level (but not the 95 % level; p = 0.055)

using a standard Fisher’s z-transformation test. The improve-

ment indicates that the parameter-dependent bias correction

is effective at removing spurious variability in the OCO-2

data with respect to TCCON. The slope in panel (b), which

has a y intercept that is forced through 0, is used to derive the
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Figure 7. Edwards target on 19 April 2015. The background is the MODIS true-color image of the Edwards area at the time of the target-mode

maneuvers. The white star indicates the location of the Edwards TCCON station. The left panel shows the elevation model of the surface, and

the right panel shows the difference in OCO-2 XCO2
from the value recorded by the TCCON instrument. A spatial bias related to the surface

brightness is clearly present in this target-mode measurement. In other Edwards target-mode measurements, this surface brightness-correlated

bias is not as strong.

scaling factor between TCCON and OCO-2 target observa-

tions (m = 0.9977±0.04, which represents ∼ 1 ppm) for the

time period spanning 8 September 2014 through 31 Decem-

ber 2016. The y intercept is forced through 0 because it is as-

sumed that in the absence of atmospheric CO2, both OCO-2

and TCCON will measure 0 ppm. The scaling factor derived

as part of the Mandrake et al. (2015) bias correction proce-

dure was produced using the data available at the time, which

spanned November 2014 through May 2015, and resulted

in a similar, but not identical, slope of 0.99694 ± 0.00102.

This scaling bias difference results in a 0.3 ppm offset be-

tween OCO-2 and TCCON XCO2
at 400 ppm; the standard

bias-corrected OCO-2 measurements appear to be 0.3 ppm

too high. Panel (c) of Fig. 4 shows the relationship between

the OCO-2 XCO2
after applying the bias correction, scal-

ing, and the residual footprint correction (m = 1.0007±0.04,

R2 = 0.86). The residual footprint correction does not im-

pact the slope or R2 value of the relationship. Zhang et al.

(2017) have shown that the uncertainties computed on this

slope are likely to be significantly overestimated.

The long-term time dependence of the difference between

the OCO-2 target-mode data and the coincident TCCON

data (1XCO2
), after the scaling bias is removed, is plotted

in Fig. 5. The algorithm, calibration, and instrument cause

no apparent time-dependent drift in 1XCO2
or their errors.

Thus, the bias correction is successful at reducing both the

parameter-dependent and scaling biases with respect to TC-

CON and our other bias correction datasets described earlier

in this section.

However, the target-mode measurements are sensitive

enough to point to some residual biases (i.e., those not cor-

rected by the Mandrake et al., 2015, bias correction process)

that are currently under investigation by the OCO-2 algo-

rithm, calibration, and validation teams. These residual bi-

ases are more geographically localized in nature and appear

to be related to surface properties or instrument pointing er-

rors and as such might not be expected to be captured by

the standard bias correction, which is designed to minimize

biases that dominate on a more global scale.

3.3 OCO-2 biases related to surface properties

Site-dependent differences from the one-to-one plot in

Fig. 4b are shown in Fig. 6 and reveal significant location-

dependent biases. Any differences with magnitudes less than

0.4 ppm could be attributable to TCCON station site-to-site

biases (Wunch et al., 2010), so we focus on the biases that

are significantly larger and thus most likely attributable to

the OCO-2 data. Two clear examples of site-dependent bi-

ases are at Edwards, with a median low bias of ∼ 1 ppm,

and Wollongong, with a median high bias of ∼ 0.8 ppm. The

spatial dependence of the target-mode measurements reveals

that small-scale variability in surface properties (e.g., albedo,

altitude, surface roughness) can cause significant and spuri-

ous variability in the OCO-2 XCO2
.
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Figure 8. The left panel shows the MODIS true-color image of the Wollongong region. The orange solid line marks the east coast of

Australia; the South Pacific (Tasman Sea) lies to the east. The sharp Illawarra escarpment is the dark region inland, mostly contained in

the dashed orange box. The dashed orange box shows the latitude and longitude extent of the images in the right panel and in Fig. 9, and

the white star indicates the location of the Wollongong TCCON station. The right panel shows the retrieval altitudes near the Wollongong

TCCON station (indicated by the white star) compiled from several target maneuvers.

Figure 9. The filtered target-mode measurements over Wollongong. The colors represent the difference between the OCO-2 measurement

and the coincident TCCON measurement. The OCO-2 data over Wollongong are generally higher (redder) than the TCCON measurements

and significantly high in the July and August 2015 target-mode maneuvers.

The Edwards TCCON station is situated in the bright

California high desert on the edge of a very bright playa

with near-infrared albedos reaching 0.6 and little topographic

change (Fig. 7). There have been 12 target observations of

Edwards, 10 of which had clear skies during the OCO-2 ma-

neuver. On all but one of the clear-sky target maneuvers over

Edwards, the OCO-2 XCO2
appears to include a spurious de-

pendence on surface brightness, with higher XCO2
retrieved

over brighter surfaces. However, the magnitude of the sen-

sitivity differs from target to target: the RMS of the target-

mode measurements ranges from 0.9 to 1.7 ppm, and the re-

lationships between surface albedo and XCO2
have different

slopes (ranging from −2.8 to 10.5 ppm per unit albedo with

a mean of 4.5 ppm per unit albedo). The underlying physical

reason is currently unknown. All mean target-mode OCO-2

Atmos. Meas. Tech., 10, 2209–2238, 2017 www.atmos-meas-tech.net/10/2209/2017/
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Figure 10. Data from OCO-2 targets over the Lauder TCCON station. The background is the MODIS true-color image of the Lauder area

at the time of the target-mode maneuvers. The white star indicates the location of the Lauder TCCON station. The left panel shows the

elevation model of the surface. The middle panel shows the difference in XCO2
from the value recorded by the TCCON instrument on

27 September 2014. The right panel shows the difference in XCO2
from the value recorded by the TCCON instrument on 17 February 2015.

A spatial bias is clearly present, related to the surface elevation, but the sign of the bias changes between targets prior to 20 November 2014

and after.

XCO2
at Edwards is biased lower than the coincident TCCON

XCO2
.

Conversely, the Wollongong station, which is situated near

the east coast of Australia, is a dark surface (with near-

infrared albedos over land of . 0.3) and lies between the

Tasman Sea to the east and the Illawarra escarpment to the

west (Fig. 8). The OCO-2 retrievals of XCO2
in target mode

are systematically higher than those from the TCCON, and

are particularly high (up to 5 ppm higher than TCCON) in

July and August (Fig. 9), due to the problem discussed be-

low in Sect. 4. OCO-2 data over Białystok, located in a dark,

forested region, also has a persistent high bias (on the order

of 1 ppm) compared with TCCON.

Even for sites at which OCO-2 XCO2
does not appear to

have a significant bias with respect to TCCON, the retrievals

can show spurious spatially correlated errors. The Lauder

TCCON station is situated in a valley between rolling hills

(Fig. 10). The surface altitude is spatially correlated with

changes in XCO2
during each target-mode maneuver. The

pattern is apparent in all but one clear-sky target-mode mea-

surement over Lauder. The biases with respect to TCCON

switch sign after 20 November 2014, when the pointing off-

sets used by the spacecraft were updated (Fig. 10b and c).

The average RMS of the differences in XCO2
before and

after 20 November 2014 are 1.2 and 1.1 ppm, respectively.

The near-nadir OCO-2 measurements during the target-mode

maneuver (defined by restricting retrieval zenith angles to

≤ 20◦) show RMS variabilities of 0.9 ppm after 20 Novem-

ber 2014 and 0.8 ppm prior to 20 November 2014.

4 Nadir and glint-mode comparisons to TCCON

In this section, we evaluate the bias-corrected OCO-2 glint

and nadir modes against ground-based TCCON data to re-

veal other biases that were not eliminated using the stan-

dard version 7 bias correction. We use the version B7 ret-

rospective OCO-2 “lite” files here, which have had the

footprint-dependent, parameter-dependent, and scaling bi-

ases (described in Sect. 3.2) removed. The residual footprint

correction was applied manually to the data. The “lite” files

are available from the CO2 Virtual Science Data Environ-

ment (JPL-Caltech, 2016, http://co2.jpl.nasa.gov) and from

GES-DISC (2016).

We limit ourselves to data for which the warn level is less

than or equal to 11, as recommended by Mandrake et al.

(2015), and for which the “xco2_quality_flag” is zero. Man-

drake et al. (2015) caution against using warn levels above

12 for nadir and glint modes, because those data can con-

tain errors significantly in excess of the stated a posteriori

uncertainties on the XCO2
values. For these comparisons,

we choose the following coincidence criteria: a box cen-

tered around the TCCON station that spans 5◦ in latitude

and 10◦ in longitude on the same day as a TCCON measure-

ment, with the exceptions mentioned below. In the Southern

www.atmos-meas-tech.net/10/2209/2017/ Atmos. Meas. Tech., 10, 2209–2238, 2017
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Figure 11. The dependence of the difference between OCO-2 XCO2
coincident with TCCON XCO2

(1XCO2
) on the season and OCO-2

observing mode. This is a box plot akin to Fig. 6. The filled boxes indicate seasons for which there are > 10 comparison points between

OCO-2 and TCCON; the thin boxes contain at least 3 comparison points. Any site and season for which there were fewer than three com-

parison points were excluded from the plot. The different colors indicate the different seasons (blue = DJF, orange = MAM, yellow = JJA,

purple = SON). The TCCON stations are ordered by latitude, where Lauder is 45◦ S and Eureka is 80◦ N. The equator is between Manaus

(3◦ S) and Saga (33◦ N). The high southern latitude ocean glint bias is clear in the top plot.

Hemisphere south of 25◦ S, we use a larger box spanning

20◦ in latitude and 120◦ in longitude because the geographi-

cal variance in XCO2
in the Southern Hemisphere is low (e.g.,

Wunch et al., 2011b). The Edwards and Pasadena boxes are

constructed differently because they are geographically very

close to each other, but the Pasadena site is within the pol-

luted, mountain-contained South Coast Air Basin, and Ed-

wards is in the clean desert north of the mountains. Thus,

we limit the Edwards latitudes to north of Edwards but al-

low the longitudes to span 5◦ further west over the Pacific

Ocean. The Pasadena coincidence box is constrained to the

South Coast Air Basin, which significantly limits the number

of coincident points (see Appendix Fig. A1a–t).

The median OCO-2 XCO2
within the coincidence box

recorded on a single day is compared with the TCCON daily

median for that day. We choose to compare OCO-2 nadir

and glint-mode XCO2
with the TCCON daily median val-

ues because the median reduces the random component of

the TCCON error budget, it is less sensitive to outlier mea-

surements, and it weights the results to local noon where so-

lar zenith angle changes are slowest, and the timing is bet-

ter matched with the overpass time of OCO-2’s orbit. The

more complicated dynamical coincidence criteria used to in-

crease the number of coincident measurements between TC-

CON and GOSAT in Wunch et al. (2011b) and Nguyen et al.

(2014) are not required for OCO-2, due to OCO-2’s much

higher data density.

Figure 11 shows the differences between coincident OCO-

2 XCO2
and that from TCCON, separated by viewing mode

and season. The bottom panel collects the viewing modes

together, still separating by season. The OCO-2 XCO2
ap-

pears to have a bias with respect to TCCON that increases

Atmos. Meas. Tech., 10, 2209–2238, 2017 www.atmos-meas-tech.net/10/2209/2017/
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Figure 12. Land glint OCO-2 one-to-one plot against TCCON. The slope of the relationship is represented by “m” in the figure, and the

coefficient of determination is represented by “R2”. The number of points on the graph is indicated by “N” and the root-mean-square value

(RMS) of the differences between OCO-2 and TCCON XCO2
is also shown. Each point represents a daily median of coincident OCO-2 and

TCCON measurements. Many points are overlaid in this graph, obscuring the density of points along the best fit line.
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Figure 13. Ocean glint OCO-2 one-to-one plot against TCCON. The left panel shows all the glint-mode data. The right panel removes the

Southern Hemisphere wintertime (June through September) glint data that have a known high bias. The annotations follow those in Fig. 12.

with increasing latitude in the land glint and nadir data north

of 45◦ N (Park Falls). This latitude-dependent bias is consis-

tent with the target-mode results (Fig. 6). A seasonal bias is

not apparent at latitudes for which all four seasons have suf-

ficient coincident measurements (Lamont, Edwards, Ascen-

sion, Réunion, Wollongong), indicating that the latitudinal

bias is not likely caused by an airmass-dependent bias (in ei-

ther OCO-2 or TCCON). In general, however, the number of

coincident measurements is low (Table 3), especially in the

Northern Hemisphere north of 45◦ N.

In the Southern Hemisphere winter, there is a significant

high bias in the retrieved XCO2
from the OCO-2 ocean glint

data. The top panel of Fig. 11 clearly illustrates this prob-

lem by showing the divergence of the OCO-2 XCO2
mea-

surements in ocean glint mode over Wollongong and Lauder

from the TCCON XCO2
values during June, July, and August.

There were also three target-mode measurements recorded in

the Southern Hemisphere during that time: two points over

Wollongong and a third point over Réunion recorded during

late July and early August 2015 that hint at this residual bias
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Figure 14. Nadir OCO-2 one-to-one plot against TCCON. The annotations follow those in Fig. 12.

Table 3. Glint and nadir statistics for data filtered using warn levels ≤ 11 and the xco2_quality_flag = 0. The median bias (OCO-2 − TCCON)

and its RMS, R2 and number of daily median comparison points, or “coincidences” (N ) are listed below for each TCCON station. If the

number of coincidences is larger than 10, the results are marked in bold font. The “Total” row is calculated by considering all the coincidences

in the table independently.

Land glint Ocean glint Nadir

Bias RMS R2 N Bias RMS R2 N Bias RMS R2 N

Eureka 0.19 2.00 0.746 3

Sodankylä 2.38 2.53 0.956 3 3.21 3.29 1.000 2

Białystok 0.29 1.75 0.485 4 0.53 3.57 0.178 3 0.96 1.81 0.766 14

Bremen 1.98 2.36 0.665 4 0.62 0.81 0.905 4 2.25 2.27 1.000 2

Karlsruhe 0.86 1.49 0.812 18 0.93 1.71 0.887 17

Orléans 0.29 2.08 0.387 14 −0.32 2.18 0.533 6 1.13 1.80 0.839 19

Garmisch 0.24 1.19 0.873 20 1.61 2.05 0.716 27

Park Falls −0.37 1.27 0.903 22 0.35 1.28 0.858 23 0.37 1.56 0.823 29

Rikubetsu 0.72 2.33 0.825 5 0.87 1.70 0.813 7

Lamont −0.30 1.16 0.865 78 −0.03 1.11 0.888 108

Tsukuba 1.17 2.16 0.765 10 −0.36 1.61 0.772 22 1.34 3.51 0.335 15

Edwards −0.09 1.25 0.842 45 −0.45 2.16 0.529 40 0.48 1.22 0.842 59

Pasadena −0.34 1.05 0.867 7 −1.05 1.49 0.865 5 0.51 0.98 0.929 17

Saga 0.00 1.11 0.915 7 −1.12 1.51 0.716 20 −0.09 0.55 0.938 6

Manaus −0.82 1.06 0.795 4

Ascension Island −0.09 0.62 0.899 90

Réunion Island 0.47 1.06 0.775 5 0.30 0.81 0.873 99

Darwin −0.16 0.97 0.843 70 0.14 0.84 0.881 86 0.51 1.03 0.827 79

Wollongong −0.67 1.32 0.733 253 0.20 1.70 0.487 366 −0.12 1.04 0.780 314

Lauder 0.09 0.96 0.829 54 0.35 1.18 0.782 235 0.63 1.25 0.755 66

Total −0.27 1.29 0.787 620 0.17 1.41 0.664 1011 0.22 1.31 0.795 780
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Table 4. Glint and nadir statistics for data filtered using Warn Levels ≤ 15 and the xco2_quality_flag = 0. The median bias (OCO-

2 − TCCON) and its RMS, R2 and number of daily median comparison points, or “coincidences” (N ) are listed below for each TCCON

station. If the number of coincidences is larger than 10, the results are marked in bold font. The “Total” row is calculated by considering all

the coincidences in the table independently. In general, the RMS values are equal to or larger than those in Table 3 despite the fact that the

number of coincidences is larger.

Land glint Ocean glint Nadir

TCCON site Bias RMS R2 N Bias RMS R2 N Bias RMS R2 N

Eureka −0.19 0.88 0.973 3

Sodankylä 2.24 2.46 0.973 4 1.52 2.85 0.417 10 2.60 2.91 0.760 23

Białystok 1.51 2.44 0.546 9 0.60 1.12 0.996 3 1.29 1.89 0.820 22

Bremen 1.36 2.26 0.800 10 1.36 1.45 0.905 6 2.04 2.04 1.000 2

Karlsruhe 1.69 2.22 0.815 27 1.60 2.28 0.661 4 1.48 1.81 0.919 21

Orléans 0.92 2.23 0.601 21 0.09 1.60 0.681 9 1.26 1.94 0.826 22

Garmisch 1.14 1.76 0.834 28 −0.72 2.55 0.441 4 1.52 1.97 0.781 34

Park Falls 0.36 1.62 0.845 42 0.50 1.67 0.798 38 0.54 1.58 0.782 43

Rikubetsu 1.37 2.25 0.907 6 0.48 1.57 0.913 12 0.32 0.84 0.978 3

Lamont 0.01 1.33 0.827 98 0.18 0.74 0.969 5 −0.07 1.07 0.891 111

Tsukuba 1.33 2.01 0.819 12 −0.25 1.45 0.782 31 2.31 4.11 0.346 23

Edwards 0.18 1.71 0.711 54 −0.18 1.99 0.582 47 0.44 1.24 0.834 59

Pasadena −0.22 3.37 0.169 10 −0.86 1.16 0.940 5 0.39 0.90 0.932 18

Saga 0.46 1.34 0.761 14 −1.03 1.33 0.912 25 0.30 1.42 0.827 14

Manaus 0.01 1.54 0.512 11 −0.39 0.51 1.000 2 0.98 1.09 0.962 4

Ascension Island 0.03 0.67 0.893 92

Réunion Island 0.47 1.58 0.593 5 0.41 0.81 0.893 100 1.51 1.85 0.552 5

Darwin −0.12 0.88 0.871 81 0.29 0.84 0.890 87 0.57 1.14 0.817 88

Wollongong −0.52 1.34 0.670 287 0.26 1.65 0.517 367 −0.11 1.04 0.779 318

Lauder 0.46 1.91 0.547 84 0.45 1.30 0.768 242 1.02 1.62 0.690 84

Total 0.07 1.59 0.704 804 0.26 1.42 0.694 1089 0.36 1.50 0.761 897

Table 5. Bias-corrected glint, nadir, and target relationships with

TCCON. The slope and its uncertainty, R2, and number of daily

median comparison points (N ) are listed below for each OCO-2

viewing mode. The uncertainties on the slopes are the standard devi-

ation of the slopes computed through bootstrapping. The values for

ocean glint data with and without the Southern Hemisphere winter

data are included on separate rows. Note that the slopes are com-

puted after the global bias has been removed from the data and the

residual footprint corrections have been applied. The glint and nadir

data are filtered with warn level ≤ 11 and xco2 quality flag = 0; the

target-mode data are filtered using the filters described in Table 2.

Slope R2 N

Land glint 0.9997 ± 0.01 0.79 678

Ocean glint 0.9775 ± 0.03 0.63 1094

Ocean glint excluding SH winter 0.9646 ± 0.04 0.75 826

Nadir 0.9890 ± 0.02 0.81 859

Target 1.0007 ± 0.03 0.86 123

(Fig. 5). Appendix Fig. A1r and s also show this problem as

a function of time. The bias is also seen in preliminary com-

parisons to models (not shown), which also indicate a low

bias of OCO-2 ocean glint XCO2
in the tropical oceans. How-

ever, this latter bias has not been clearly detected in compar-

isons with TCCON data (e.g., Fig. A1p and r). The South-

ern Hemisphere ocean glint bias does not impact the over-

all scaling bias between OCO-2 and TCCON XCO2
within

the uncertainty but does impact the latitudinal gradients (and

hence fluxes) inferred by the OCO-2 data. While the cause of

the bias in the southern winter is currently unclear, there is a

promising hypothesis related to the OCO-2 B7r algorithm’s

misrepresentation of stratospheric aerosols, exacerbated by

the eruption of Mount Calbuco in Chile on 22 April 2015

(Romero et al., 2016).

The overall comparisons between the OCO-2 data and

TCCON data are reported in Tables 3 and 5 and shown

in Figs. 12–14 for data from land glint mode, ocean glint

mode, and nadir mode. The differences between aggregated,

bias-corrected OCO-2 XCO2
data coincident with all avail-

able TCCON daily median measurements are −0.3, 0.2,

and 0.2 ppm for land glint, ocean glint, and nadir, respec-

tively. The RMS values of these differences are 1.3, 1.4,

and 1.3 ppm, respectively. The differences between the bias-

corrected OCO-2 values and the TCCON medians differ

from site to site; sites with more than 10 coincident mea-

surements have differences in land glint mode ranging from

−0.7 ppm (Wollongong) to 0.9 ppm (Karlsruhe), in ocean

glint mode ranging from −1.1 ppm (Saga) to 0.4 ppm (Park

www.atmos-meas-tech.net/10/2209/2017/ Atmos. Meas. Tech., 10, 2209–2238, 2017
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Falls), and in nadir mode ranging from −0.1 ppm (Wollon-

gong) to 1.6 ppm (Garmisch). Table 4 contains the overall

nadir and glint statistics when using warn levels ≤ 15 instead

of the recommended warn level filter (≤ 11).

The nadir mode data show the best correlation of the three

science modes (R2 = 0.81), followed closely by land glint

(R2 = 0.79) and finally ocean glint (R2 = 0.63). The low

correlation coefficient in the ocean glint data is partially

driven by the high anomalies in the Southern Hemisphere

winter, most obviously in the data over Wollongong (Fig. 11).

If the Southern Hemisphere winter data (June–September)

are excluded from the ocean glint correlations, the R2 im-

proves to 0.75. The slopes of all three regressions are within

uncertainty of 1.0. The agreement between the science-mode

OCO-2 data and TCCON is poorer than that for the target-

mode measurements. Halving the spatial coincidence crite-

ria over each site does not significantly improve the correla-

tion coefficients. This suggests that it is not solely our def-

inition of the coincidence criteria that causes the low cor-

relation coefficients and that perhaps the surface properties

within the coincidence boxes contain sufficient variability

to degrade the comparisons. This highlights the importance

of the target-mode data for assessing local, site-to-site, and

overall bias.

5 Conclusions

Aggregated OCO-2 XCO2
estimates filtered with warn level

≤ 11 and xco2_quality_flag = 0 generally compare well with

coincident TCCON data at global scales, with absolute me-

dian biases less than 0.4 ppm and RMS differences less than

1.5 ppm. While the bias correction clearly improves the re-

lationship between TCCON and OCO-2 globally, some bi-

ases remain. Spurious local XCO2
variability that is corre-

lated with topography and surface brightness is apparent in

the target-mode measurements, particularly over Edwards,

Wollongong, and Lauder. Ocean glint measurements from

OCO-2 at southern high latitudes during the Southern Hemi-

sphere winter are biased high, possibly due to stratospheric

aerosol interference. In all observation modes, there is an

apparent latitude-dependent bias, with the largest north of

45◦ N. Remedying these residual biases is the current focus

of the OCO-2 algorithm development and validation teams,

and we anticipate that the next version of the OCO-2 data will

represent a significant improvement. It is imperative to con-

tinue measurement comparisons with TCCON in all modes

(target, glint, and nadir) to monitor and evaluate the OCO-2

data quality throughout its entire mission.

Data availability. Unfiltered, uncorrected OCO-2 data are avail-

able from the Goddard Data Center (GES-DISC, 2016). The fil-

tered and bias-corrected data are contained in “lite” files, which

are available both from JPL’s CO2 portal (https://co2.jpl.nasa.gov/,

JPL-Caltech, 2016) and the Goddard Data Center. TCCON data

are available from the TCCON data archive, hosted by CDIAC:

http://tccon.ornl.gov. Each TCCON dataset used in this paper is

cited independently in Table 1 or in the captions of Fig. A1.
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Appendix A: Site plots

The ocean glint, land glint, and nadir mode plots for each

TCCON station are shown in Fig. A1. In each plot, there are

four panels. The top left panel shows the time series of the

TCCON daily median data (black circles) and the OCO-2

data (triangles colored differently for each mode). The bot-

tom left panel shows the difference between OCO-2 and

TCCON measurements (OCO-2 − TCCON). The top right

panel shows the correlations between the TCCON data and

the OCO-2 data. The bottom right panel shows the coinci-

dence area for the OCO-2 measurements. Note that the gap

in the OCO-2 data over Lauder in winter is caused by near-

direct sun glint, during which time the spacecraft is not per-

mitted to measure (i.e., no data were recorded at that latitude

during that time).
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