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Abstract The standard deviations of the distributions of Orbiting Carbon Observatory (OCO-2)
measurements of CO2 (i.e., XCO2) increase in size in the presence of clouds. XCO2 and Moderate
Resolution Imaging Spectroradiometer (MODIS) radiance and cloud fields, and OCO-2 A-band radiances, are
analyzed in order to determine if this behavior is best described as a radiance-level retrieval artifact or by 3-D
radiative transfer effects. Observations in clear-sky and fair weather cumulus scenes are analyzed. Scatter
diagrams of XCO2 versus MODIS (and OCO-2) radiances are presented, and averages are calculated for each
scene for several radiance bins. The averages vary little in clear skies but decrease markedly for cloudy scenes
as radiances increase. These decreases are consistent with an interpretative framework provided by 3-D
SHDOM radiative transfer calculations. Two 3-D metrics, ΔXCO2 and Have, are calculated and applied. ΔXCO2
is the difference in XCO2 for the smallest and largest radiance bins. Have is a measure of the heterogeneity of
the cloud radiance field. Lines of XCO2 andMODIS radiance for four target mode scenes have different slopes
for clear and cloudy scenes, contrary to the radiance-level retrieval artifact interpretation. In contrast, the
graph of ΔXCO2 and MODIS Have for the various scenes has a linear correlation coefficient of 0.92, consistent
with the 3-D interpretation. Since the OCO-2 measurement requirement is 1 ppmv, the cloudy scene
XCO2 standard deviations between 1.2 and 2.6 ppmv indicate that 3-D cloud effects add an important
component to the XCO2 error budget.

Plain Language Summary The measurement goal of the Orbiting Carbon Observatory (OCO-2)
satellite is to measure CO2 to better to 1% accuracy on a regional scale. OCO-2 CO2 and Moderate
Resolution Imaging Spectroradiometer satellite radiance and cloud fields for a half-dozen individual
scenes are analyzed to demonstrate that three-dimensional cloud effects contribute to variations in CO2 at
local (e.g. 20 km × 20 km) spatial scales. Two three-dimensional indicators (ΔXCO2 and Have) are calculated
and applied. The correlation of ΔXCO2 and Have (0.92) demonstrates that three-dimensional cloud effects
increasingly add to the variations of OCO-2 CO2 measurements as the cloud field becomes increasingly more
complicated.

1. Introduction

OCO-2 is designed to measure atmospheric carbon dioxide (CO2) with the precision, accuracy, resolution, and
coverage needed to characterize the sources emitting this gas into the atmosphere, and the natural sinks at
the surface that are currently absorbing over half of the CO2 emitted by fossil fuel combustion and other
human activities. To do this, OCO-2 records precise, coincident measurements of reflected sunlight in near-
infrared CO2 bands near 1.61 and 2.06 μm and in the molecular oxygen (O2) A-band near 0.765 μm. These
measurements are combined and analyzed to yield estimates of the column-average CO2 dry air mole frac-
tion (in ppmv units), denoted as XCO2 in the carbon cycle research community. High precision is essential for
thesemeasurements because even themost intense emission sources rarely produce changes in XCO2 larger
than 0.25% (i.e., 1 ppmv out of the ambient background of 400 ppmv) on scales ranging from that of a
satellite footprint (a few square kilometer) to regional scales (~1000 km) [Rayner and O’Brien, 2001; Miller
et al., 2007].

Due to the demanding 1 ppmvmeasurement requirement of the OCO-2 experiment, it is important to under-
stand how all possible physical effects influence OCO-2 retrievals. In order to develop corrective algorithms
which can improve upon retrieved XCO2, it is important to understand how, and to what extent, the
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various possible physical effects manifest themselves in OCO-2 XCO2 retrievals. One such physical effect, the
influence of 3-D heterogeneous clouds and their effects on the 3-D radiation field, is not included in the
operational retrieval. As discussed below, standard deviations in the distributions of XCO2 increase as cloud
fields become more complex at local scales as the radiance field becomes more heterogeneous. XCO2 and
Moderate Resolution Imaging Spectroradiometer (MODIS) radiance and cloud fields are analyzed in order
to determine if this behavior is best described as a radiance-level retrieval artifact or by 3-D radiative transfer
effects (as parameterized by 3-D metrics in a cloudy scene). We pose the following null hypothesis: XCO2
variations are best described as a radiance-level retrieval artifact than by 3-D radiative transfer effects, as
parameterized by 3-D cloud heterogeneity metrics.

To test the hypothesis we prepare scatter diagrams of MODIS radiance and OCO-2 XCO2, and in separate dia-
grams, OCO-2 A-band radiance and XCO2. As discussed in section 2, the OCO-2 retrieval and postprocessing
bias-correction procedure creates XCO2 data files which may still contain systematic biases. In the context of
the data presented in this paper, the OCO-2 algorithm team suggests that such biases most likely could be a
function of radiance level. Radiance level in this paper refers to O2 A-band or MODIS radiances, radiances
which are not dependent upon the CO2 mixing ratio. Local variations in these radiances are due to, e.g., sur-
face albedo variations. By the radiance-level retrieval artifact interpretation, the XCO2 variations in the scatter
diagrams are best described as a monotonic function of O2 A-band or MODIS radiance level. Alternatively, the
variations in XCO2 in the vicinity of clouds are described by 3-D cloud metrics.

Estimates of XCO2 are derived by taking the ratios of path-integrated O2 and CO2 densities between the Sun,
surface footprint, and OCO-2 satellite, followed by multiplication by the column-averaged O2 mixing ratio
of 0.20935 [Eldering et al., 2015a, 2015b]. The OCO-2 experiment observes molecular line structure in the
O2 A-band, weak (WCO2), and strong (SCO2) CO2 bands centered at 0.765, 1.61, and 2.06 μm, respectively,
with relatively high resolving power (λ/Δλ ~ 20,000).

Routine OCO-2 science observations are collected in one of three observing modes: target, nadir, and glint. In
target mode the satellite focuses upon a stationary surface target as the satellite flies overhead. XCO2 is
expected to vary little over a localized target location. Target mode observations include observations over
Total Carbon Column Observation Network (TCCON) sites, where high-resolution Fourier transform infrared
instrumentation measures TCCON XCO2, a primary source of OCO-2 validation data [Wunch et al., 2011].
Nadir observations look downward along the orbital track. This observing mode produces useful measure-
ments over land. Since ocean surface reflectance is lower than that over land, measurements over the oceans
rely upon measurements of the ocean glint spot in order to increase signal to noise.

Optically thick clouds preclude full-column observations of XCO2 and are therefore screened out by the
ground data processing software. Two algorithms are used for cloud screening [Taylor et al., 2016]. The
A-Band Preprocessor (ABP) retrieves estimates of the surface pressure and albedo, assuming Rayleigh scatter-
ing only. Large (>50 hPa) differences between the retrieved surface pressure and that from European Centre
for Medium-Range Weather Forecasts (ECMWF) are sufficient to indicate the presence of clouds. This prescre-
ening is effective for midlevel or high-level clouds, but sometimes misses low clouds. (We study fair weather
cumulus due to the low cloud screening issue.) The second cloud screening algorithm is the Iterative
Maximum a posteriori (IMAP) Differential optical absorption spectroscopy Preprocessor (IDP) [Frankenberg
et al., 2005]. This algorithm ignores scattering by gases, clouds, and aerosols and performs single-band retrie-
vals of CO2 in the WCO2 and SCO2 bands. Ratios of WCO2 and SCO2 band CO2 columns differ from unity in
the presence of scattering. Ratios of WCO2 and SCO2 band H2O columns are also retrieved. Taylor et al. [2016]
discuss the selection of thresholds for the cloud screening process. The IDP is more sensitive to near-surface
clouds and aerosols than the ABP processing. When both the ABP and IMAP algorithms are used in series,
comparisons to the Moderate Resolution Imaging Spectroradiometer (MODIS) cloud mask yield cloud iden-
tifications that are in agreement 85% of the time. The data we analyze include observations that pass both
cloud screening tests and are allowed by the cloud screening process to proceed to the operational retrieval.

Due to the complexity of radiative transfer in an atmosphere with Rayleigh scattering, aerosols, and clouds,
the production retrieval software applies the Independent Pixel Approximation (IPA). The forward radiative
transfer model employs a 1-D pseudo-spherical model [O’Dell et al., 2012; Eldering et al., 2015a] that assumes
that gases, aerosols, and clouds are horizontally uniform in a 1-D column. Three-dimensional effects are, how-
ever, present in a portion of the observations, since the OCO-2 experiment retrieves XCO2 in clear-sky pixels
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that are adjacent to clouds. Clouds are ubiquitous. Varnai and Marshak [2012] note that the average median
distance between cloud free and cloudy pixels is 4–5 km for maritime clouds below 3 km altitude. A cloud
outside of the OCO-2 observation footprint grid can scatter photons from the cloud to the region over the
clear footprint. Some of these photons then perturb the radiance field observed by OCO-2 both by modify-
ing the continuum radiance levels (e.g., in the shoulders of the O2 A-band) and by modifying the molecular
line radiances in the three OCO-2 bands as a wavelength-specific function of total optical depth. Within a
footprint there may be an unresolved cloud fragment, and the resultant top of atmosphere radiance is
due to both clear-sky and cloud influenced photon path lengths. Clouds can also cast shadows in cloud-free
fields of view, which decrease the radiance. In this paper all three scenarios come under the “3-D effect”
term. Three-dimensional effects can enhance or decrease radiances both for continuum and the molecular
line radiances in a manner not represented in the 1-D forward model, introducing errors in retrieved CO2

mixing ratios and aerosol distributions. These 3-D effects likely add to the variance of XCO2 in the current
1-D retrievals.

Three-dimensional radiative transfer is known to perturb atmospheric radiation fields. For example, Várnai
and Marshak [2009] quantified how MODIS reflectance at various wavelengths between 0.47 and 2.13 μm
increases the closer one is to clouds. These effects are apparent in Figure 1 of Várnai and Marshak [2009]
at distances less than 15 km to nearest clouds. The increase is larger at shorter wavelengths, due to the fact
that 3-D effects are associated with a transfer of photons from clouds to adjacent regions, which is subject to
wavelength dependent Rayleigh scattering. The Terra and Aqua MODIS experiments have spectral channels
with horizontal resolutions between 250 m and 1 km. The spectroradiometer channels have 20–50 nm band-
widths, and thus average over molecular line structure, yet shadows will again decrease radiances, and
regions illuminated by radiation scattered by nearby clouds exhibit enhanced radiances due to 3-D
cloud effects.

The recent study of Okata et al. [2017] points out the different signed effects of 3-D radiative transfer that are
possible, dependent upon several types of idealized cloudmorphology. They calculated 3-D radiative transfer
effects for three types of low-level clouds: (a) periodic cuboid clouds of 2.5 km height with no material
between the clouds, (b) periodic cuboid clouds with near surface cloud opacity between the clouds, and
(c) periodic voids with lower material between and above the voids. Figure 4 of Okata et al. [2017] presents
IPA-3D top of atmosphere flux differences as a function of solar zenith for the three cases. For case (a), which
corresponds most closely to the cloud fields we study, the IPA-3D differences are negative for solar zenith
angles greater than 5°, and positive (though small) for case (b) clouds.

Since we analyze fair weather cumulus (aka “popcorn” or cumulus humilis) cloud scenes of different degrees
of complexity, it is useful to interpret the different scenes in terms of 3-D cloud metrics. Liang et al. [2009]
introduced the Hσ metric in their analysis of bidirectional reflectance factor (BRF) view-angle consistency in
Moderate Resolution Imaging Spectroradiometer (MODIS) and Multiangle Imaging Spectroradiometer data.
Hσ is the ratio of the standard deviation σ of the BRF to its mean spatial domain average. We apply a similar
metric in this study, with H being the ratio of the standard deviation of the MODIS cloud radiance field to its
spatial domain average. If there are no clouds and no horizontal variations in surface reflectivity or aerosol,
then the radiance field is homogeneous (i.e., H = 0). If nonhomogeneous clouds are present outside of a
clear-sky satellite observation footprint, then photons are scattered from the clouds to the volume adjacent
to the clear-sky footprint, thus providing more photons which can be scattered toward the satellite sensor.
This process is governed by differences in radiances near clouds and those associated with clear-sky foot-
prints. The domain-averaged standard deviation of the MODIS radiance field, divided by the radiance field
mean value, thus provides a useful 3-D metric.

It has already been demonstrated that cloud effects influence OCO-2 XCO2 retrievals. Merrelli et al. [2015]
generated synthetic cloud fields and inserted the fields into the SHDOM 3-D radiative transfer model. The
SHDOM (Spherical Harmonic Discrete Ordinate Method) 3-D radiative transfer program [Evans, 1998; Pincus
and Evans, 2009] calculates the 3-D radiation field for a nonhomogeneous distribution of clouds and/or aero-
sols. SHDOM represents the angular part of the source function by a spherical harmonic expansion and uses a
discrete ordinate representation in the solution of coupled 3-D radiative transfer equations in an x-y-z
Cartesian grid. Running the synthetic fields through the OCO-2 1-D retrieval code, Merrelli et al. [2015] found
that the cloud screening algorithm had difficulty in rejecting fields in which clouds filled less than half of the
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field of view. They generated an ensemble of clear-sky and partially cloudy scenes, with a single spheroidal
liquid water cloud in the SHDOM domain (altitude at 1.6 km and cloud diameters of 0.6 and 0.8 km in sepa-
rate retrievals). Retrieved XCO2 values for the cloudy retrievals were less than the mean clear-sky retrievals by
�0.3, �3, and �5 to �6 ppmv for soil, vegetation, and snow surfaces, respectively.

As presented below, XCO2 standard deviations of the distributions of XCO2 increase as cloud fields become
increasingly complex. We analyze OCO-2 and MODIS data to determine if this behavior is best described as a
radiance-level retrieval artifact or by 3-D radiative transfer effects (as parameterized by 3-D metrics in a
cloudy scene). This is done by analyzing target and nadir mode clear-sky scenes, and scenes of increasingly
heterogeneous fair weather cumulus. In general, the OCO-2 cloud screening preprocessor is very efficient in
screening for the presence of clouds within footprints, and fair weather cumulus occurs only a fraction of the
time. Section 2 discusses the data used in our study, which utilizes the latest (version 7) XCO2 data files and
those of the Aqua MODIS experiment. OCO-2 and Aqua-MODIS are both in the A-Train cluster of satellites,
which fly in similar Sun-synchronous polar orbits. Section 3 discusses the methodology and the manner in
which we relate the OCO-2 and MODIS data. Section 4 presents our calculations for the various scenes.
Section 4 discusses the null hypothesis in terms of the section 4 calculations. Finally, section 6 discusses
our conclusions.

2. Data

OCO-2 “Lite” files were used in our study. The Lite files, with one file per day, contain converged retrievals
from the standard Level 2 files. The V7 Lite files are available from the NASA Goddard data archive (http://
disc.sci.gsfc.nasa.gov/OCO-2). XCO2 quality flags, retrieval outcome flags, warn levels (discussed below),
and bias corrected XCO2 (discussed below) are included in the Lite files. The XCO2 quality flag is 0 or 1, with
0 being for the highest quality data and 1 for lower quality data. As discussed by Mandrake et al. [2015, pp.
12–13], the XCO2 quality flag is calculated by comparing retrieved XCO2 to various correlative measurements
and by identifying thresholds of other retrieved variables that indicate poor data quality. Retrieval outcome
flags equal to 1, 2, 3, and 4 indicate retrievals for the set {converged, spectral fit good; converged, spectral fit
ok; maximum number of iterations reached; maximum number of diverging steps reached}. Eldering et al.
[2015a, pp. 50–53] discuss the details of how the outcome flags are determined. Latitude, longitude, sensor
and solar geometry, XCO2 quality flag, retrieval outcome flag, warn level, footprint index, air mass (i.e., sum of
solar and observation secants), and bias-corrected XCO2 values are of particular interest in our study.

“Raw” XCO2 values are bias-corrected based on comparisons of retrieved values of XCO2 to those from
TCCON sites, and other variable comparisons [Mandrake et al., 2015]. The metadata portion of each Lite file
specifies the specific bias correction parameters used to determine the bias correction. For the data used
here, the bias correction adjusts XCO2 by approximately 1 ppmv compared to uncorrected XCO2.

Warn levels [Mandrake et al., 2013, 2015] are assigned to every XCO2 measurement and range from 0 (very
best data) to 19 (most problematic data). Warn levels from 0 to 9 are assigned to one half of available
retrieved XCO2 data. The levels are formulated by an algorithm that minimizes the monthly standard devia-
tion of XCO2 in locations where the atmospheric variability is small, i.e., 25°S to 60°S [Wunch et al., 2011], and
for “small area” data sets (i.e., CO2 is assumed to be constant within a 0.89° latitude range). Variables selected
to define the warn levels in the Lite files include retrieved total aerosol optical depth, difference in retrieved
and ECMWF surface pressure, residual mean square SCO2 and WCO2 spectral fits, WCO2 albedo slope, and
retrieved CO2 vertical gradients. Table 1 of Mandrake et al. [2015] indicates how these features are used in
the specification of warn levels for land target, land nadir, and sea glint observations. Mandrake et al.
[2015] advises that data with warn levels greater than 15 should not be used and data with air mass greater
than 2.5 should be used with caution.

While the Greenhouse gases Observing SATellite XCO2 experiment has a cloud imager [Yoshida et al., 2008;
Fukuda et al., 2013], OCO-2 does not. Cloud-Aerosol Lidar and Infrared Pathfinder Satellite Observation data
are not collocated with the target mode observations we analyze. We therefore analyze Level 1b MODIS
MYD02QKM V6 radiance fields at 0.68 μm that are associated with each of our OCO-2 cloudy scenes to specify
cloud fields in the vicinity of OCO2 observations. Since OCO-2 makes measurements of a location approxi-
mately 6 min before MODIS Aqua, and since clouds can drift and change in several minutes time [Varnai
and Marshak, 2012], there could be differences in the cloud fields sensed by OCO-2 and MODIS. Fair
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weather cumulus, of vertical extent near 1500 m (similar to the clouds we study), has a lifetime between 10
and 30 min [Cotton et al., 2011]. For one of the target mode observations discussed below (those over
Lamont, Oklahoma, on 4 September 2015) available High Spectral Resolution Lidar extinction (Bret Naylor,
private communication) indicates a 20 min cloud lifetime. The MODIS radiance fields and other data files
are available from the NASA Goddard Level 1 and Atmosphere Archive and Distribution System Web data
archive (https://ladsweb.nascom.nasa.gov/data/search.html). MODIS MYD03 longitude and latitude positions
are interpolated to the 250 m scale longitude and latitude grid of the MYD02QKM radiance fields by applying
the Interactive Data Language (IDL) routines supplied by Lumley et al. [2010].

We also analyze OCO-2 spectra to derive radiance levels in the wings of the O2 A-band. As discussed above in
reference to the OCO-2 cloud screening processing software, the spectral radiances in the continuum wings
of the O2 A-band increase in intensity if clouds are observed. Of the total of 1016 wavelength data points, 40
spectra points in the left and right portions of the continuum and weak line regions of the spectrum are aver-
aged to derive an average A-band radiance. These radiances are calculated for each footprint, which is given
a specific longitude and latitude in the Level 1B data file. These spatial coordinates are matched to the Lite file
spatial coordinates. The Level 1B data files are available from the NASA Goddard data archive (http://disc.sci.
gsfc.nasa.gov/OCO-2). For graphing convenience, we divide the radiances by 1020 photons/s/m2/sr/μm, pro-
ducing OCO-2 radiances typically in the 1 to 3 range for a given scene.

Cloud height data are provided by the MODIS MYD06 level 2 data files. As discussed below in section 3,
MODIS does not detect or report all clouds in the MYD06 data files. MYD06 cloud top heights, in conjunction
with the MODIS 250 m radiances, are used to assign the cloud top height field. As discussed below, the cloud
top height data are used to calculate cloud parallax offsets. The OCO-2 ground track is displaced 217.3 km to
the east of the MODIS track at the equator, and therefore, the longitude and latitude coordinates of OCO-2
and MODIS cloud tops are slightly different due to parallax offsets.

The A-Train OCO-2 andMODIS Aqua satellites have an orbital inclination of 98°, with ascending equator cross-
ing times near 01:30 P.M. The MODIS orbital track is derived from determination of where the MODIS sensor
zenith angle is closest to zero, with sensor zenith angles and orbital altitude specified in the MODIS MYD03
files. OCO-2 satellite altitude, longitude, and latitude are specified in the OCO-2 Level 1b data files. These files
specify the yaw angle of the satellite with respect to the orbital track. For yaw angles near 0° the spectrometer
slits are perpendicular to the orbital track. The Level 1b files also specify the four vertices (longitude and lati-
tude coordinates) of each of the eight OCO-2 detector footprints. The four vertices of a single footprint, the
satellite yaw angle, and spacecraft pointing, and the laboratory 2-D spatial response (discussed in the next
paragraph), define the instrument field of view (FOV). The FOV is in the shape of a parallelogram which
changes along an orbit. The FOV is calculated for each OCO-2 observation point, since the FOV is dependent
upon the constantly changing satellite yaw, pointing, and footprint-dependent spatial response factors. The
FOV is used to produce at each OCO-2 observation a FOV-averaged MODIS radiance value that is equal to the
convolution of the FOV and the MODIS radiance field. An example of the detector footprint grid is illustrated
in Figure 1.4 of the OCO-2 Level 1-b Algorithm Theoretical Basis document [Eldering et al., 2015b].

OCO-2 makes a complete observation sequence for all eight footprints in 0.333 s. In the Jet Propulsion
Laboratory setting a representative OCO-2 2-D spatial response is 1.8 mrad by 0.6 mrad (1.3 km by 0.4 km
at nadir for a 705 km orbital altitude), while the on-orbit FOV is smeared by spacecraft orbital-track and point-
ing motion during the 0.333 s exposure interval. For target mode observations, the smearing varies as OCO-2
makes measurements in the vicinity of a target’s longitude-latitude coordinates. For the target mode obser-
vations we study, the smearing is less than the 250 m MODIS pixel scale. For nadir mode observations, the
smearing increases the along-track FOV length to approximately 2.25 km.

The long axis of the FOV parallelogram for the target mode observations is approximately parallel to latitude
lines (to within about 10°) since the yaw angle is near 0°, while for the nadir observations the FOV long axis
varies with position along the orbit. The projection of the long axis of the optical slit on a latitude line is
dependent upon the cosine of the yaw angle. For the nadir observations over Queensland, Australia, dis-
cussed below, the yaw angles vary between 39°and 71°. There are cases along an orbit, generally speaking,
in which the projection on a latitude line is small, due to large yaw angles. For the nadir soundings studied
here, the long axis of the FOV is approximately parallel to longitude lines to within about 12°. The orientations
of the target and nadir mode observations are helpful (fortuitously) since cloud shadows of the various
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scenes (presented below) are
nearly parallel to the FOV long
axis orientations, which minimizes
joint overlap of cloud and shadow
contributions to sensed radiances.

3. Methodology

Table 1 lists the six scenes exam-
ined in this study in which either
clouds are present or the skies are
clear. We analyze clear-sky scenes

Table 1. Clear-Sky and Cloudy Scenesa

Scene Date XCO2 Quality Flag

Lamont, Oklahoma (clear-sky, target) 6/20/2015 0
Lamont, Oklahoma (cloudy, target) 9/4/2015 0
Orleans, France (cloudy, target) 9/6/2015 1
Park Falls, Wisconsin (cloudy, target) 9/12/2015 1
Australia (clear-sky, nadir) 12/6/2015 0
Australia (cloudy, nadir) 12/6/2015 0

aFor all target and nadir mode scenes the sensor zenith angles are less
than 60°, the slant two-way path air mass is less than 2.6, and the retrieval
outcome flag is 2 or 1 (spectral fit is ok or better, respectively). Data with
warn levels 0–10 are analyzed.

Figure 1. MODIS 250 m radiance (W/m2/sr/μm) fields for four OCO-2 target mode observations, with locations of the
successful OCO-2 XCO2 retrievals superimposed on the radiance field. Clear skies are present predominantly on 20 June
2015, except for the cloud near longitude 97.43°and latitude 36.4°. Clouds, indicated by the red and yellow colors, are
present on 4, 6, and 12 September 2015, with cloud shadows indicated by radiances with blue colors in the 1–40, 1–20, and
1–11 W/m2/sr/μm ranges, respectively. The rectangle in the top left corner of each panel indicates the vertical and hori-
zontal dimensions of a representative 1.3 km by 0.4 km FOV.
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to illustrate that the behavior of the OCO-2 observations collected in clear skies, and graphed in a XCO2 ver-
sus MODIS radiance scatter diagram, and in XCO2 versus OCO-2 radiance scatter diagram, differs from obser-
vations collected in partially cloud scenes. As remarked above, the cloudy scenes include horizontal transport
of photons from clouds to regions between the clouds, which enhances the radiation field, and may also
include regions in which cloud shadows are present. The table notes that higher-quality data with warn levels
0–10 are analyzed. For several of the cloudy scenes the XCO2 quality flag is 1 (lower quality), with no 0 flag
(highest quality) data available.

Cloudy scenes generate 3-D radiation fields for which the 1-D operational retrieval senses problematic situa-
tions. The retrieval outcome flag is 2 (converged retrieval, spectral fit ok) or 1 (converged retrieval, spectral fit
good) for all of the data we analyze. We select sensor data for which sensor zenith angles and air mass values
are less than 60° and 2.6 for all scenes, respectively. While the MODIS viewing geometry imposes a small var-
iation in pointing geometry, the OCO-2 satellite in target mode observations commands a range of sensor
azimuth, typically looking both northward and southward toward a target along the orbital track.

Examination of MODIS MYD06 cloud products indicates that the MODIS cloud mask misses many of the small
clouds. For this reason, we jointly process MODIS Level 1b 250 m radiance fields and the MYD06 cloud pro-
ducts. Clouds are readily apparent in the revealingMODIS true-color images of the scenes at high spatial reso-
lution (available from the NASA “Worldview” application, https://worldview.earthdata.nasa.gov/). In addition
to the 250 m radiance fields, the MYD06 cloud field data are read in and used to determine the altitudes of
the clouds, where reported, for the various fair weather cumulus scenes. A cloud radiance threshold for each
scene is determined, and based upon this threshold, clouds are assigned specific heights and/or average
heights, if specific heights are not available.

An estimate of the cloud height is needed because the MODIS and OCO-2 experiments are on satellites with
surface ground tracks that differ by up to 217.3 km in the east-west direction. Parallax effects are thereby
introduced by the different ground tracks. In discussing parallax effects, one notes that parallax effects are
visually apparent by airline travelers. As a commercial jet flies over an agricultural region, the shadow of a
cumulus cloud top falls on the same longitude-latitude grid point during several minutes, since this point
is determined by the fixed Sun-cloud geometry. Structures on the ground also remain at fixed longitude-
latitude grid points. The cloud top, however, moves about the x-y-z Cartesian grid as the jet flies its path.
Translating this experience to the MODIS and OCO-2 satellites, cloud shadow positions are the same for both
satellites, while the cloud top longitude-latitude grid points are slightly different for MODIS and OCO-2. The
east-west extent of the cloud shadow and parallax effect increases with the height of the cloud top.

In the next section we present graphs in which OCO-2 XCO2 (vertical axis) and MODIS radiances are
presented in scatter diagrams, for several radiance ranges. Processing refinements are systematically intro-
duced in the processing of each scene and illustrated in Figure 6, which has four panels for a cloudy
scene. XCO2 values are matched in Figure 6 (first panel) with the closest MODIS radiance, in terms of
minimizing MODIS and OCO-2 longitude-latitude grid point differences, with no consideration to detector
footprint or cloud parallax refinements. Figure 6 (second panel) introduces parallax effects for data points
in the vicinity of clouds (keeping in mind that shadow pixels are not subject to parallax effects). The
difference in longitude and latitude of the cloud top for OCO-2 and MODIS is calculated and applied in
Figure 6 (second panel). Figure 6 (third panel) ignores cloud parallax and applies the OCO-2 FOV to the
MODIS radiance field (i.e., the single point MODIS 250 m radiance is replaced by a value equal to the con-
volution of the FOV and the MODIS radiance field). Figure 6 (fourth panel) applies the FOV and cloud par-
allax corrections. By placing all four panels in the same figure it is then possible to see the effects of the
calculation refinements side by side. FOV and parallax considerations of course need not be applied in
OCO-2 XCO2 and OCO-2 radiance scatter diagrams.

Averages of XCO2 are calculated for each MODIS radiance range. Variations in radiance are due to cloudy
conditions and variations in surface reflectance. For a clear-sky scene, the variation in radiance is modulated
by variations in surface reflectance. If the surface reflectance variation is small, then the variation in radiance
will also be small. For a cloudy scene, the radiances are modulated by the specific geometry of the cloud field.
A scene with relatively few clouds contains radiance modulations that are less than that for a scene with
much cloud heterogeneity. We examine how the XCO2 averages change as MODIS radiance field heteroge-
neity changes and demonstrate that the behavior of the averages differ among the various scenes. The
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calculation of XCO2 averages is
helpful since there is considerable
variance in XCO2 within a narrow
range of radiance even for the
clear-sky scenes.

Our second 3-D metric (Have) is
readily calculable from the MODIS
0.68 μm radiance fields. As pointed
out by Várnai and Marshak [2009],
3-D effects manifest themselves

over an ~10 km scale distance from an observation. We first calculate individual H values (i.e., the standard
deviation of the MODIS radiance field divided by the average radiance in a 5 km by 5 km box centered over
an observation point) for each OCO-2 observation point. The Have value is then the average of the H values for
a particular scene. The Have value is expected to increase as scenes with clouds becomemore heterogeneous.
The Have value is expected to be very small if clouds are absent.

For a particular scene there are OCO-2 observations in clear footrpints and observations near clouds. We spe-
cify several bins of MOIS radiance (and separately for OCO-2 A-band radiance) for each scene and calculate
average OCO-2 XCO2 values for each radiance bin. We calculate the differences in the average XCO2 values
for the largest and smallest radiance bins and denote the difference as ΔXCO2.

With respect to the radiance-level retrieval artifact interpretation, consider a linear line of y = XCO2 versus
x = radiance level for discussion purposes, with a negative slope to the line. Since the MODIS and O2 A-band
radiances do not have a dependence upon CO2 mixing ratio, variations in radiance are driven not by CO2 var-
iations but by e.g., surface albedo changes for a localized scene. The variation in XCO2 for a localized scene,
by this interpretation, is a monotonic function of radiance level, and all scenes, irrespective of whether or not
clouds are present, should be described by the same variation. A graph of XCO2 versus radiance for one scene
should have a similar slope to that of any other scene.

By the alternative 3-D interpretation, ΔXCO2 values are graphed as a function of the scene 3-D Have values. If
the 3-D interpretation is correct, then these data points should have a high correlation. If 3-D effects are not
influential, then this graph should have a low correlation.

We also interpret our empirical calculations by applying the 3-D SHDOM model [Evans, 1998; Pincus and
Evans, 2009]. SHDOM calculates the polarized (Stokes) vector at user specified solar-sensor geometries.
SHDOM can perform 1-D (i.e., IPA) or full 3-D radiative transfer calculations over a user specified x-y-z grid.
Monochromatic gas optical depths at 17 wavelengths are specified in our calculations based upon applica-
tion of OCO-2 ABSCO [Payne, 2017] cross sections, for a base state and a series of perturbations tabulated in
Table 2. The ACOS/OCO-2 ABSCO tables are look-up tables of cross sections of O2, CO2, and H2O in cm2/mol
units, specified at a resolution of 0.01 cm�1 at 71 pressures and 17 temperatures. The tables utilize recent
improvements in the molecular line parameters of the molecules sensed by OCO-2, including the work of
Drouin et al. [2016] for the O2 A-band, Benner et al. [2016] for the 2.06 μm strong CO2 band, and Devi et al.
[2016] for the 1.6 μm weak CO2 band.

In these simulations, we place an idealized cuboid cloud of height equal to 1.8 km, cloud width and depth of
2 km, with a cloud base of 0.8 km, at the origin of the x-y-z grid. This cloud height is equal to the average cloud
height specified from the MODIS MYD06 data file associated with the 4 September 2015 OCO-2 observations
over Lamont, Oklahoma (discussed in the next section). Our grid has a horizontal resolution of 0.5 km, a hor-
izontal extent of 32 km × 32 km, and a vertical height of 28 km. Gas, aerosol, and cloud vertical profiles are
specified in a nonuniform vertical grid from the surface to 28 km altitude. The simulations are for the nadir
viewing geometry, with a solar zenith angle of 30°.

SHDOM is first run in 1-D (IPA) mode for the base state, and then in 1-Dmode for perturbed atmospheric con-
ditions. Though there is a cloud at the origin of the 3-D grid, it does not influence the 1-D radiances at any grid
point outside of the cuboid cloud. The perturbed calculations vary one variable (i.e., CO2, surface reflectance,
surface pressure, and aerosol) at a time, keeping other variables at the base state values. These calculations
allow us to quantify partial derivatives of sensed total intensity with respect to changes in the variables.

Table 2. SHDOM Base State and Perturbation Parametersa

Variable Base State Perturbation

CO2 (ppmv) 400 1
Surface pressure (hPa) 1023 1
Aerosol optical depth 0.19, 0.07, 0.05 0.01, 0.01, 0.01
Surface reflectance 0.32, 0.21, 0.11 0.005, 0.005, 0.005

aThe three values of aerosol optical depth, from left to right, are for the
O2-A, WCO2, and SCO2 bands, respectively, with the same ordering for
surface reflectance.
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Figure 2. MODIS radiances (watts/m2/sr/μm) and OCO2 nadir observations for portions of the orbital track on 6 December
2015 which is clear over southern Queensland, Australia. Notice that there are many portions here for which all eight
adjacent footprints have successful retrievals. The vertical and horizontal dimensions of a representative FOV are given by
the black symbol in the top left plot.
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Figure 3. MODIS radiances (W/m2/sr/μm) and OCO2 nadir observations for cloudy portions of the orbital track on 6
December 2015 over Queensland, Australia. Notice that there are sections along the orbital track (e.g., bottom right
plot) for which CO2 is not retrieved. A decreasing number of successful retrievals are present as the cloud field becomes
more heterogeneous. The vertical and horizontal dimensions of a representative FOV is given by the black symbol in
the top left plot.
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Results, presented in the next sec-
tion, are displayed in percent units;
i.e., we calculate 100 * (A � IPA)/
IPA, where IPA stands for the 1-D
base state and A is the perturbed
state in which one variable is per-
turbed. Since CO2 does not absorb
in the O2 A-band, its A-band deri-
vative is not calculated.

We then run SHDOM in 3-D –mode.
The calculated 3-D radiation field
now includes 3-D cloud perturbed
radiances that are largest near the
cloud and decrease with increasing
distance from the cloud. Percent
differences, 100 * (A � IPA)/IPA,
are calculated with A representing
3-D intensities for a base state of

400 ppmv CO2 and with IPA (i.e., 1-D) intensities at the same 400 ppmv CO2 base state. Comparisons between
the two sets of percent differences then allow us to compare the 3-D and 1-D calculations in relative manner.

4. Results

Figure 1 displays the locations of successful OCO-2 retrievals superimposed over the corresponding MODIS
250 m radiance field for four target mode scenes. In Figure 1 (top left), clear skies were observed on 20
June 2015 over the Lamont, Oklahoma, Atmospheric Radiation Measurement Southern Great Plains and
TCCON facilities (36.604°N, 97.486°W). The symbols in Figure 1 mark locations of the successful XCO2 retrie-
vals and not the size of the OCO-2 FOV. A total of 3884 observations overlap in a region that covers roughly a
20 km × 20 km box. In this scene the solar zenith angle was 18°, OCO-2 observation zenith angles varied
between 28 and 50°, air mass varied between 2.1 and 2.6, and observations were completed in 3 min with
OCO-2 satellite latitudes between 31 and 42°N. MODIS radiances vary due to variations primarily in surface
reflectance. The nearest cloudy region, at 36.4°N and 97.43°W at the bottom of the panel, has a MODIS
MYD06 altitude of 9.1 km, radiance greater than 150 W/m2/sr/μm, and is 10 km away from the nearest
OCO-2 observation points. Consulting Figure 1 of Várnai and Marshak [2009], MODIS reflectance at
0.68 μm, the wavelength closest to the OCO-2 O2-A band wavelength of 0.76 μm, is enhanced by less than
4% for nearest cloud distances less than 10 km, so 3-D effects will be fairly small for this particular target
mode observation.

A cloudy scene in Figure 1 (top right) over the Lamont site on 4 September 2015 is characterized by fair
weather cumulus. All of the observations are of quality flag 0 (highest quality). This panel displays the
MODIS radiance field and the OCO-2 observations corresponding to successful retrievals. The number of
observations, 1128, is one third of the number of observations for the Lamont clear-sky scene. This is due
to the ability of the cloud screening algorithms to successfully screen out most of the cloudy observations
prior to the full retrieval processing. In this scene the solar zenith angle was 35°, OCO-2 observation zenith
angles varied between 19 and 50°, and air mass varied between 2.3 and 2.7. Fair weather cumulus are visible
in Figure 1 (top right), with radiances greater than 150W/m2/sr/μm, in close proximity to OCO-2 observations.
In addition, shadows are indicated by radiances in the 1–40 W/m2/sr/μm range, north of the clouds. The sha-
dows are readily apparent in NASA Worldview true-color screen images, expanded to high spatial resolution.

The other panels in Figure 1 are for cloudy target mode scenes that become progressively more heteroge-
neous. Figure 1 (bottom left and right) display MODIS radiance fields and target mode observation points
on 6 and 12 September 2015 over Orleans, France (47.97°N, 2.113°E), and Park Falls, Wisconsin (45.945°N,
90.273°W), respectively. These two scenes have a denser setting of fair weather cumulus than for the cloudy
Lamont scene. The cloud screening has removed many problematic observations, resulting in 1003 and 204
successful retrievals, 26% and 5% of the number of observations compared to the Lamont clear skies scene.

Figure 4. Orbital track geometry of the OCO-2 (“O”) and MODIS (“M”) experi-
ments associated with the 4 September 2015 target mode observations. “T”
marks the Lamont, Oklahoma, target mode site location.
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An examination of many months of NASA Worldview imagery yielded a scene on 6 December 2015 over
Queensland Australia of nadir mode data that included both clear-sky and fair weather cumulus. Figure 2 dis-
plays MODIS radiances and OCO-2 clear-sky observations. The number of successful retrievals is consistently
high for all eight footprints along the orbital ground track, with smooth variations in MODIS radiances. The
locations of cloud-influenced observations are displayed in Figure 3, corresponding to the northern portion
of the orbital track over Australia. The largest density of successful retrievals corresponds to regions away from
clouds. Figure 3 (bottom right), which displays the highest density of heterogeneous clouds, has a few success-
ful retrievals along this portion of the orbital track. In Figures 2 and 3 a representative FOV is indicated by the
blackmark in the top left corner of the bottom left plot. The 2 km long axis of the OCO-2 FOV is oriented 13° to
the north-south direction, consistent with the 98° inclination of the ascending node orbital track.

Since the MODIS and OCO-2 experiments are on different satellite platforms, the MODIS and OCO-2 viewing
geometry is subject to parallax effects. The MODIS and OCO-2 orbital geometry is presented in Figure 4. The
OCO-2 orbital ground track is to the west of the Lamont site, with the MODIS ground track west of the OCO-2
ground track. Parallax effects are dependent upon the position of the Sun, cloud top height, satellite ground
tracks, and orbital height. As an example, the difference in longitude of the MODIS and OCO-2 ground tracks

Figure 5. MODIS 250 m radiance field (W/m2/sr/μm) and assigned cloud heights for the 4 September 2015 observations
over Lamont, Oklahoma.
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of the cloud top, for a cloud top of 1.7 km height, is 0.4 km. To correct for parallax, an OCO-2 observation at
longitude L needs to be assigned to the cloud top radiance observed by MODIS at longitude L + 0.4 km. A
latitude-parallax correction is also applied. Since MODIS is a cross-track experiment, the sign of the small-
latitude parallax is positive or negative dependent upon the OCO-2 satellite ground track position being
south or north of the Lamont latitude.

The MODIS wavelength channels have spatial resolutions at 250 m, 500, or 1 km. Cloud fields in the MYD06
data files do not detect nor specify clouds at the 250 m radiance file resolution. To specify a 250 m resolution
cloud top field, each cloud scene in Table 1 is individually examined. Cloud radiance levels are determined
from longitude-latitude 250 m radiance maps and NASA Worldview imagery, cloud top heights are read in
from MYD06 data files, and cloud top heights are assigned based upon the cloudy 250 m radiances.
Figure 5 displays the assigned 250 m cloud top height field for the cloudy Lamont scene. The clouds have
a cloud top height near 1.7 km altitude. Since the horizontal parallax is 0.4 km, and the clouds are larger
by a factor of 3 in horizontal extent, the horizontal parallax is smaller than the typical cloud size. We note

Figure 6. Distributions of OCO2 XCO2 and MODIS radiance (W/m2/sr/μm) for the 4 September 2015 target mode observa-
tions over Lamont, Oklahoma. (top left) XCO2 values which are collocated with closest MODIS 250 m radiances. (top roght)
Parallax shifts for cloudy radiances are applied. (bottom left) Field of view (FOV) is applied to the MODIS radiances, ignoring
parallax. (bottom right) Parallax and FOV considerations are both applied. The symbols with square-cross-diamond-X
hatching indicate XCO2 averages which have 1σ confidence limits which do not overlap for at least one of the other
averages’ confidence limits. If there is overlap, then the square-cross symbol is graphed.
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that the horizontal parallaxes for the other target mode and nadir mode observations discussed below also
are on the order of 0.4 km.

With respect to cloud shadows, the long axis of the footprint FOV is oriented from 6° to 12° away from latitude
lines, and thus approximately parallel to the cloud shadows. Cloud shadows have a strong east-west orienta-
tion since the A-Train observation local time of 01:30 P.M. is fairly close to noon, so the OCO-2 FOV falls mainly
on a shadow region (or a cloudy region) with little overlap of clear and cloudy region contributions to the
sensed radiance.

There are four panels in Figure 6, which presents XCO2 values and MODIS radiances in scatter diagrams for
the cloudy Lamont observations on 4 September 2015. Refinements in the specification of the radiances, with

Figure 7. Distributions of OCO2 XCO2 and MODIS radiance (W/m2/sr/μm) for the six scenes. The Orleans and Park Falls
scenes have the largest spread in XCO2 values, and from Figure 1, the largest cloud heterogeneity.
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and without cloud parallax and FOV averaging of MODIS radiances, are viewed in a side-by-side comparison.
There are differences in the number of data points in the largest radiance bin in the four panels since the
convolution of the OCO-2 FOV with the MODIS radiance field replaces a high MODIS radiance with a
smaller field averaged value. The lowest radiance range corresponds to shadow-influenced pixels, the
middle ranges to clear-sky footprints, and the largest radiance range corresponds to footprints in the
vicinity and/or over clouds. The shadow-influenced, clear, and cloud-influenced data are indicated by dark
blue, red, and light blue symbols, respectively. Averages of the radiances for the five radiance ranges are
also indicated in each panel. In all four panels the averages decrease as MODIS radiances increase.

The XCO2 averages in Figure 6, and those in following figures, are marked by black symbols. The 1σ confi-
dence interval is calculated for each XCO2 average. For a particular scene, if an XCO2 average has a 1σ con-
fidence interval that does not overlap with at least one of the other 1σ confidence intervals of the other XCO2
averages for that particular scene, then the XCO2 average is marked with a square-cross-diamond-cross
hatching. For these cases, the XCO2 average can be considered to be statistically different from at least
one of the other XCO2 averages at the 1σ level. If there is overlap, then a square-cross hatching is used. In
regard to Figure 6 (bottom right) there is not overlap, so differences in the XCO2 averages are significant
at the 1σ level. The 1σ confidence interval is marked in Figure 6, and following graphs, by a vertical line. In
several of the following graphs the 1σ interval extends above and below the XCO2 average symbol.

Figure 7 displays summary scatter diagrams, in which parallax (for cloudy scenes) and FOV considerations (for
all scenes) have been applied. The bottom right plot of Figure 6 for the Lamont cloudy scene is in the top
right corner of Figure 7. The XCO2 values in Figure 7 compare favorably to TCCON measurements. TCCON
data were obtained from the TCCON Data Archive, hosted by the Carbon Dioxide Information Analysis
Center (available from http://tccon.ornl.gov/). The TCCON Lamont clear-sky measurement of CO2

[Wennberg et al., 2014a] is 400.7 ppmv, which is 1 ppmv smaller than the OCO-2 measurement. The
Lamont cloudy, Orleans, and Park Falls TCCON-OCO-2 XCO2 differences for the clear-sky radiance ranges in
Figure 7 are �0.7, 0.5, and �0.5 ppmv, respectively [Warneke et al., 2014; Wennberg et al., 2014b].

There are two clear-sky scenes in Figure 7. For the Lamont clear-sky scene on 20 June 2015 Figure 7 (top left)
presents XCO2 values, offset by 400 ppmv and the MODIS radiances. Three ranges of radiances, and the
averages of XCO2 in each range, are presented in Figure 7 (left column). The panel presents radiances calcu-
lated by applying the FOV (~1.3 km by 0.4 km) over the 250 m radiance grid for each OCO-2 measurement,
with the long axis of the footprint FOV from 6° to 12° offset to a latitude line. The difference in the XCO2
averages for the first and third MODIS radiance bins, denoted as ΔXCO2, is 0.03 ppmv. The lack of variation
of the averages in this clear-sky scene indicates that the bias corrections applied to the raw XCO2 data did not
introduce a radiance-level dependence in XCO2. The other clear-sky scene, observed over Queensland,
Australia, on 6 December 2015 is similar in that there is little difference in the average XCO2 values for the
three radiance bins, again indicating a lack of radiance-level dependence in XCO2.

In contrast, the other panels for the four cloudy scenes in Figure 7 display a dispersion of the individual data
points in the vertical XCO2 axis. Table 3 presents the standard deviations in XCO2 for each of the panels. The
standard deviations of the cloudy scenes are substantially larger than those of the clear-sky scenes. Though
there are fewer data points to work with, the XCO2 averages of the cloudy scenes differ for the three radiance
bins, with statistical 1σ significance in the differences.

Table 3. ΔXCO2 and Have Data for Clear-Sky and Cloudy Scenes

Scene ΔXCO2a (ppmv) ΔXCO2b (ppmv) Have
c (Unitless) Standard deviationd (ppmv)

Lamont (clear-sky) 0.029 0.084 0.22 0.98
Lamont (cloudy) 1.21 0.32 0.51 1.2
Orleans (cloudy) 1.17 0.51 0.80 1.7
Park Falls (cloudy) 4.73 2.03 1.25 2.6
Australia (clear-sky) �0.18 �0.08 0.18 0.53
Australia (cloudy) 0.71 0.85 0.42 0.85

aΔXCO2 is the difference XCO2(first radiance bin)-XCO2(last radiance bin) of the MODIS radiance data in Figure 7.
bSame as footnote a except that ΔXCO2 is based upon OCO2 radiance data in Figure 8.
cHave is calculated using MODIS radiances.
dThe XCO2 standard deviations are calculated using the data in Figure 7.

Journal of Geophysical Research: Atmospheres 10.1002/2016JD026111

MASSIE ET AL. EVIDENCE OF 3-D CLOUD EFFECTS 7078

http://tccon.ornl.gov/


Based upon the same processing, Figure 8 presents similar scatter diagrams of XCO2 and OCO-2 A-band con-
tinuum radiances. As with Figure 7, the clear-sky diagrams have a tight clustering of data points, with little
variation in the XCO2 averages. The scatter diagrams for the four cloudy scenes display a considerable disper-
sion of the individual data points, far beyond the confines of the tight clustering of the clear-sky data points.
The Orleans and Park Falls scenes display the largest dispersion of XCO2 data points and the largest differ-
ences in average XCO2 in both Figures 7 and 8.

Qualitative comparison of the results for Figures 7 and 8 clear-sky and 3-D cloudy scenes, based upon SHDOM
calculations, is presented in Figure 9. From the 1-D (single column IPA) perspective, an increase in CO2 or

Figure 8. Distributions of OCO2 XCO2 and OCO-2 A-band continuum radiance (in units of 1020 photons/s/m2/sr/μm) for
the six scenes.
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surface pressure leads to a decrease in sensed radiance in the weak and strong CO2 bands (see the 1 ppmv
CO2 and 1 hPa curves in Figure 9). This is reasonable since, taking the limit of very large gas optical depth,
back scattered photons originate from high altitudes, for which there is little air to scatter light toward an
orbiting sensor. Increases in surface reflectance and aerosol lead to a 1-D increase in sensed radiance (see
the “0.005 Refl” and “0.01 Aer” curves in Figure 9). Increased reflectance sends more photons from the
surface to the orbiting sensor, while the sulfate aerosol used in our calculations scatters more light back to
the sensor. From the 3-D perspective (see the 3-D curve in Figure 9), the presence of a cloud of height
1.8 km a distance of 4 km from a clear-sky footprint (i.e., the cloud is outside of the 1.3 km by 0.4 km OCO-
2 footprint) leads to an increase in radiance for the base state (i.e., 400 ppmv CO2, unperturbed aerosol,
and surface reflectance and pressure). The 1-D retrieval interprets a radiance enhancement due to 3-D
cloud effects as a decrease in XCO2, consistent with the discussion of the Merrelli et al. [2015] study in
section 1.

Qualitative comparisons of the data in Figure 7 (and separately, Figure 8) and the radiative transfer calcula-
tions in Figure 9 are consistent with the assertion that the 1-D operational retrieval interprets shadow-
influenced observations by increasing XCO2, while decreasing XCO2 for cloud- influenced observations. In
contrast to the clear-sky scatter diagrams, the XCO2 averages for the cloudy scenes are consistent with 3-D

Figure 9. Representative SHDOM 3-D radiative transfer calculations for the three OCO2 bands. Calculations are for mono-
chromatic wavelengths of various optical depths based upon OCO-2 ABSCO cross sections, for a nadir view with a solar
zenith angle of 30°. Radiances are those 4 km from the cloud cuboid, which has a height of 1.8 km. IPA denotes inde-
pendent pixel approximation calculations for 1-D single columns. Y axis values are percent perturbations in the radiance
field due to either A = 3-D radiative transfer (i.e., the blue lines) or single column perturbations in surface reflectance
(orange), aerosol (red), surface pressure (green), or 1 ppmv increase in CO2 (purple). In all panels the single cuboid cloud is
4 km from the same clear-sky footprint in both the IPA and 3-D calculations. Note that the ranges of the y-axis scales differ
for the three panels.
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radiative transfer effects that
impose an increase in XCO2
variance. Though ΔXCO2 is not
mathematically equal to the
XCO2 distribution variance, this
metric does indicate that the
spread in XCO2 becomes large
since XCO2 averages for the smal-
lest and largest radiances are
greater than and less than the
XCO2 averages of the clear-sky
radiance portions of the cloudy
scenes in Figures 7 and 8.

Note that it is not just a change in
radiance level that is responsible
for the 3-D effect, since there is a
range in radiance in the clear-sky
Lamont scene presented in
Figures 7 and 8 for both the
MODIS and OCO-2 radiances, yet
the average XCO2 values display
small differences (0.03 ppmv). As
discussed in section 1, 3-D cloud
effects perturb both continuum
radiances (e.g., the shoulders of
the O2 A-band) and the molecular
line radiances in a detailed manner
different from 1-D perturbations in
CO2mixing ratios and aerosols. The
shape of the “3-D” curves, as a
function of total optical depth in
Figure 9, differs from the other
curves, especially so in comparing
the weak “3-D” and weak “1 ppmv
CO2“perturbation curves. A discus-
sion of the details on how 3-D
effects perturb OCO-2 molecular
spectra structure, and how the 1-
D operational retrieval responds
to the 3-D perturbations, lies out-
side the scope of our study.

MODIS ΔXCO2 values, based
upon the averages presented in
Figures 7, are specified in Table 3,
with ΔXCO2 being the difference
in XCO2 for the first (lowest
MODIS radiance) and the highest
MODIS radiance bins. OCO-2
ΔXCO2 values, based upon the
Figure 8 data, are also included in
Table 3. Standard deviations of
the distributions of the XCO2
data in Figure 7 are tabulated in

Figure 10. PDFs of XCO2 for the Lamont clear-sky and Orleans cloudy
scenes. The PDFS have been offset such that the maxima of each PDF is
at zero.

Figure 11. XCO2 averages, and linear fits over a restricted range of MODIS
radiance (W/m2/sr/μm), for Lamont, Orleans, and Park Falls scenes. Have
values are placed alongside each label. The XCO2 averages have been shifted
vertically for graphical legibility purposes. The absolute magnitude of the
slopes of the linear curves increases as the Have values for the scenes
increase. If radiance was the most important factor for the differences in the
XCO2 averages of the various scenes, then one would not expect to see
differences in the slopes of the linear lines displayed in this Figure.
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Table 3. There is a considerable range in standard deviation, by a factor of 5, between the lowest (for the
Australia clear-sky scene) to the highest value (for the Park Falls cloudy scene).

Figure 10 displays probability distribution functions (PDFs) of XCO2 for the Lamont clear and Orleans cloudy
scenes to illustrate the differences of the two distributions. Both distributions have been offset by values such
that the peaks of the PDFs are both at zero. The Orelans PDF displays a tail of negative values, relative to zero,
that is in contrast to the symmetrical Lamont clear-skyclear-sky PDF. We note that the Orleans PDF is com-
posed of XCO2 values from both clear-sky, shadow, and cloud-impacted radiances in the target mode scene.

5. Interpretation of Results

Now that the ΔXCO2 values have been calculated, we next determine if the data are best described as a
radiance-level retrieval artifact or by 3-D radiative transfer effects.

Figure 11 presents XCO2 versus MODIS radiance data for the Lamont clear-sky, Lamont cloudy, Orleans,
and Park Falls scenes. We focus on the range of radiance for which there is overlap in radiance (30–80 W/
m2/sr/μm). Linear fits, weighted by the inverse of the variances of the XCO2 averages, and restricted to
the linear portion of the data points, are also presented in Figure 11. The 1σ confidence intervals of each
XCO2 average are represented by the vertical lines. The slopes of the four lines in Figure 11 differ and are
more negative for the cloudy scenes. If radiance was the most important factor for the differences in the
XCO2 averages of the various scenes, then one would not expect to see differences in the slopes of the
linear lines displayed in Figure 11 in the clear-sky portion of the radiance range. This does not support
the null hypothesis.

In regard to the artifact interpretation, we also note from Figures 7 and 8 that XCO2 averages change little for
clear-sky scenes for the three radiance bins, while cloudy scene XCO2 averages decrease as MODIS radiances
increase. The clear-sky data do not support a large decrease in XCO2 as MODIS or OCO-2 A-band
radiances increase.

For each XCO2 data point in Figure 7, the ratio of the standard deviation in the MODIS radiance field, H, for a
spatial box 5 km by 5 km surrounding an individual observation, divided by the average radiance in the box,
is first calculated. The averages of these ratios (a measure of the radiance field heterogeneity for a given
scene, denoted Have) are then calculated for each scene (see Table 3). The ΔXCO2 from Figure 7 and

Figure 12. (left) Graph of MODIS Have and ΔXCO2. The two data points nearest the origin are for clear-sky scenes. (right)
Graph of MODIS Have and ΔXCO2. Data points are from Table 3. Correlations are 0.92 and 0.91 in the two panels from left
to right. The 1σ confidence limits for the difference in the XCO2 means of a particular scene are indicated by the
vertical lines.
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Table 3 and MODIS Have values from Table 3 are presented in Figure 12 (left). The data points have a correla-
tion coefficient of 0.92 (Figure 12, left). The ΔXCO2 (from Figure 8 and Table 3) and MODIS Have values have a
correlation coefficient of 0.91 (Figure 12, right).

Ideally, for a clear-sky scene with no horizontal variations in surface reflectance, the Have ratio is zero and
ΔXCO2 is also zero. Since there are variations in surface reflectance, the Have ratios are nonzero (0.22 and
0.18) for the two clear-sky scenes. As cloud fields of increasing heterogeneity are present, there are larger
and larger variations in cloud and clear-sky radiances adjacent to the individual observation data points.
Have and ΔXCO2 both increase in value and are positively correlated. The correlations of the data points in
Figure 12 (left and right) of 0.92 and 0.91 indicate a strong relationship between the behavior of the
ΔXCO2 values in Table 3 and the heterogeneity of the MODIS and OCO-2 radiance fields due to cloud hetoer-
ogeneity. The data in Figure 12 are consistent with the 3-D effect interpretation: ΔXCO2 is a measure of the
contribution to the variance of 1-D XCO2 retrievals due to 3-D cloud radiative transfer effects, with the Have

metric being a measure of MODIS 250 m radiance field heterogeneity due to 3-D cloud heterogeneity.

6. Conclusions

XCO2 averages differ for the various MODIS radiance ranges by small amounts (see Table 3) for the Australia
and Lamont clear-sky cases, with ΔXCO2 equal to �0.18 ppmv and �0.03 ppmv, respectively. Averages of
XCO2 decrease in a noticeable manner when clouds are present, with ΔXCO2 varying from 0.7 ppmv to
4.7 ppmv. The ΔXCO2 values are larger when there are more heterogeneous clouds present, as in the
Orleans and Park Falls scenes, than for the Lamont cloudy scene or the northern Australian cloudy scene.

The decrease in the XCO2 averages (and subsequent increase in the ΔXCO2 values) are consistent with our
interpretative framework provided by SHDOM 3-D radiative transfer calculations (Figure 9), and the previous
3-D and retrieval study of Merrelli et al. [2015]. From a 1-D (IPA) perspective in the absence of clouds, an
increase in CO2 leads to a decrease in molecular line radiances. This is consistent with the case (a) calculations
of Okata et al. [2017]. Three-dimensional clouds, however, can enhance the radiation field of a clear-sky foot-
print when clouds are several kilometers away from a clear-sky footprint and/or cloud fragments are located
in the footprint, perturbing continuum, and molecular line radiances, as a function of wavelength and total
optical depth. Three-dimensional cloud effects enhance radiances in the “basin” regions between clouds
and/or decrease radiances due to cloud shadows. The 1-D operational retrieval interprets the 3-D radiance
enhancements as a decrease in CO2 and interprets shadows as an increase in CO2. The 3-D spectral perturba-
tions of Figure 9 are different for the three OCO-2 bands since different surface albedos (see Table 2) mod-
ulate the 3-D effects.

The 3-D spectral perturbations are present if a cloud is nearby to a clear-sky footprint, even if the variables of
interest (CO2, surface reflectance, aerosol, and surface pressure) are actually at their unperturbed base state
values. The 1-D retrieval accounts for the 3-D spectral perturbation by converging to a solution of the variable
values that differ from their base state values.

The 3-D effect increases as one approaches a cloud, so it is expected for a given cloud field that 3-D radiative
perturbations will vary depending upon the observation point – cloud distance. We quantified this variation
by splitting up the full range of MODIS radiance of a given scene into several ranges. MODIS and OCO-2
radiances are larger at and near clouds, and smaller in clear-sky footprints, and smaller still in cloud shadows.
XCO2 averages in the radiance bins indicated little variation for clear skies (Figures 7 and 8), and marked
decreases in XCO2 as radiance increased for fair weather cumulus. The calculation of XCO2 averages is helpful
since there is considerable variance in XCO2 even for the clear-sky scenes. Variance is present and expected
even for perfect observing conditions, as mandated for any experiment by instrument, radiative transfer phy-
sics, and retrieval code limitations quantified from an optimal estimation analysis perspective [Rodgers, 2000].

As the cloud fields become more heterogeneous, differences in the XCO2 averages, quantified by the ΔXCO2
and Have metrics, become more pronounced. As illustrated in Figure 12, MODIS Have and ΔXCO2 are highly
linearly correlated, with correlation coefficients of 0.92 and 0.91 in the two panels. These correlations indicate
that 3-D cloud effects introduce systematic increases in XCO2 variance as one proceeds from clear-sky to
cloudy scenes of ever more complicated heterogeneity. Table 3 indicates that the XCO2 standard
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deviations increase as Have increases. This is not the behavior one expects if 3-D effects had no influence on
XCO2 in the vicinity of clouds.

As stated above, our null hypothesis is XCO2 variations are best described as a radiance-level retrieval artifact
than by 3-D radiative transfer effects, as parameterized by 3-D cloud heterogeneity metrics. The slopes of the
four lines in Figure 11 differ for the clear-sky and cloudy scene target mode observations and are more nega-
tive for the cloudy scenes. If radiance was the most important factor for the differences in the XCO2 averages
of the various scenes, then one would not expect to see differences in the slopes of the linear lines displayed
in Figure 11 in the clear-sky portion of the radiance ranges of the four scenes. The null hypothesis is not sup-
ported by the data in Figure 11.

Further progress to better understand the role of 3-D effects requires investigations of the details on how 3-D
effects perturb OCO-2 molecular spectra structure as a function of line optical depth, cloud field heterogene-
ity, and viewing geometry. We are currently investigating if the 3-D effects can be discerned in a target mode
scene from an analysis of clear-sky, shadow, and cloud perturbed spectra embedded in the target
mode scene.

We note that spectroscopic retrievals are based upon wavelength-dependent absorption contrasts in the
molecular line structure, rather than absolute radiance levels present in broadband spectrometry. The
clear-sky radiances do change in Figures 1–3 and 7, 8 due to variations in surface reflectance. These variations
in the clear-sky scenes do not, however, lead to a radiance level dependence in retrieved XCO2 (see Figures 7,
8, and 11)—the clear-sky XCO2 means are very similar to each other. From Figure 9, there are differences in
the optical depth dependence of the surface reflectance and 3-D effect curves. 3-D cloud effects impose a
wavelength dependent perturbation with a different optical depth structure compared to a surface reflectance
perturbation. Photon paths are altered at different altitudes due to changes in surface reflectance versus
changes in the radiation field due to 3-D cloud effects, depending upon the cloud height. The 3-D cloud
effect photon path can also include a variety of path segments (e.g., Sun to cloud, cloud to ground,
and ground to sensor).

Knowledge of how the 1-D operational retrieval responds to observed spectra (in which 3-D effects are pre-
sent in a cloudy scene), compared to separate retrievals in which the 3-D spectral perturbations have been
removed from the spectra, will be very useful in the development of postprocessing algorithms that can cor-
rect XCO2 values for the 3-D effects. One possible correction algorithm is suggested by figures presented
above. Consider a target mode scene. For this scene one can construct the PDF of XCO2, shifted by an
amount that brings the maximum of the PDF to zero (see Figure 10). The maximum of the PDF (labeled
XCO2max), however, is not the desired corrected XCO2, since the XCO2 values in the “clear-sky” portion of
the PDF correspond to radiances perturbed by 3-D effects (i.e., the radiances are enhanced) and differ from
XCO2 values for the same clear-sky regions but in a scene that lacks clouds away from the clear-sky regions.
The determination of the 3-D bias of the 1-D retrieval, due to 3-D effects, in clear-sky regions that are embedded in
cloudy scenes, is a very important future task. For a target mode scene, and the cloud field from auxiliary
sources (e.g., MODIS or the 0.5 km resolution geostationary Advanced Baseline Imager on GOES-R), 3-D cal-
culations run in 3-D and 1-D (IPA) mode can be used to generate a set of spectra for the clear-sky regions.
Knowing the difference in these spectra, one can then run the retrieval as per the original spectra, and one
with spectra for which the 3-D radiance perturbation has been subtracted. The two retrievals will yield differ-
ent XCO2 values, and it is this difference (i.e., the 3-D bias) which can be used to correct the XCO2max value to
the desired value. Of course, it is currently too expensive (in computer resource terms) to carry out these cal-
culations for each target mode scene. A parameterization of the correction scheme, based upon an ensemble
of cloud scenes of various Have values, observational, and solar angle geometries, could provide a practical
way to implement the correction process.

Though the cloud screening algorithms are very efficient for regional studies—one can look away from the
cloudy sectors embedded in a large region—future experiments will have a larger emphasis on target mode
observations of urban and industrial point sources. Since the target mode focuses on a local scene of size
20 km by 20 km, and since the Have metric is calculated using a similar sized domain (e.g., 5 km by 5 km),
3-D radiative transfer effects are capable of imposing substantial variance in XCO2 at the local scale.
Techniques designed to cope with less than ideal situations, which impose both clouds and a highly variable
surface topography and reflectance field upon observed scenes, are of future importance.
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