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Total column measurements of CO from space

MOPITT (Measurements of Pollution In The Troposphere) has been
measuring carbon monoxide (CO) since 2000
Long record allows robust trend and interannual variability analysis
Need to characterize any instrumental drift
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Total column measurements of CO from space

MOPITT

Aboard the Terra satellite

Gas filter correlation radiometer

Joint TIR-NIR product: solar reflectance
enhances lower troposphere sensitivity

Co-location: 1◦ radius around station,
daytime measurements (∼10:30 am local
time), 2002-onwards

Since the Buchholz et al., 2017, comparison
(V6) there have been 2 updates to the
retrieval algorithm (V7 & V8)

[Image: NASA]
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Figure 1. Gridded Channel 6 “Average” (6A) NIR radiances for
daytime MOPITT overpasses of Baja California during 2002. NIR
radiances are generally larger over land than over ocean because
of higher albedo. V5 radiances in the left panel clearly exhibit a
lateral shift (or geolocation bias) between the true coastline and the
coastline indicated by the radiances. This bias is greatly reduced in
the V6 radiances presented in the right panel.

and geophysical errors. They were first introduced to com-
pensate for observed biases in Channel 5 radiances (Deeter
et al., 2004), but are useful for compensating for biases in
both Channel 5 and 7 (TIR) radiances. No significant radi-
ance bias was observed for the MOPITT Channel 6 (NIR)
radiances in Version 5 products; hence, radiance bias correc-
tion has so far only been employed for the TIR radiances.
Prior to releasing new MOPITT products, final correction
factors are determined iteratively, using retrieval validation
results for CO retrieved profiles and total column as indica-
tors of radiance bias. The number of iterations employed in
this process is however limited because of the large compu-
tational expense.
Validation results for both the V5 TIR-only and TIR/NIR

products indicated a substantial bias at 200 hPa (Deeter et
al., 2013). Specifically, for the V5 TIR-only product, the ob-
served overall bias at 200 hPa was 7.9% using the NOAA
in situ profiles, mainly representing North America, and
10% using the HIAPER (High-performance Instrumented
Airborne Platform for Environmental Research) Pole-to-Pole
Observations (HIPPO) field campaign profiles over the Pa-
cific Ocean (described below). However, analysis of the V5
HIPPO validation results revealed that the bias at 200 hPa
was strongly latitude dependent, with biases in the tropics
reaching roughly 20–30% and much smaller biases in mid-
latitude and polar regions. For V6, the radiance correction
factors for radiances 5A, 5D, and 7D were revised in order to
reduce the large retrieval bias at 200 hPa without severely de-
grading the retrieval biases at other retrieval levels. For V5,
radiance correction factors for the TIR radiances 5A, 5D, and
7D were respectively set to 0.99680, 0.98570, and 0.97000.
For V6 processing, radiance correction factors were revised
to 0.99685, 0.98565, and 0.90000. The significant change in

the 7D radiance correction factor reflects the primary role of
the 7D radiance on retrieved CO concentrations in the upper
troposphere (Deeter et al., 2004).

3 V6 validation results

Retrieval validation involves statistical comparisons of
MOPITT retrieval products (CO VMR profiles and total
columns) with in situ measurements. For this purpose, we
consider the in situ measurements to be exact and assume
that the in situ vertical profiles are representative horizon-
tally over an extended region around the sampling location.
A collocation radius of 50 km was employed for the NOAA
profiles and 200 km for the HIPPO profiles. The larger accep-
tance radius for the HIPPO profiles is justified by the expec-
tation that CO vertical and horizontal gradients in the vicinity
of the HIPPO profiles should generally be much weaker than
for the NOAA aircraft profiles, because of the remoteness of
these profiles relative to CO source regions. This choice has
consequences for the effects of random retrieval errors, as de-
scribed in Sect. 3.2.1. Because of the coarseness of the radi-
ance weighting functions (or “Jacobians”) and the undercon-
strained nature of the retrieval process, retrieval products ob-
tained with optimal estimation-type retrieval algorithms are
constrained by a priori information as well as the measure-
ments (Pan et al., 1998; Rodgers, 2000). A priori information
is represented by (1) an a priori profile xa and (2) an a priori
covariance matrix, which determines the strength of the a pri-
ori constraint. The relationship between the true profile xtrue,
xa, and retrieved profile xrtv is expressed by the equation

xrtv = xa+A(xtrue� xa), (1)

where A is the averaging kernel matrix. The vector quan-
tities xtrue, xa, and xrtv are expressed in terms of the log-
arithm of the VMR rather than VMR itself (Deeter et al.,
2007). A quantifies the sensitivity of the retrieved profile to
the true profile and is provided as a diagnostic for each re-
trieval in all MOPITT products. A depends on the weight-
ing functions, a priori covariance matrix, and instrument er-
ror covariance matrix. As an example, retrieved CO profiles
and mean averaging kernels for the V6 TIR-only product are
shown in Fig. 2. Retrievals were drawn from observations
on 10 April 2010 over an area near Hawaii between 20 and
24� N, and 160 and 156�W. For clarity, mean averaging ker-
nels are only shown for alternating levels, starting with the
surface. Each plotted averaging kernel corresponds to one
row of A. Thus, when xtrue is known (from in situ measure-
ments, for example), Eq. 1 provides a formula for calculat-
ing simulated retrievals which account for the inclusion of a
priori information and the smoothing effect of the averaging
kernel matrix (Rodgers, 2000). MOPITT retrieved total col-
umn values are compared with simulated total column values
as described previously (Deeter et al., 2013).
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version is continuously available for the entire MOPITT
data record. As described here (https://gmao.gsfc.nasa.gov/
reanalysis/MERRA-2/), the MERRA-2 assimilation system
exploits a wider range of modern hyperspectral radiance and
microwave observations, along with Global Positioning Sys-
tem (GPS) occultation datasets. It also uses NASA ozone ob-
servations (e.g., from the MLS and OMI instruments) start-
ing in 2004. Advances in both the GEOS-5 model and the
Gridpoint Statistical Interpolation (GSI) assimilation system
are also included in MERRA-2. Generally higher-quality re-
trieval results for MOPITT V7 processing are expected using
MERRA-2 due to the assimilation of more satellite datasets
and other improvements.

2.3 Cloud detection

Only MOPITT observations of clear-sky scenes are passed
to the retrieval algorithm. The clear–cloudy determination
is based both on MOPITT’s thermal-channel radiances and
the MODIS cloud mask (Deeter, 2011). Since about 2010,
electronic crosstalk affecting MODIS thermal-channel bands
29 to 31 (as explained in http://modis-atmos.gsfc.nasa.gov/
validation_35.html) has resulted in a false trend suggesting
increasing cloudiness. This effect is most pronounced for
tropical nighttime scenes over the ocean. This issue affects
MODIS products from both Collection 5 (used in MOPITT
V5 and V6 processing until February 2016) and Collection 6
(used in MOPITT V5 and V6 products since March 2016).

For the cloud detection algorithm used for MOPITT V7
processing, two changes have been made to mitigate issues
associated with the quality of the MODIS cloud mask files.
First, MODIS Collection 6 cloud mask files are used consis-
tently for processing the entire MOPITT mission. (Charac-
teristics of the Collection 6 cloud mask files are described
in http://modis-atmos.gsfc.nasa.gov/Webinar2014/MODIS_
C6_MOD35_Ackerman.pdf.) Second, the Level 2 Cloud De-
scription diagnostic now includes a new possible value (“6”)
to identify ocean scenes (both night and day) where the
MODIS cloud mask-based tests indicate that the area was
cloudy (with the exception of scenes with low clouds only)
but the test based on MOPITT’s thermal-channel radiances
determines that the area was clear. Such scenes were previ-
ously discarded by the cloud detection algorithm but are now
retained. Compared to earlier MOPITT products, the addi-
tion of this new class of observations may significantly in-
crease the number of MOPITT retrievals in a given scene.
The other possible Cloud Description diagnostic index val-
ues (1–5) retain their original meanings, as defined in the V5
user’s guide (Deeter, 2011).

The effect of the changes in the V7 cloud detection al-
gorithm is illustrated in Fig. 2. The two panels in the figure
compare the total number of clear-sky MOPITT observations
(regardless of the Cloud Description diagnostic values) pro-
duced by the V6 and V7 cloud detection schemes for day-
time and nighttime scenes in the tropics (between 30� S and
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Figure 2. Time series comparisons of (a) daytime and (b) nighttime
daily number of clear-sky MOPITT observations over the ocean be-
tween 30� S and 30� N for the V6 and V7 products.

30� N), from 2008 (2 years before the MODIS crosstalk is-
sue first became evident) through 2015. Whereas the number
of clear-sky scenes in the tropics decreased sharply in recent
years in the V6 MOPITT product (particularly for nighttime
scenes), no such trend is apparent for the V7 product.

2.4 Radiance-bias correction

The MOPITT Level 2 processor exploits a set of fixed
radiance-bias correction factors to compensate for relative
biases between simulated radiances calculated by the oper-
ational radiative transfer model and actual calibrated Level 1
radiances. Without some form of compensation, radiance bi-
ases produce biases in the retrieved CO profiles. Radiance-
bias correction factors counteract a variety of potential
bias sources, including errors in instrumental specifications,
forward-model errors, spectroscopy errors and geophysical
errors.

New strategies were developed for deriving radiance-bias
correction factors for V7 products. For the TIR radiances
(channels 5 and 7), radiance-bias scaling factors were deter-
mined by minimizing observed retrieval biases at 400 and
800 hPa using in situ CO profiles from the HIPPO (HIAPER
Pole-to-Pole Observations) field campaign (Deeter et al.,
2013; Martínez-Alonso et al., 2014; Deeter et al., 2014). To
the extent that the HIPPO campaign produced a near-global
set of in situ CO profiles (i.e., over a wide latitudinal range
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Figure 3. Dependence of V7 TIR-only biases on water vapor total column, based on the HIPPO CO profiles. See caption to Fig. 2.
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NDACC stations

1930 R. R. Buchholz: Validation of MOPITT carbon monoxide

Table 1. Information about the 14 NDACC ground-based remote-sensing FTS sites. Locations are ordered by latitude.

FTS station name Alt. Lat. Long. Observation Instrument1 Code2 Site reference
(3-letter acronym) (m a.s.l.) period

Northern Hemisphere

Eureka, Canada (EUR) 610 80.05� N 82.42� W 2006–2014 Br125 SFIT4 (Batchelor et al., 2009)
Ny-Ålesund, Norway (NYA) 15 78.92� N 11.93� E 1992–2014 Br120 SFIT4 (Notholt et al., 1993)
Thule, Greenland (THU) 225 76.53� N 68.74� W 1999–2014 Br120M SFIT4 (Hannigan et al., 2009)
Kiruna, Sweden (KIR) 419 67.84� N 20.41� E 1996–2007 Br120 PRO (Blumenstock et al., 2006)

2007–2012 Br125
Bremen, Germany (BRE) 27 53.10� N 8.85� E 2003–2014 Br125 SFIT4 (Velazco et al., 2007)
Zugspitze, Germany (ZUG) 2964 47.42� N 10.98� E 1995–2014 Br125 SFIT2 (Sussmann and Schäfer, 1997)
Jungfraujoch, Switzerland (JFJ) 3580 46.55� N 7.98� E 1989–2012 Br120 SFIT2 (Mahieu et al., 1997)
Toronto, Canada (TAO) 174 43.66� N 79.40� W 2002–2014 BoDA8 SFIT4 (Wiacek et al., 2007)
Izaña, Spain (IZA) 2367 28.30� N 16.48� W 1999–2005 Br120M PRO (Schneider et al., 2005)

2005–2014 Br125
Mauna Loa, USA (MLO) 3397 19.54� N 155.58� W 1995–2007 Br120M SFIT4 (David et al., 1993)

2007–2014 Br125

Southern Hemisphere

La Réunion3, France (LRN) 10 20.90� S 55.50� E 2004–2011 Br120M SFIT4 (Senten et al., 2008)
2011–2013 Br125

Wollongong, Australia (WOL) 30 34.41� S 150.88� E 1996–2008 BoDA8 SFIT4 (Paton-Walsh et al., 2005)
2008–2013 Br125

Lauder, New Zealand (LAU) 370 45.04� S 169.68� E 2001–2014 Br120 SFIT4 (Morgenstern et al., 2012)
Arrival Heights, Antarctica (AHS) 250 77.82� S 166.65� E 1997–2014 Br120M SFIT4 (Zeng et al., 2012)

1 BoDA8 = Bomem DA8, Br120 = Bruker 120HR, Br120M = Bruker 120M, Br125 = Bruker 125HR. 2 Code versions are as follows: SFIT4 is version V0.9.4.4, except for at Ny-Ålesund and
Bremen, where it is version V0.9.4.3_BF_MP; SFIT2 at Jungfraujoch is v3.91 and at Zugspitze V3.90i; PRO = PROFFIT96. 3 Data investigated are only from the St. Denis station and not from
Maido.

Figure 1. Location of the 14 NDACC ground-based remote-sensing FTS sites used in this study. The three-letter acronyms correspond to the
information in Table 1.

detector elements, for land scenes versus water scenes, and
over a range of latitudes.

In order to accurately compare measurements between in-
struments, equivalent air masses must be compared. This in-
volves co-locating measurements in time and space and ac-
counting for the relative sensitivity of each instrument.

3.1 Co-location criteria

Temporal co-location is defined as comparing daytime mea-
surements from MOPITT with FTS measurements retrieved
within the same day as the MOPITT overpass. All FTS mea-
surements within the same day as the MOPITT overpass
time of ⇠ 10:30 LT are considered. While the MOPITT over-
pass also occurs at ⇠ 22:30 LT, the daytime-only MOPITT
measurements are used in order to include enhanced infor-

Atmos. Meas. Tech., 10, 1927–1956, 2017 www.atmos-meas-tech.net/10/1927/2017/

Update the comparison for the 14 stations from Buchholz et al. (2017)
Downloaded the data in 2016 (most were retrieved with SFIT4)
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Data preparation

1. Vertical regrid of FTS
(a) psurfM < psurfFTS

(b) psurfM > psurfFTS

2. Smooth with MOPITT AK
& a priori (from a 1◦ radius)

3. Integrate smoothed values
to column CO

4. Compare with MOPITT
total column
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Comparison at Lauder

V6J
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Comparison at Lauder

V6J V7J V8J
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Latitude versus bias

Mean bias: 5.31% 3.91% 3.40%
Mean std dev: 11.1% 8.70% 10.9%
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Bias drift at Lauder

V6J V7J V8J
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Latitude versus bias drift

Mean drift: -0.03% p.y. 0.03% p.y. -0.14% p.y.
(-60 to 60): -0.14% p.y. 0.001% p.y. -0.006% p.y.
RMS: 0.33% p.y. 0.29% p.y. 0.24% p.y.
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Summary

MOPITT CO retrieval updates require updated validation.

Comparing MOPITT CO with NDACC CO found no major changes
between retrieval versions 6, 7 and 8.

Bias: No degradation, station-mean values suggest some
improvement for updated retrievals.

Drift: V7 showed improvement, V8 is most improved from 60N to
60S, but high latitudes are degraded compared to V7.

Next Steps
Harmonize the a priori

Expand number of stations

Extend comparisons to December 2018
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Extra: Averaging Kernels

Land and water retrievals are analyzed separately due to AK differences
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