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[1] The new Version 5 MOPITT (Measurements of Pollution in the Troposphere) product
for carbon monoxide (CO) is the first satellite product to exploit simultaneous near-infrared
and thermal-infrared observations to enhance retrieval sensitivity in the lower troposphere.
This feature is important to air quality analyses and studies of CO sources. However,
because of the influence of both thermal contrast and geophysical noise, the retrieval
characteristics for this new multispectral product are highly variable. New V5 products for
surface-level CO concentrations have been evaluated over the contiguous United States
using both in situ vertical profiles and NOAA ground-based “Tall Tower” measurements.
Validation results based on the in situ profiles indicate that retrieval biases are on the order
of a few percent. However, direct comparisons with the Tall Tower measurements
demonstrate that smoothing error, which depends on both the retrieval averaging kernels
and CO variability in the lower troposphere, exhibits significant geographical and seasonal
variability.
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1. Introduction

[2] Measurements of tropospheric carbon monoxide (CO)
enable many applications including air quality studies,
chemical weather forecasting and the characterization of
emissions through inverse modeling. Many of these appli-
cations benefit particularly from measurements of CO in the
lower troposphere, where emissions from both fossil fuel
burning and biomass burning occur. Improving satellite-
based measurements of pollution in the planetary boundary
layer has been identified as a national priority for the United
States [National Research Council, 2007]. However, satellite
measurements based on a single spectral domain are typically
unable to resolve CO in the lower troposphere. The MOPITT
instrument, on the Earth Observing System Terra platform,
is the first and currently only satellite instrument capable of
observing CO in multiple spectral domains in order to
achieve enhanced sensitivity to CO in the lower troposphere
[Drummond, 1992]. This concept may also be exploited for
the upcoming GEO-CAPE (Geostationary Coastal and Air
Pollution Events) mission [Edwards et al., 2009].
[3] MOPITT’s gas correlation radiometers observe simul-

taneously in both a thermal-infrared (TIR) band near 4.7 mm
and a near-infrared (NIR) band near 2.3 mm. Multispectral

TIR/NIR retrievals have only recently been demonstrated
[Worden et al., 2010;Deeter et al., 2011] and are one of three
CO retrieval products available in the recent (2011) MOPITT
Version 5 (“V5”) data release. TIR-only and NIR-only CO
retrieval products are also available. The MOPITT TIR-only
product is considered the most mature, is the most stable (i.e.,
exhibits the fewest number of failed retrievals) and is physi-
cally similar to CO products from the TES [Bowman et al.,
2006] and IASI [George et al., 2009] instruments. The
MOPITT NIR-only product is similar to the SCIAMACHY
CO product [de Laat et al., 2007], although it is only avail-
able in clear-sky scenes over land. Both the V5 TIR/NIR and
NIR-only products exploit a retrieval algorithm adaptation to
increase the influence of the NIR radiances at the expense of
increased retrieval noise [Deeter et al., 2011]. This manu-
script focuses on the performance of V5 products over the
contiguous United States (CONUS)for which several in situ
data sets may be used for evaluation. All three V5 products
are available for the entire record of MOPITT observations,
beginning in March, 2000, and continuing to the present.
Gridded daily and monthly “Level 3” products are also
available. MOPITT products for CO include both the volume
mixing ratio (VMR) profile on a ten-level pressure grid and
the CO total column. Within the V5 retrieval algorithm,
VMR values between adjacent grid levels are tied to the
lower level; thus the retrieved “surface-level” CO concen-
tration actually corresponds to a uniform layer between the
surface and 900 hPa, which is the first fixed level in the
retrieval grid. In order to directly compare TIR-only, NIR-
only and TIR/NIR products, only MOPITT data from day-
time overpasses where solar zenith angles are less than
80 degrees) are analyzed in the following work. These
overpasses occur at approximately 10:30 am local time.
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[4] All V5 retrieval products are based on a new method
for calculating radiance uncertainties for MOPITT’s length-
modulation cell (LMC) channels. The new method accounts
for both instrumental noise and “geophysical noise,” i.e.,
random errors in the calibrated radiances resulting from the
combined effects of field of view motion and fine-scale
spatial variability in surface radiative properties [Deeter
et al., 2011]. Earlier MOPITT products (including the V4
product) only accounted for instrumental noise. Over land,
the magnitude of geophysical noise varies strongly, even for
adjacent MOPITT pixels, and is often much greater than the
instrumental noise. Thus, because radiance uncertainties
determine the influence of the measured radiances in optimal
estimation-based retrieval algorithms, the retrieval sensitivity
(as defined by the averaging kernels, for example) for V5
products exhibits more variability than for previous MOPITT
products.
[5] For retrieving CO concentrations in the lower tropo-

sphere, TIR and NIR observations are complementary. TIR
radiances are often most sensitive to CO in the mid- and
upper-troposphere, whereas NIR observations mainly pro-
vide information about the CO total column. Conceptually,
CO concentrations in the lower troposphere may be deter-
mined from the difference between the total column amount
(from NIR measurements) and the partial column represent-
ing the mid- and upper-troposphere (from TIR measure-
ments). In practice, the MOPITT retrieval algorithm does
not exploit the TIR and NIR measurements separately, but
instead uses optimal estimation to determine the entire CO
volume mixing ratio profile most consistent with the TIR and
NIR observations.
[6] However, actual multispectral (TIR/NIR) retrievals are

subject to several effects which tend to degrade the retrieval
sensitivity to CO in the lower troposphere. First, over land
the magnitude of the TIR weighting functions in the lower
troposphere strongly depends on thermal contrast conditions
[Deeter et al., 2007a], but is generally non-negligible.
(Weighting functions, or “Jacobians,” describe the sensitivity
of the actual measurements to CO perturbations applied
at each discrete level in the retrieval grid. Numerically,
weighting functions are calculated as the derivative of the
radiance with respect to the logarithm of the volume mixing
ratio.) Positive thermal contrast occurs when the surface skin
temperature is greater than the air temperature just above the
surface; increasing thermal contrast increases the sensitivity
of TIR radiances to CO in the lowermost troposphere. While
positive thermal contrast may be beneficial for TIR-only
retrievals of CO in the lower troposphere, it also increases
the overlap between the TIR and NIR weighting functions.
This overlap effectively results in redundancy between the
TIR and NIR measurements, and reduces the amount of
independent information in the measurements as a whole.
Second, both TIR and NIR measurements are subject
to geophysical noise which decreases the radiance signal-
to-noise ratios. Third, even in the absence of geophysical
noise, surface albedo directly influences NIR signal-to-noise
ratios. Optimal conditions for TIR/NIR retrievals of lower-
tropospheric CO are obtained in scenes characterized by
weak thermal contrast, low geophysical noise, and high NIR
surface albedo. In addition, the actual CO VMR profile
affects the TIR weighting functions [Deeter et al., 2007b]

and therefore may also affect retrieval sensitivity in the
lower troposphere.
[7] The remaining sections of this paper are organized as

follows. Retrieval characteristics are discussed in section 2,
along with examples of actual retrievals and averaging
kernels. The averaging kernel matrix A describes the sensi-
tivity of the retrieved CO log(VMR) profile to perturbations
applied at each level of the “true” log(VMR) profile [Deeter
et al., 2007b]. This matrix is included as a standard diag-
nostic in all MOPITT products. Validation results based on
in situ CO profiles measured from aircraft are analyzed in
section 3. Direct comparisons of TIR/NIR retrievals of sur-
face-level CO concentrations with surface in situ measure-
ments from NOAA’s “Tall Tower” network are presented in
section 4, along with comparisons to a priori values based on
the MOZART chemical transport model. Maps of long-term
averages of retrieved surface-level CO for two months over
CONUS are presented and analyzed in section 5. Finally,
conclusions are stated in section 6.

2. TIR/NIR Retrieval Characteristics

2.1. Retrieval Errors

[8] For optimal estimation-based retrieval algorithms, the
retrieved state vector xrtv is related to the true state vector xtrue
through the relation

xrtv ¼ xa þ A xtrue � xað Þ þ � ð1Þ

where xa is the a priori state vector, A is the retrieval aver-
aging kernel matrix and � is the random error vector due to
retrieval noise. For both V4 and V5, CO profiles are retrieved
as log(VMR) quantities [Deeter et al., 2007b, 2010]. Thus,
each row of the averaging kernel matrix quantifies the sen-
sitivity in the retrieved log(VMR) at one pressure level to
perturbations applied at each level of the true log(VMR)
profile. Such log-based averaging kernels represent the
retrieval sensitivity to fractional changes in the VMR rather
than absolute changes in VMR. This affects the shapes of the
averaging kernels, as discussed in section 2.3.
[9] Subtracting xtrue from both sides of equation (1) and

rearranging terms on the right side shows that the retrieval
error [Rodgers, 2000] is

xrtv � xtrue ¼ xa � xtrueð Þ I � Að Þ þ � ð2Þ

where I is the identity matrix. Retrieval errors can be attrib-
uted to each of the two additive terms on the right side of
equation (2). “Smoothing Error” is associated with the first
term and involves the a priori state xa as well as the averaging
kernel matrix A. Physically, smoothing error is associated
with the shape and magnitude of the measurement weighting
functions. This term diminishes both as A approaches the
identity matrix (i.e., as the averaging kernels approach delta
functions) and as xtrue approaches xa. The second error term is
associated with retrieval noise and depends on the measure-
ment uncertainty (e.g., geophysical noise). Unlike smoothing
error, retrieval noise is random and therefore can be reduced
by averaging.
[10] The a priori profile and covariance matrix provide

information that can not be determined from remote sensing
measurements alone. Equation (1) indicates that retrieved
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profiles are essentially a weighted average of the true profile
and the a priori profile. For MOPITT V4 and V5 retrievals,
the CO a priori profiles are based on monthly climatologies
simulated by the MOZART-4 (Model for Ozone and Related
chemical Tracers, version 4) chemical transport model
[Emmons et al., 2010] for the period 1997–2004 [Deeter
et al., 2010]. MOPITT a priori profiles vary both geograph-
ically and temporally but not interannually. The model run
employed the bottom-up POET (Precursors of Ozone and
their Effects in the Troposphere) database to represent
anthropogenic emissions [Emmons et al., 2010] and the
GFED-v2 (Global Fire Emissions Database) for biomass
burning emissions [Emmons et al., 2010]. The model reso-
lution is approximately 2.8 degrees (latitude and longitude).

2.2. Retrieved Surface-Level CO

[11] Maps of MOPITT V5 surface-level CO retrievals for a
single overpass of the eastern United States on October 22,
2008 are shown in Figure 1. Separate panels in the figure
show the CO a priori as well as V5 retrieval products for the
TIR-only, NIR-only, and TIR/NIR configurations. The day
was selected because MOPITT retrievals over the eastern
United States on this day indicate large areas of clear sky and
widely varying CO concentrations. A priori values over land
vary from approximately 170 ppbv in the southeastern U.S.
to about 300 ppbv in northern Virginia (near 39N, 78W).

Both the TIR-only and NIR-only products indicate regional
geographical patterns which are clearly different than the a
priori, but are qualitatively similar to each other. For exam-
ple, both products indicate surface-level CO concentrations
significantly smaller than the a priori in eastern Ohio (near
42N, 82W) and central Virginia (near 37.5N, 78W). The
geographic patterns evident in the NIR-only and TIR-only
products in Figure 1 are also clearly pronounced in the
TIR/NIR product.

2.3. Retrieved Profiles and Surface-Level Averaging
Kernels

[12] Examples of MOPITT retrieved profiles and surface-
level averaging kernels are analyzed for two scenes charac-
terized by sharply different thermal contrast conditions.
Retrieved profiles for MOPITT observations on October 22,
2008 inside a one-by-one degree latitude/longitude box
centered at 33.406N, and 81.833W are compared in Figure 2
(left). The center of this latitude/longitude box matches the
location of the SCT NOAA surface station in South Carolina
as described further in section 4. The solid blue line in each
panel indicates the mean a priori profile for retrievals within
the box. The mean a priori surface-level CO concentration in
this case was 221 ppbv, and was much greater than actual in
situ values. For the overpass on October 22, 2008, in situ CO
measurements averaged over a two-hour window spanning

Figure 1. Maps of MOPITT V5 surface-level CO retrievals for a single overpass of the eastern United
States on October 22, 2008. Open square near 33N and 82W indicates location of SCT Tall Tower site.
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the time of the satellite overpass at the SCT tower were 126,
124, and 124 ppbv at observation heights of 30, 61, and 305
m, respectively. (Corresponding standard deviations at these
three heights, again calculated over a two-hour window, were
4.8, 4.3, and 5.4 ppbv.) For observations within the one-
by-one degree box, the mean retrieved surface-level CO
concentrations for the TIR-only, NIR-only, and TIR/NIR
products in this case were 175, 187, and 154 ppbv, respec-
tively. Thus, for this scene the mean TIR/NIR surface
retrieval was closer to the actual in situ values than the TIR-
only and NIR-only products. A statistical analysis of such
comparisons at eight NOAA surface stations over several
years is presented in section 4.
[13] Surface-level averaging kernels for retrievals within

the one-by-one degree latitude/longitude box at the NOAA
SCT site on October 22, 2008 are compared in Figure 2

(right). TIR-only surface-level averaging kernels for the
SCT retrievals depicted in Figure 2 broadly peak in the lower
troposphere, indicating a scene with significant positive
thermal contrast [Deeter et al., 2007a]. NIR-only surface-
level averaging kernels are fairly uniform throughout the
troposphere (from the surface to 200 hPa), but exhibit a
peak at the surface. This peak, which is also evident in the
TIR-only and TIR/NIR retrievals, is the result of both the
log(VMR)-based state vector [Deeter et al., 2007b] and
retrieved CO profiles which peak sharply at the surface.
Although the averaging kernels for all three retrieval con-
figurations exhibit significant sensitivity to CO in the lower
troposphere, the TIR/NIR surface-level averaging kernels
shown in Figure 2 are closest to the ideal, as they are gener-
ally larger at the surface than either the TIR-only or NIR-only
averaging kernels and decrease with altitude more rapidly.

Figure 2. (left) Retrieved profiles and (right) surface-level AKs for MOPITT observations on October 22,
2008 inside a one-by-one degree latitude/longitude box centered at the NOAA SCT tower (at 33.406N,
81.833W). Dotted lines indicate individual retrieved profiles and AKs. Solid lines in left panels indicate
mean retrieved profile (red) and mean a priori profile (blue). Solid red lines in right panels indicate mean
surface-level averaging kernel.
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Nevertheless, even the TIR/NIR retrievals of surface-level
CO concentrations are typically sensitive to a thick layer that
extends into the mid-troposphere. The TIR/NIR surface-level
averaging kernels also exhibit a small negative peak in the
upper troposphere unlike the averaging kernels for the TIR-
only and NIR-only retrievals. The physical origin of this
feature is not well understood.
[14] Variability in the shape and magnitude of individual

TIR-only, NIR-only and TIR/NIR averaging kernels pre-
sented in Figure 2 primarily results from variability in geo-
physical noise values. Increasing geophysical noise yields
weaker averaging kernels. The magnitude of the NIR-only
surface-level averaging kernels varies the most, with peak
values at the surface ranging from near zero to about 0.2. For
both the TIR-only and TIR/NIR surface-level averaging
kernels, peak values vary by more than a factor of two. Thus,
the retrieval sensitivity for all three products varies substan-
tially even within small geographical scenes.

[15] Retrievals and corresponding surface-level averag-
ing kernels extracted from a one-by-one degree latitude/
longitude box at the NOAA WBI (Iowa) site on January 2,
2008 are presented in Figure 3. Relative to the SCT data in
Figure 2, the WBI scene is characterized by much weaker
TIR-only surface-level averaging kernels, indicating weak
thermal contrast conditions [Deeter et al., 2007a]. The
NIR-only surface-level averaging kernels for this scene are
somewhat stronger than for the SCT overpass, but are qual-
itatively similar. Finally, whereas the TIR/NIR surface-level
averaging kernels peak at the surface for both the SCT scene
in Figure 2 and the WBI scene in Figure 3, the surface peak
appears much sharper for the WBI scene, indicating less
sensitivity to CO in the mid-troposphere. As discussed in
section 1, this is the expected result of weak thermal contrast
conditions, which produce less overlap of the NIR and TIR
weighting functions and are favorable for TIR/NIR retrievals.
At the time of the WBI overpass on Jan. 2, 2008, averaged in

Figure 3. Retrieved profiles and surface-level AKs for MOPITT observations on January 2, 2008 inside a
one-by-one degree latitude/longitude box centered at the NOAA WBI tower (at 41.725N, and 91.353W).
See caption to Figure 2.
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situ CO measurements at the SCT surface station (within
the two-hour window) were 189, 189, and 138 ppbv at
observation heights of 31, 99, and 379 m, respectively.
(Corresponding standard deviations at these three heights
were 2.7, 2.4, and 3.4 ppbv.) The mean a priori surface-level
CO concentration in this case was 240 ppbv. For observa-
tions within the one-by-one degree box, the mean retrieved
surface-level CO concentrations for the TIR-only, NIR-only,
and TIR/NIR products in this case were 229, 211, and
214 ppbv, respectively.

3. Validation With In Situ Profiles

[16] For validating satellite trace gas products, retrieved
profiles are statistically compared with simulated retrievals
based on in situ profiles transformed by the retrieval aver-
aging kernels according to equation (1) [Emmons et al., 2004,
2009]. This process explicitly accounts for the influence
of a priori information and the effects of smoothing error.
For validating V5 surface retrievals over CONUS, in situ
profiles for two fixed sites and for four field campaigns
were exploited. The fixed sites include Harvard Forest,
Massachusetts (‘HFM’) at 42.5N, 71.2W and Carr, Colorado
(‘CAR’) at 40.1N, 104.1W. These sites are part of the
NOAA/Earth System Research Laboratory (ESRL) Carbon
Cycle Greenhouse Gases group’s aircraft program and pro-
vided in situ profiles from 2000 through 2007 and 2009,
respectively. Field campaigns during which CO profiles were
acquired over CONUS included COBRA (CO2 Budget and
Rectification Airborne Study; 2000 and 2004), INTEX-A
(Intercontinental Chemical Transport Experiment A; 2004),
and INTEX-B (Intercontinental Chemical Transport Experi-
ment B; 2006). Details regarding the in situ CO measure-
ments are provided in earlier MOPITT validation papers
[Emmons et al., 2004, 2009]. As in these previous validation
efforts, in situ profiles were extended vertically at levels
above the maximum sampling altitude (typically between
300 and 400 hPa) using MOZART climatology. For the two
fixed sites used for V5 validation, only overpasses yielding
at least five retrievals within 50 km and observed within
12 hours of the acquisition of the in situ profile were used for
validation. The same criteria were used for the field cam-
paigns, except that the maximum distance was increased to
100 km. Without increasing the maximum distance for the
field campaign comparisons, most of these in situ profiles
would have been discarded.
[17] Surface retrieval validation results for the TIR-only,

NIR-only, and TIR/NIR V5 products are presented as scat-
terplots in separate panels in Figure 4. Each plotted point
represents a single MOPITT overpass. The horizontal and
vertical axes correspond to the in situ measurements (con-
verted to simulated retrievals using equation (1)) and actual
MOPITT retrieved values, respectively. Vertical error bars
for each overpass indicate the log10(VMR) standard devia-
tion of the MOPITT retrievals. Dotted lines indicate the ideal
one-to-one line and error boundaries of �10%. The dashed
line in each plot indicates the least squares best fit. Overall
biases are small (a few percent) for all three retrieval con-
figurations. However, retrieval biases and standard devia-
tions for individual overpasses for the TIR/NIR product
appear substantially larger than for the TIR and NIR products
and the correlation coefficient r is smaller. This could reflect

either greater retrieval noise or stronger averaging kernels
for the TIR/NIR product. Each in situ CO vertical profile is
constructed from a set of discrete measurements and is in
reality just an approximation of the true CO vertical distri-
bution, which varies continuously in three dimensions and
in time. Apparent retrieval errors due to this approximation
will increase as the averaging kernels increase. Therefore,
because the TIR/NIR averaging kernels are generally
stronger than the averaging kernels for the other products,
the seemingly larger errors in the TIR/NIR validation results
may partly be the result of the limitations of the in situ ver-
tical profiles.
[18] Histograms of Degrees of Freedom for Signal (DFS)

are shown in Figure 4 (right). DFS is defined as the trace of
the averaging kernel matrix and indicates the number of
independent pieces of information in the retrieved state. DFS
values for the TIR/NIR retrievals indicate retrievals which
are less constrained by the a priori and should exhibit less
smoothing error (compared to the TIR-only and NIR-only
retrievals). DFS values for TIR/NIR retrievals are generally
smaller than the sum of associated TIR-only and NIR-only
DFS values, due to redundancy in the TIR and NIR mea-
surements (as discussed in section 1). Thus, the maximum
observed TIR/NIR DFS value of about 2.2 is substantially
less than the sum of the maximum observed TIR-only and
NIR-only DFS values of 1.8 and 1.0.

4. Direct Comparisons With In Situ
Measurements

[19] Retrievals of trace gas concentrations derived from
remote sensing measurements are fundamentally different
from in situ measurements; these differences often compli-
cate comparisons. For example, direct comparisons between
MOPITT surface-level CO retrievals and in situ measure-
ments at the Earth’s surface are subject to both retrieval errors
(as described by equation (2)) and “sampling error” due to the
large differences in sampling area. Retrieval error includes
both smoothing error and retrieval noise. As discussed in
section 2.1, the magnitude of retrieval smoothing error
depends on both the specific properties of the averaging
kernels and the actual CO vertical profile. Sampling error
results from the fact that in situ measurements are essentially
point measurements whereas MOPITT radiances are sensi-
tive to CO concentrations averaged horizontally over many
kilometers. Thus, both vertical and horizontal variability of
CO concentrations may substantially degrade direct com-
parisons betweenMOPITT surface-level retrievals and in situ
measurements. Random retrieval errors (retrieval noise) can
also be significant. Nevertheless, such direct comparisons
are useful as a means of assessing the actual performance
of satellite-based methods for measuring surface-level CO
concentrations and permit the use of extensive in situ data
sets which can not be used for traditional retrieval validation.
The same data sets are also useful for analyzing the a priori
used in the MOPITT retrieval algorithm.

4.1. Tall Tower Network

[20] As part of the North American Carbon Program
(http://www.nacarbon.org/nacp/), NOAA/ESRL operates a
network of “Tall Towers” distributed across North America
from which CO and CO2 are routinely measured (with
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multiple measurements per hour) at several fixed heights
(up to several hundred meters above ground) (A. E. Andrews
et al., Carbon dioxide and carbon monoxide dry air mole
fractions from the NOAA ESRL Tall Tower Network,
1992–2009, Version: 2011-04-04, ftp://ftp.cmdl.noaa.gov/
ccg/towers/).Measurements from these towers are well suited
for evaluating MOPITT products because (1) the tower
sites are primarily located in rural areas where CO hori-
zontal gradients are relatively weak (compared to urban sites)
and (2) the high temporal frequency of the measurements
minimizes potential errors due to CO temporal variability.

Characteristics of the Tall Tower sites used for MOPITT
surface evaluation are listed in Table 1. The SNP tower in
Northern Virginia is not a true Tall Tower, but rather a rela-
tively short tower located on a mountain ridge. These towers
began providing routine measurements of CO between 2003
and 2009 and are all currently still operational. Reported
measurement uncertainty values for CO are typically a few
ppbv.
[21] Comparisons of MOPITT retrievals and in situ mea-

surements from the Tall Tower surface network were per-
formed in the following manner. For each MOPITT overpass

Figure 4. (left) Surface retrieval validation results for the TIR-only, NIR-only, and TIR/NIR V5 products.
Results are expressed as log10(VMR) values, where VMR values are quantified in ppbv. Dotted lines indi-
cate the ideal one-to-one line and error boundaries of�10%. Dashed lines indicate the least squares best fit.
Validation sites and campaigns are described in section 3. (right) Histograms of Degrees of Freedom for
Signal (DFS).
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of a particular tower site, all retrievals (and corresponding a
priori profiles) within a one-by-one degree latitude/longitude
box centered on the tower location were extracted from
MOPITT Level 2 data files and matched with in situ mea-
surements averaged over the two-hour period around the time
of the overpass. The two-hour window was chosen to ensure
that (1) a sufficient number of in situ values (e.g., five or
more) would be averaged to substantially reduce the effects
of random instrumental errors and (2) the resulting mean
value would represent CO concentrations on a spatial scale
much larger than the volume sampled by an individual
measurement. Similarly, the size of the one-by-one degree
latitude/longitude box was chosen to yield a sufficient num-
ber of MOPITT retrievals to substantially reduce the effects
of random retrieval errors. Average in situ values for each of
three observation heights (two for the AMT site) were then
averaged to obtain a single in situ value for each MOPITT

overpass. Clear-sky scenes usually provide 16–20 retrievals
within a one-by-one degree latitude/longitude box. Over-
passes yielding fewer than five MOPITT retrievals (because
of clouds) were discarded. The MOPITT surface-level retrie-
vals for each overpass were then averaged as log10(VMR)
values [Deeter, 2009] and converted back to a mean surface
VMR value. Spatially averaging MOPITT data effectively
reduces retrieval noise, but increases MOPITT/in situ dif-
ferences due to CO spatial variability. Finally, relative bias
and standard deviation statistics were calculated for all
observations for each month at each tower site.

4.2. Results

[22] The relative (percentage) bias and variability statistics
for comparisons between the MOPITT V5 surface-level
products and the Tall Tower in situ data are listed in Table 2
and shown graphically in Figure 5. Bias statistics for the

Table 2. Relative Bias and Variability Statistics for MOZART/Tower and MOPITT/Tower Comparisons, in Percent, as Described in
Section 4a

Site Product Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec

LEF MOZ - - 26 (19) 22 (4) 33 (3) 39 (7) 31 (38) 34 (22) 45 (3) 47 (8) 34 (19) -
LEF TIR - - 25 (18) 28 (5) 34 (9) 39 (13) 28 (42) 26 (26) 35 (1) 39 (13) 35 (15) -
LEF NIR - - 27 (21) 32 (8) 40 (2) 50 (23) 22 (24) 37 (26) 43 (8) 44 (7) 43 (20) -
LEF JNT - - 19 (19) 31 (13) 28 (12) 40 (30) 16 (34) 20 (26) 29 (8) 29 (15) 47 (19) -
AMT MOZ 46 (2) - 47 (8) 44 (11) 60 (6) 57 (39) 35 (26) 32 (24) 38 (34) 62 (16) 50 (19) 56 (35)
AMT TIR 43 (1) - 44 (9) 38 (9) 56 (5) 43 (42) 23 (27) 18 (22) 29 (51) 47 (14) 43 (17) 47(30)
AMT NIR 25 (5) - 38 (11) 34 (14) 48 (28) 32 (24) 29 (27) 31 (32) 39 (43) 73 (21) 46 (23) 59 (40)
AMT JNT 25 (4) - 28 (8) 31 (12) 48 (14) 16 (45) 13 (23) 11 (27) 35 (69) 61 (43) 36 (16) 63 (50)
WBI MOZ 37 (19) 53 (21) 41 (7) 43 (13) 54 (12) 51 (20) 26 (23) 60 (27) 50 (29) 61 (18) 60 (14) 59 (11)
WBI TIR 29 (14) 45 (23) 29 (8) 41 (12) 45 (19) 46 (24) 17 (25) 43 (32) 33 (26) 52 (25) 54 (14) 57 (17)
WBI NIR 24 (21) 52 (18) 51 (10) 50 (17) 56 (20) 56 (25) 31 (24) 62 (35) 46 (30) 61 (26) 64 (12) 53 (18)
WBI JNT 25 (29) 56 (22) 47 (20) 36 (15) 40 (26) 41 (31) 15 (30) 29 (23) 20 (27) 48 (32) 55 (23) 45 (25)
BAO MOZ 14 (32) - 4 (19) �4 (18) �8 (11) �22 (13) �18 (15) �14 (16) �18 (22) �16 (22) �16 (11) �14 (33)
BAO TIR 1 (17) - 6 (23) 1 (18) �7 (11) �26 (15) �28 (12) �25 (14) �26 (18) �20 (21) �16 (13) �15 (32)
BAO NIR �0 (10) - 9 (18) 4 (20) �5 (12) �22 (16) �21 (13) �19 (15) �24 (17) �17 (23) �16 (14) �9 (32)
BAO JNT �4 (4) - 5 (25) 1 (20) �10 (13) �31 (17) �34 (11) �31 (15) �35 (17) �26 (22) �24 (13) �9 (32)
SNP MOZ 133 (23) 150 (21) 123 (12) 117 (13) 112 (12) 106 (36) 85 (32) 71 (11) 89 (19) 131 (36) 128 (19) 182 (18)
SNP TIR 121 (14) 121 (17) 86 (9) 92 (11) 79 (26) 80 (31) 42 (23) 40 (2) 51 (27) 91 (28) 93 (20) 137 (30)
SNP NIR 78 (20) 95 (20) 82 (15) 87 (29) 86 (27) 81 (22) 66 (32) 52 (1) 67 (31) 122 (44) 98 (41) 111 (19)
SNP JNT 79 (6) 77 (9) 62 (11) 64 (24) 42 (18) 36 (3) 31 (18) - 32 (32) 72 (32) 59 (23) 91 (21)
WGC MOZ 10 (7) 35 (24) 42 (18) 32 (16) 36 (19) 19 (39) 31 (36) 60 (34) 61 (28) 64 (41) 43 (35) 38 (42)
WGC TIR 3 (8) 21 (26) 33 (18) 28 (20) 38 (17) 22 (31) 20 (21) 34 (27) 37 (19) 33 (39) 27.(34.) 32.(43.)
WGC NIR �8 (14) 32 (46) 38 (19) 32 (17) 36 (25) 22 (33) 23 (30) 47 (34) 43 (24) 52 (48) 30 (38) 27 (47)
WGC JNT �18 (18) �3 (22) 25 (23) 22 (21) 35 (22) 18 (28) 10 (21) 24 (25) 20 (17) 19 (40) 11 (40) 13 (43)
SCT MOZ 55 (27) 87 (8) 50 (17) 45 (18) 42 (24) 7 (6) 43 (38) 12 (16) 35 (25) 42 (25) 65 (20) 89 (22)
SCT TIR 42 (21) 60 (16) 46 (19) 32 (17) 21 (15) �5 (19) 17 (19) �4 (12) 8 (16) 15 (15) 44 (28) 64 (35)
SCT NIR 32 (21) 66 (12) 57 (32) 44 (21) 34 (22) �14 (8) 23 (48) 14 (27) 18 (17) 22 (17) 48 (19) 65 (25)
SCT JNT 19 (21) 47 (22) 34 (26) 23 (24) 9 (12) �21 (15) 1 (21) �4 (26) �6 (13) �2 (14) 25 (26) 42 (42)
WKT MOZ 61 (20) 59 (17) 40 (14) 28 (16) 27 (18) 11 (23) 24 (16) 22 (31) 15 (17) 34 (19) 46 (24) 67 (24)
WKT TIR 56 (20) 53 (35) 35 (17) 32 (20) 17 (14) 1 (12) �3 (14) 3 (28) 10 (17) 26 (21) 37 (26) 53 (34)
WKT NIR 50 (25) 65 (34) 47 (24) 39 (22) 21 (20) 8 (21) 7 (25) 16 (30) 11 (15) 38 (30) 50 (30) 48 (28)
WKT JNT 36 (18) 40 (34) 25 (20) 25 (24) 12 (12) �9 (12) �14 (16) �9 (28) 1 (18) 18 (24) 27 (28) 24 (32)

aValues in parentheses are percent standard deviation.

Table 1. NOAA “Tall Tower” Sites

Site Code Location Latitude Longitude Observation Heights (m) Observation Period

LEF Wisconsin 45.945N 90.273W 30, 122, 396 May, 2009–Oct., 2010
AMT Maine 45.035N 68.682W 12, 107 Sept., 2003–Apr., 2011
WBI Iowa 41.725N 91.353W 31, 99, 379 July, 2007–Aug., 2011
BAO Colorado 40.050N 105.004W 22, 100, 300 May, 2007–Aug., 2011
SNP Virginia 38.617N 78.350W 5, 10, 17 Aug., 2008–Apr., 2011
WGC California 38.265N 121.491W 30, 91, 483 Sept., 2007–Apr., 2011
SCT South Carolina 33.406N 81.833W 31, 61, 305 Aug., 2008–Apr., 2011
WKT Texas 31.320N 97.330W 30, 122, 457 July, 2003–Apr., 2011
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Figure 5. Bias and variability statistics for comparisons between MOPITT V5 surface-level products and
NOAA Tall Tower in situ data. Details of tower sites are provided in Table 1. Note that vertical scale for
SNP is different than for other sites.
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MOZART a priori values (relative to the in situ data) are also
presented. Results for each tower site are presented in indi-
vidual panels and are calculated for each month. The center
of each vertical bar indicates the overall relative bias com-
pared to the in situ measurements for a particular month.
Positive relative bias values indicate that retrieved (or a
priori) values are greater (on average) than in situ values. The
length of each bar is twice the standard deviation. Unique
colors are used for comparisons of the in situ data with
the MOZART a priori (purple), MOPITT TIR-only (blue),
NIR-only (green), and TIR/NIR (red) products.
[23] Inspection of Figure 5 (and Table 2) indicates that a

priori values are positively biased (relative to the in situ data)
for most or all of the year at all of the tower sites except BAO
(Colorado). For the SNP (Virginia), WKT (Texas) and SCT
(South Caroline) sites, the bias exhibits a clear seasonal
cycle, with smaller biases in the summer months and larger
biases in winter. At the SNP site, the a priori bias varies from
about 50 to 200%, while for the WKT and SCT sites, the bias
varies from near zero to about 100%. At these three sites, the
MOPITT V5 products generally exhibit smaller biases than
the a priori, particularly in the winter months when a priori
biases are greatest. Moreover, at these sites the biases for
the TIR/NIR retrievals are generally smaller than for the
TIR-only and NIR-only retrievals.
[24] Results for the other five tower sites are less con-

sistent. At the AMT (Maine) and WGC (California) sites, V5
retrieval products indicate somewhat smaller biases than the
a priori for most months, but not all. At the LEF (Wisconsin)
and WBI (Iowa) sites, the V5 retrieval products only exhibit

significantly smaller biases than the a priori for a few months
of the year. Finally, biases at the BAO site are actually
slightly larger (in magnitude) for the V5 retrieval products
than for the a priori nearly every month.

4.3. Interpretation

[25] As discussed above, comparisons between Tall
Tower in situ measurements and MOPITT surface-level
retrievals are subject to smoothing error, retrieval noise, and
horizontal sampling differences. Both retrieval noise and
horizontal sampling differences are considered random
(equally likely to be positive or negative) and tend to
diminish with sufficient averaging. The systematic biases
apparent in Figure 5 are thus primarily associated with
smoothing error. Equations (1) and (2) demonstrate that, in
the limit of weak averaging kernels (A tending toward zero),
the retrieved state approaches the a priori state, and the
retrieval smoothing error approaches (xa � xtrue). The
MOZART/tower statistics (i.e., the purple vertical bars in
Figure 5) should therefore represent the upper limit of
smoothing error for evaluating the MOPITT/tower compar-
isons. Thus, tower sites for which the a priori bias is relatively
weak (such as the LEF site) will probably not show
improvement as much as sites where there appears to be large
a priori bias (such as the SNP site).
[26] The Tall Tower results indicate that overall biases

are often smaller for the TIR/NIR product compared to the
TIR-only and NIR-only products (e.g., at the SNP, WKT,
and SCT towers), but are highly variable nevertheless. At the
LEF and WBI towers, the retrieval biases for all three V5

Figure 6. Long-term monthly mean surface CO maps of the CONUS region for March.
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products are consistently close to the a priori bias. This
apparent variability in retrieval performance probably results
from several effects. First, as described above, the a priori
bias appears to be greater at some tower sites than others, and
also varies seasonally. The reduction of smoothing errors
should be most evident in cases where the “apparent a priori
bias” is greatest (e.g., at the SNP tower). Second, surface-
level retrieval averaging kernels vary as the result of varying
geophysical noise, thermal contrast conditions, and surface
albedo, all of which vary geographically. Finally, the corre-
lation between actual surface-level CO concentrations and
concentrations averaged vertically over the lower tropo-
sphere (i.e., the layer defined by the surface-level averaging
kernel) is very likely affected by the proximity of the towers
to CO sources and meteorological conditions (e.g., wind
direction and boundary layer height). Like the previous two
effects, this effect may also exhibit strong geographical and
seasonal variability.

5. Long-Term Monthly Mean Surface CO Maps

[27] Daily and monthly MOPITT Level 3 CO products are
created by gridding Level 2 CO products (swath-format
retrieved profiles and total columns) at one-degree resolution
(latitude and longitude). Long-term monthly mean surface
CO maps of the CONUS region have been produced by
averaging monthly Level 3 CO products over the entire
MOPITT mission (2000–2011). Such monthly mean surface
CO maps for March are presented in Figure 6. Individual

panels in the figure present the a priori, TIR-only, NIR-only,
and TIR/NIR surface CO concentrations. Retrieval results for
all three configurations are generally consistent with the a
priori, but also show significant deviations. These departures
from the a priori are clarified in Figure 7 in which a priori
values at each grid cell (i.e., values plotted in Figure 6
(top left)) have been subtracted from the V5 retrieval results.
[28] In Figure 7, red indicates areas of positive anomalies

(where retrieved monthly mean values are greater than a
priori values), whereas blue indicates negative anomalies.
For March, all three V5 products indicate significant negative
long-term anomalies in the northeastern United States and
smaller positive anomalies in the western and southeastern
United States. These results suggest that the POET database
used to represent anthropogenic emissions in the MOPITT a
priori [Emmons et al., 2010] may overestimate contemporary
emissions of CO in the northeastern United States and
underestimate emissions elsewhere, at least for this particular
month. However, inverse modeling studies are required to
actually quantify CO emissions from the MOPITT retrieval
product and are outside the scope of this manuscript.
[29] The results presented in Figure 7 seem to conflict with

the results of an earlier multisatellite inverse modeling study
[Kopacz et al., 2010], in which a priori CO emissions for the
northeastern U.S. during Spring, 2005 were found to be too
small. However, many differences between that analysis and
this work, including differences in methodology, a priori
emissions, satellite data sets and observational period could
in principle explain the differences. The Kopacz analysis also

Figure 7. Long-term monthly mean surface CO anomaly maps (a priori subtracted from MOPITT pro-
ducts) of the CONUS region for March.

DEETER ET AL.: RETRIEVALS OF LOWER-TROPOSPHERIC CO D13306D13306

11 of 12



relied on the earlier MOPITT Version 3 product, which was
affected by several data quality issues [Deeter et al., 2010].

6. Conclusion

[30] The MOPITT V5 data release includes a new multi-
spectral product which exploits the complementary nature of
TIR and NIR observations for measuring CO concentrations
near the Earth’s surface. However, the actual performance
of TIR/NIR MOPITT retrievals of surface-level CO con-
centrations depends on many factors. Surface-level averag-
ing kernels, which describe the retrievals’ vertical sensitivity,
depend on thermal contrast conditions, geophysical noise,
surface albedo, and the actual CO profile. As illustrated by
surface-level averaging kernels for MOPITT scenes in South
Carolina and Iowa, the retrieval sensitivity to CO concen-
trations at the surface can vary by more than a factor of two,
even for retrievals within close proximity. Optimal condi-
tions for multispectral retrievals are obtained where thermal
contrast is weak (i.e., where surface temperatures are close to
air temperatures just above the surface), geophysical noise is
weak (where surfaces are homogeneous at sub-pixel spatial
scales) and NIR surface albedo is relatively high. Over the
CONUS region, TIR/NIR surface-level averaging kernels
often peak near the surface and decay slowly with increasing
altitude. Thus, surface-level retrievals are often sensitive
to a thick layer which extends into the mid-troposphere.
However, because of the properties of geophysical noise,
surface-level averaging kernels are highly variable. Users of
MOPITT V5 products should routinely analyze the retrieval
averaging kernels to avoid misinterpreting features in the
MOPITT retrievals.
[31] In the northeastern United States, averages of all

MOPITT retrieved surface-level CO concentrations during
the month of March (from 2000 to 2011) appear significantly
smaller than model-based a priori values. New model runs to
explicitly simulate CO concentrations during the MOPITT
mission will be performed to investigate this difference fur-
ther. Validation results based on in situ profiles measured
from aircraft (transformed into simulated retrievals) indi-
cate that surface-level retrievals for all three V5 products
(TIR-only, NIR-only, and TIR/NIR) exhibit retrieval biases
on the order of a few percent. However, direct comparisons
of MOPITT surface-level retrievals with in situ data from the
NOAA Tall Tower network exhibit much larger differences,
and indicate that smoothing error is highly variable.

[32] Acknowledgments. The NOAA/ESRL Tall Tower project relies
heavily on partnerships with universities and other agencies. Individuals
who have made especially significant contributions to the data set used here
include Dan Baumann of the US Forest Service (LEF), Matthew Parker of
DOE/SRNL (SCT), Marc Fischer of DOE/LBNL (WGC), Charles Stanier

of the University of Iowa (WBI), John T. Lee of the University of Maine
(AMT), Stephan de Wekker of the University of Virginia (SNP), and
Joaquin Sanabria while at the Blackland Research and Extension Center
(WKT). The NCAR MOPITT project is supported by the National Aero-
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