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Replies to Comments of Reviewer #1
General Comments:

1. The main area where I feel this paper could include more information is a greater
analysis and breakdown of the relative contribution of each V6/V7 algorithm/software
modification to the changes seen in the results. For example, it would be nice to have
some quantification of the degree to which the inclusion of time-varying N20O in the
retrieval affects the trends shown in figures 10-15. Given the discussion at the end of
section 2.1, this specific example should be easily answerable (at least approximately)
with information the team have on hand. In cases, like this, where the team already
have sufficient information to make such assessments (e.g., from some test run during
development that only changed one of the factors), I’d encourage them to include them
in the discussion. I’'m not pushing for additional test runs here (though if they’d be easy
enough, I guess there’s no harm in doing them).

Authors' Reply: The authors would like to thank Reviewer #1 for providing a thorough review of our
paper and offering many useful suggestions. Tests to quantify the sensitivity of the validation results to
individual changes in the retrieval algorithm would not be useful in a cumulative sense because of the
strong coupling of these effects in radiative transfer. Thus, testing each improvement individually
would not necessarily lead to an understanding of the overall bias drift. For example, retrieval biases
due to N20 involve thermal contrast effects, which depend also on the specified temperature profile
and the radiance bias correction factors. N2O bias sensitivity tests will therefore generally produce
different results depending on whether MERRA or MERRA-2 reanalyses are used for the tests and will
depend also on the chosen radiance bias factors. On the other hand, in the case of N20 growth, we did
perform simulations during the development of V7 to investigate associated retrieval biases. These
results might be of interest to some users and have therefore been added to Section 2.1, along
with a new figure.

2. Also, I feel that, in many cases, the discussion would benefit from inclusion of an esti-
mate of the statistical significance of the correlations found (I think it’s the t-test for the
correlation coefficient isn’t it? Though some cases might need autocorrelation to be
factored in).

Authors' Reply: Following the reviewer's suggestion, we have analyzed the statistical significance
of both the scatterplots presented in Sections 3.1 and 3.2 and the bias drift results presented in
Section 4.4 and have added text describing the results.

Specific Comments:

1. Section 1: I feel just a little more background information on CO would be good. Just
a few sentences talking about sources and sinks, the role of CO in air quality, use as a
marker of more complex pollutants etc. As it is the introduction leaps fairly rapidly into
MOPITT specifics. I recognize this is AMT and not, for example, ACP. However, such



information never hurts.

Authors' Reply: We agree that such information is useful, and have therefore added several
sentences to the beginning of Section 1.

2. Line 13: Are the air quality forecasts mentioned here operational ones (e.g., EPA?
Europe?)? In any case, a citation would be good.

Authors' Reply: We refer specifically to operational ECMWF forecasts; a citation to Inness et al. has
been added.

3. Section 2.3: I felt some of this discussion was a little unclear to those (like me) unini-
tiated into the details of the MOPITT products. For example, on line 93, you use the
term "discarded". Does this mean that such profiles get labeled with one of the di-
agnostic index values (1-5) that means something like "We didn’t attempt a retrieval
for this profile", or is the profile simply absent from the record entirely? Now they are
"retained", what does that mean exactly? Are they now given a different index value
(perhaps that’s what’s described in the sentences that follow, but it’s not clear)? Then,
on line 99, how is "clear sky" defined? I presume from the thermal channel radiances,
but is it also/instead reflected in or given by the diagnostic index values? It feels odd to
specifically define index value 6, but not tell us what values 1 to 5 mean (a table would
be good here). Fundamentally, something more in the way of a "MOPITT screening
rules 101" discussion might be good to fold in here.

Authors' Reply: As the first sentence of this section describes, only MOPITT observations of clear-sky
scenes are passed to the retrieval algorithm. The terms 'discarded' and 'retained' refer to the fate of
individual MOPITT observations at the end of the cloud detection algorithm; these are the only two
possibilities. Observations which are retained are treated as clear-sky observations by the retrieval
algorithm and typically lead to a retrieved profile. Cloud-affected observations are not processed
further and therefore are absent from MOPITT retrieval products. Cloud detection diagnostic values
are provided for the clear-sky observations so that interested users can understand the basis for finding
the observation to be clear. In response to the Reviewer's comment, we have added a reference to
the V5 User's Guide, where cloud detection and diagnostics are discussed in more detail. Because
such details interest only a relatively small group of MOPITT users, we feel that the User's Guides are
the best location for this material.

4. Line 107/108: I don’t think you need to enumerate (1) and (2) here as you don’t refer
to them again. Actually, they initially confused me as I was expecting each of (1) and
(2) to contain a comparison, rather than the comparison being of (1) and (2).

Authors' Reply: The two parts of this sentence are no longer enumerated.

5. Line 113: A bit more detail on the minimizing here might be good (though perhaps it’s
in the papers cited). Not how the minimization was performed specifically, more about
how shallow the minimum was? Was there a clear answer or was (as I suspect) there
just a rather incremental improvement in some chi-squared like statistic. This kind of
goes back to my main point above related to how big a contribution each change made.

Authors' Reply: The success of the method is demonstrated by the fact that, after optimization, the



overall retrieval biases (based on the HIPPO profiles) at 400 and 800 hPa were both reduced to less
than 1%. The potential value of additional details regarding the minimization results to the readers is
unclear.

6. Line 120: "the NOAA aircraft profile set". This dataset hasn’t been properly introduced
yet, so "a NOAA..." (or something a little more verbose) might be a better introduction.

Authors' Reply: The end of the sentence in question now reads " ... using the NOAA aircraft
profile set described in Section 3.1."

7. Line 135: Perhaps this more than a minor point, and clearly goes beyond the scope of
this paper. If factoring in the "future" calibrations makes a 20% difference, then to me
MOPITT needs to spend more time doing the hot calibrations. 20% is a big number!
Are the calibration changes monotonic? How confident are you that the current (14
month?) calibration cycle is frequent enough? Do you have any insights into stability
on shorter timescales? I recognize the value, particularly for a sustained record of this
duration, of changing observation patterns as little as possible, but I come back to 20%
being big.

Authors' Reply: The 20% value relates only to possible biases in the V7 NIR-only beta product; biases
for all of the archival V7 products are expected to be much smaller due to the use of 'bracketing' hot
calibrations. Hot calibrations for the MOPITT instrument are performed during a series of instrument
operations which are performed approximately annually. No earth-view observations are recorded
during this sequence, which typically lasts almost two weeks. Therefore, more frequent hot
calibrations would not necessarily improve the quality of V7 archival products but would certainly lead
to more frequent gaps in the MOPITT data record.

8. Lines 200-205: I heartily approve of this approach of looking for correlations in differ-
ences from a priori rather than in the "raw" measurements. However, this discussion
feels like it’s in the wrong place. It applies not only to the NOAA comparisons in this
section, but to all the comparisons doesn’t it? Perhaps move it into the parent section.

Authors' Reply: This is a good point. The material has been moved to the beginning of Section 3,
just before Section 3.1.

9. Line 200: There is potential confusion for the uninitiated reader in that the term x_sim
does not appear in equation 1. Might be good to clarify.

Authors' Reply: Agreed. The relevant part of this sentence now reads ' ... where MOPITT
retrieved VMR values were plotted directly against simulated VMR retrievals x_{sim} (calculated
according to the RHS of Eq. 1, with x_{true} based on the in-situ profile), ...’

10. Lines 243-249: I think this discussion would be clearer if you swapped the order/sense
of the second sentence. "However, because of the sparseness of aircraft in-situ mea-
surements at high altitudes (e.g., pressures less than 350 hPa), particularly for the

NOAA dataset, statistical comparisons of V6 and V7 upper-tropospheric CO products

are less significant than comparisons of results for the lower troposphere. For example,
for retrievals of CO at 200 hPa, the sections of the NOAA validation profiles in the upper
troposphere and lower stratosphere are heavily based on the CAM-chem climatology



(as described in Section 3.1), and validation results will likely be less reliable than for
lower levels."

Authors' Reply: The text has been revised accordingly.

11. Line 253: I think it would be better to write this specifically along the lines of "Figures
2 and 3 show ...". Otherwise those figures are not introduced anywhere. You mention
them in passing on lines 196 and 201, but with a "don’t look at the figures now, just bear
these points in mind when it’s time to do so" message. Without a formal introduction

here (line 253), the reader may think that this mention is like those others, rather than

an indication that it’s time to pay attention to them.

Authors' Reply: These figures are formally introduced in the first sentence of the second paragraph of
Section 3.1.

12. Line 257: I’m not sure "substantially" is justified here. These changes are small com-
pared to the -4.7% to -0.9% improvement you’ve just told us about. Perhaps soften the
tone.

Authors' Reply: The word 'substantially’ has been replaced with 'significantly’.

13. Line 296: Perhaps reminder the reader of exactly how long it is, add "(17 years to date)"
or something like that.

Authors' Reply: The text has been revised accordingly.

14. Lines 329-332: Back to my main point at the top, if you have to hand test runs that
quantify the relative contributions of these terms, it would be good to summarize them.

Authors' Reply: See authors' reply to first General Comment.

15. Captions for Figures 3-9: Reword as "As for Figure 2 except ...", that way you get
quasi-complete caption that includes description of the dashed lines etc.

Authors' Reply: The sentence 'See caption to Figure 2." has been added to the captions for these
figures.

16. Caption for Figure 16: Would be good to define black diamond here in the caption as
well as in body text.

Authors' Reply: The caption now describes the meaning of the black diamonds and error bars.
17. Caption for Figure 17: Either include definition of black diamond here too, or use the

same "As figure Figure 16 except..." construct advocated previously. (Don’t see the

need to advocate similar for Figures 11-15 as their captions are complete as they are).

Authors' Reply: The caption for Figure 17 has been revised accordingly.

18. Table 2 caption: Infinite loop reference to Table 2 caption. Did you mean Table 1?



Authors' Reply: Yes. This has been corrected.
19. Table 3 caption: Presumably should point to Table 1 caption here too?

Authors' Reply: The caption for Table 3 now refers to the Table 1 caption.

Replies to Comments of Reviewer 2

1. Line 97: “V5 User’s Guide” Add a reference?

Authors' Reply: A reference to the V5 User's Guide has been added.

2. Line 161: it is clearly said that “in-situ measurements are assumed to be exact”. Would
you add somewhere how the bias in percentage is calculated? (MOPITT — in situ / in
situ?)

Authors' Reply: This is now explicitly described in the second paragraph of Section 3.1.

3. Line 278: “The bias in total column is reduced from 0.16” According to Figure 6 and
Table 1, it should be 0.15 not 0.16.

Authors' Reply: The text has been corrected.

4. Tt should be nice to have a table online where the different features of all the MOPITT
data versions would be summarized.

Authors' Reply: We agree and now plan to add such a table on the MOPITT website.



Manuscript prepared for Atmos. Meas. Tech.
with version 5.0 of the ISTEX class copernicus.cls.
Date: 24 May 2017

A Climate-scale Satellite Record for Carbon
Monoxide: The MOPITT Version 7 Product

Merritt N. Deeter', David P. Edwards!, Gene L. Francis', John C. Gille', Sara
Martinez-Alonso', Helen M. Worden', and Colm Sweeney?

! Atmospheric Chemistry Observations and Modeling Laboratory, National Center for Atmospheric
Research, Boulder, CO, USA
2Global Monitoring Division, NOAA/ESRL, Boulder, CO, USA

Correspondence to: M. N. Deeter (mnd @ucar.edu)

Abstract.

The MOPITT (“Measurements of Pollution in the Troposphere”) satellite instrument has been
making observations of atmospheric carbon monoxide since 2000. Recent enhancements to the MO-
PITT retrieval algorithm have resulted in the release of the Version 7 (V7) product. Improvements

5 include (1) representation of growing atmospheric concentrations of N2O, (2) use of meteorologi-
cal fields from the MERRA-2 reanalysis for the entire MOPITT mission (instead of MERRA), (3)
use of the MODIS Collection 6 cloud mask product (instead of Collection 5), (4) a new strategy
for radiance bias correction, and (5) an improved method for calibrating MOPITT’s NIR radiances.
Statistical comparisons of V7 validation results with corresponding V6 results are presented, us-

10 ing aircraft in-situ measurements as the reference. Clear improvements are demonstrated for V7

products with respect to overall retrieval biases, bias variability, and bias drift uncertainty.

1 Introduction

Principle sources of carbon monoxide (CO) in the troposphere include biomass burning, fossil fuel
burning and the oxidation of methane. CO has a typical lifetime of a few months, and is destroyed b

15 reaction with the hydroxyl radical. CO is an important precursor to ozone. Satellite measurements
of CO are used in air quality forecasts (Inness et al., 2015) as well as a variety of studies of pollution

sources, transport and atmospheric chemistry. MOPITT (“Measurements of Pollution in the Tropo-
sphere”) is an instrument on the NASA Terra satellite designed to permit retrievals of trepespherie

carbon-monexide{(CO--CO vertical profiles using both thermal-infrared (TIR) and near-infrared
20 (NIR) observations. The MOPITT instrument has been operating nearly continuously since 2000
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(Drummond et al., 2010, 2016), resulting in a homogeneous long-term data record well suited for a
variety of applications, including trend analyses (Worden et al., 2013; Strode et al., 2016; Xia et al.,
2016). MOPITT retrieval products have improved continuously as the result of accumulated knowl-
edge regarding the instrument, forward modeling methods, and geophysical variables (Worden et al.,
2014).

MOPITT CO retrieval products are available in three variants: TIR-only, NIR-only, and the mul-
tispectral TIR-NIR product (Deeter et al., 2013). These three products exhibit contrasting retrieval
sensitivity and error characteristics. The TIR-NIR product offers the greatest vertical resolution,
and particularly the greatest sensitivity to CO in the lower troposphere. However, this product also
exhibits relatively large random retrieval errors and bias drift. Moreover, the main benefits of this
product are only evident in daytime MOPITT observations over land, due to limitations of the NIR
radiances. The TIR-only product offers the highest temporal stability and generally similar perfor-
mance in variable observing situations (day and night, land and ocean). The NIR-only product is
primarily suited for the analysis of CO total columns and is produced solely for daytime observations

over land.

2 V7 Algorithm Features

Refinements to the MOPITT retrieval algorithm and data processing systems are developed and im-
plemented in new products for a variety of reasons. For example, the MOPITT retrieval algorithm
incorporates a fast radiative transfer model which is periodically updated as new sources of model
error are identified and corrections are incorporated. Reprocessing is also necessary as auxiliary
datasets used in MOPITT retrieval processing (such as meteorological reanalyses and MODIS cloud
mask files) are themselves refined and reprocessed. Finally, processing parameters in the retrieval
algorithm are also revised as new validation datasets become available, resulting in improved under-
standing of MOPITT retrieval errors and long-term bias drift. Specific improvements incorporated

into the MOPITT Version 7 product are described in detail below.
2.1 Radiative Transfer Modeling

The-The operational radiative transfer model on which the MOPITT retrieval algorithm is based,
which-is-known as MOPFAS (Edwards et al., 1999), has been updated for V7. Whereas previous
versions of MOPFAS assumed constant concentrations of N>O, the model now accounts for the
weak but steady growth of atmospheric NoO concentrations over the MOPITT mission. Overlap of
N3O spectral lines with the CO TIR passband near 4.7 pm (Pan et al., 1995) suggests that ehanging
slowly increasing atmospheric concentrations of NoO (Sweeney et al., 2015) could produce a time-
dependent bias in model-calculated radiances for previous MOPITT products, possibly leading to

retrieval bias drift.
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Potential retrieval biases due to increasing atmospheric concentrations of NoO were simulated
using the radiative transfer model MOPABS (Edwards et al., 1999); this model is computationally.
less efficient than MOPFAS, but is more accurate and more flexible. Over a_representative
atmospheric ensemble (Deeter et al., 2010), forward model radiances were calculated using two
versions of MOPABS. In one version, N»O was fixed at the V6 operational value; in the second
version it was elevated by 3% at all levels. (With respect to the observed NoO growth rate described
in the following paragraph, a 3% increase roughly corresponds to the accumulated growth over 12
years.) These two sets of model-calculated radiances were then passed to the V6 retrieval algorithm
in order to estimate the CO retrieval bias due to increasing NoO. Simulated biases due to the 3%
increase in N»O are shown in Figure 1. While the predicted biases exhibit significant variability,
increasing N»Q typically results in negative retrieval biases in the lower troposphere and smaller
positive biases in the upper troposphere. Simulated NoO-related biases are typically a few ppbv.
but can reach 10-15 ppby. These simulations indicate that, if not represented in the radiative transfer
model, increasing NoO may produce retrieval bias drift up to approximately 1 ppby per year, but with
opposite effects in the lower and upper troposphere. This is a potentially significant drift, particularly
for CO climate applications.

For V7, the time-dependent N2O concentration estimate used in the forward model
is derived from global monthly means provided by the NOAA/ESRL halocarbons pro-
gram. The N2O forward model calculation makes use of a fixed Global Monitor-
ing Division dataset covering the period from September 1977 through August 2015
(ftp://ftp.cmdl.noaa.gov/hats/n20/combined/HATS _global N20.txt). These data are well described
by a linear increase in N2O concentrations from 300 ppb to 328 ppb over that time, a growth rate
of approximately 0.7 ppb/yr. The forward model calculation used for V7 processing performs a
linear fit to these data, then interpolates (or extrapolates) the fit to the mid-month date for the spec-
ified monthly forward model. For dates in 2016, the resulting N2O values are (on average) about
8% larger than the constant value of 303 ppb assumed for earlier MOPITT data versions. The op-
erational radiative transfer model has also been updated with the HITRAN 2012 spectral database
(Rothman et al., 2013).

2.2 Meteorological Fields

For each retrieved CO vertical profile at a particular location, the MOPITT retrieval algorithm
requires temperature and water vapor profiles as well as a priori surface temperature values
(Deeter et al., 2003). For V6 processing, these meteorological data were derived from the NASA
MERRA (“Modern-Era Retrospective Analysis for Research and Applications”) reanalysis product
(https://gmao.gsfc.nasa.gov/reanalysissMERRA/). MERRA production ceased in 2016. For all V7

products, meteorological profiles are extracted from the more recently released MERRA-2 prod-

uct; this version is continuously available for the entire MOPITT data record. As described here
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(https://gmao.gsfc.nasa.gov/reanalysissMERRA-2/), the MERRA-2 assimilation system exploits a
wider range of modern hyperspectral radiance and microwave observations, along with Global Po-
sitioning System (GPS) occultation datasets. It also uses NASA ozone observations (e.g., from the
MLS and OMI instruments) starting in 2004. Advances in both the GEOS-5 model and the Grid-
point Statistical Interpolation (GSI) assimilation system are also included in MERRA-2. Generally
higher quality retrieval 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 trop-
ical 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 consistently for processing the entire MOPITT
mission. (Characteristics 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
Description 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 ex-
ception 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 previously discarded by the cloud detection
algorithm but are now retained. Compared to earlier MOPITT products, the addition of this new
class of observations may significantly increase the number of MOPITT retrievals in a given scene.
The other possible Cloud Description diagnostic index values (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 algorithm are illustrated in Figure 2. The
two panels in the figure compare the total number of clear-sky MOPITT observations (regardless of
the Cloud Description diagnostic values) produced by the V6 and V7 cloud detection schemes for
daytime and nighttime scenes in the Tropics (between 30°S and 30°N), from 2008 (two years before
the MODIS crosstalk issue 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.
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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 (1-simulated radiances calculated by the operational radiative transfer
model and 2)-actual calibrated Level 1 radiances. Without some form of compensation, radiance
biases 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 determined 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; Martinez-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 spanning both the Northern and Southern Hemispheres), this
strategy yields globally-minimized retrieval biases. For the NIR radiances (Channel 6), radiance-bias
scaling factors were determined by minimizing NIR-only retrieval biases as determined using the
NOAA aircraft profile set described in Section 3.1. (The HIPPO dataset primarily represents oceanic
scenes and was therefore not useful for optimizing the NIR radiance-bias scaling factors.) Previous

MOPITT products did not apply radiance-bias scaling factors to compensate for NIR radiance biases.
2.5 Calibration

Calibration of MOPITT’s NIR channel (i.e., Channel 6) relies on a two-point calibration scheme
involving both cold-calibration (“cold-cal”) events and hot-calibration (“hot-cal”’) events. Calibra-
tion information from the cold-cal and hot-cal events are used to derive gain and offset values for
calibrating the earth-view radiances (Deeter et al., 2002). Cold-cals occur many times per day, while
hot-cals are performed only about once per year (Drummond et al., 2010). Ideally, NIR channels are
calibrated with gain and offset values determined by interpolating the information from “bracket-
ing” hot-cals occurring both before and after the time of observation. While this method is feasible
in retrospective processing mode (i.e., processing data from previous years), it is not possible in
forward processing mode (i.e., when processing recently acquired observations). Thus, in forward
processing mode, only information from the most recent hot-cal is used to calibrate MOPITT’s NIR
radiances. Recent comparisons of V5 and V6 NIR-only retrieval products generated in retrospective
and forward processing modes have revealed significant differences (up to about 20%) in total col-
umn results, with the retrospectively processed data in better agreement with daytime/land TIR-only
total column values.

Therefore, because of the lower quality of MOPITT products processed in forward processing

mode, all V7 products generated in this manner will be clearly identified as “beta” products (i.e.,
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“beta” will clearly appear in the filename for all such products). These products will be reprocessed
and replaced by standard archival files following the next hot-cal. Typically, this will occur no
more than about 14 months from the time of a particular observation (depending on the date of the
most recent hot-cal). For example, final V7 products for observations made between March, 2016
and March, 2017 (months during which hot-cals occurred) should become available to users around
May, 2017.

In principle, this new strategy should benefit not only the NIR-only and TIR-NIR products, but
also the TIR-only products. Calibration of the TIR Pressure Modulation Cell (PMC) radiances
(Channel 7) involves annual measurements of mean cell pressure obtained by measuring the PMC
resonant frequency (Drummond et al., 2010); these cell pressure measurements occur in conjunction
with the annual hot-cals. Like the NIR radiances, Channel 7 radiances calibrated with bracketing
mean cell pressures are considered more reliable than radiances based only on the most recent pre-
vious cell pressure measurement.

V7 beta products should not be used for examining long-term records of CO although these prod-
ucts should still be useful for some applications. Differences in quality between beta and archival
products are expected to be greatest for the NIR-only products, but could be significant for the TIR-
only and TIR-NIR products as well.

3 Validation Results

Below, retrieval validation results for V7 products are compared to corresponding V6 results (Deeter
et al., 2014). Validation results are based on statistical comparisons of MOPITT retrieval products
(CO ¥MR-volume mixing ratio profiles and total columns) with in-situ profiles measured from
aircraft. For this purpose, in-situ measurements are assumed to be exact and representative of an
extended region around the sampling location. A collocation radius of 50 km was employed for the
NOAA profiles whereas a value of 200 km was used for the HIPPO profiles. The larger acceptance
radius for the HIPPO profiles was selected due to the weaker CO gradients expected over the remote
ocean (far from CO source regions). In both cases, a maximum of 12 hours was allowed between
the time of the MOPITT observation and acquisition of the in-situ data.

Because of the eoarseness-coarse vertical resolution of the radiance weighting functions (or “Ja-
cobians”) and the underconstrained nature of the retrieval process, retrieval products obtained with
optimal estimation-based retrieval algorithms are constrained by a priori information as well as the
measurements (Pan et al., 1998; Rodgers, 2000). A priori information is represented by (1) an a
priori profile x, and (2) an a priori covariance matrix, which determines the strength of the a priori
constraint. The relationship between the true profile &+, 4, and retrieved profile ., is expressed

by the equation

Trty = Tq + A(xt'r'ue - xa) (1)
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where A is the retrieval averaging kernel matrix. The vector quantities x¢yye, T, and x4, are
expressed in terms of log(VMR) rather than VMR itself; this strategy is justified by observations of
CO variability in the troposphere (Deeter et al., 2007). A quantifies the sensitivity of the retrieved
profile to the true profile and is provided as a diagnostic for each retrieval in all MOPITT products.

A depends on the weighting functions, a priori covariance matrix and instrument error covariance

matrix.

are presented in Sections 3.1 and 3.2 as scatterplots. However, in contrast to previous publications
of MOPITT validation results, where MOPITT retrieved VMR values were plotted directly against
simulated VMR retrievals x4, based-on-the-in-situ-profiles-(calculated according to the RHS of Eq.
1);-Figures 3-and-4-talong-with-Figures4-9), with 7., based on the insitu profile), scatterplots
presented in Section 3.1 and 3.2 instead present validation results in terms of the difference between

the retrieved and a priori VMR values, i.e.,
AZOQ(VMR) = Trty — La ()

Correlation coefficients r calculated from values of Alog(VMR) reflect the correlation due to the

measurement, whereas x,4,-based correlation coefficients may be strongly influenced by variability
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of the a priori. For example, as the averaging kernels tend toward O (i.e., as retrieval sensitivity de-
creases), values of r calculated from values of Alog(VMR) will tend toward 0 (since both observed
and simulated values of Alog(VMR) will tend toward 0) while ..+, -based correlation coefficients
will tend toward unity (since observed and simulated values of x,., will be identically affected by
a priori variability). Thus, correlation coefficients calculated in terms of Alog(VMR) are preferred
for quantifying retrieval performance. For each overpass of a validation site on a particular date (i.e.,
a single MOPITT scene), mean retrieved values of Alog(VMR) are shown on the y-axis (along with
error bars for the standard deviation) whereas simulated values based on the in-situ measurements
(i.e., A(2¢rye — T4 )) are plotted on the x-axis. For CO total column, V6 and V7 validation results are
presented in terms of retrieved values, with no subtraction of the a priori influence. This choice was
made because (1) retrieved total column values are inherently less affected by the a priori than levels
in the retrieved profile and (2) a priori total column values, which would be necessary to employ the
same strategy used for the profile levels, were not included in V6 Level 2 product files (though they

are included as diagnostics in V7 Level 2 files).

3.1 NOAA Flask Samples

Historically, in-situ_measurements of CO _concentrations acquired through NOAA's aircraft
flask sampling program have_served as_the foundation for MOPITT validation efforts
(Emmons et al., 2004, 2009; Deeter et al., 2014). Flask samples obtained from aircraft are processed
by the Global Monitoring Division of NOAA’s Earth System Research Laboratory (ESRL
in_Boulder, Colorado. NOAA stations used for MOPITT validation are primarily located in
North America (Sweeney etal., 2015). Aircraft profiles acquired from the start of the MOPITT
mission_through February, 2016 were exploited to validate the MOPITT V7 product. Flask
samples are typically acquired from near the surface up to about 350-400 hPa. Typical in-situ
profiles are derived from approximately 12 0.7 L flasks filled to 40 PSIA. In order to obtain
a complete validation profile for comparison with MOPITT retrievals, each in-situ profile is
extended vertically above the highest-altitude in-situ measurement using the CAM-chem chemical
transport model (Lamarque et al., 2012) and then resampled to the standard pressure grid used for the
MOPITT operational radiative transfer model (Martinez-Alonso et al., 2014). The entire database
of NOAA aircraft profiles (http://www.estl.noaa.gov/gmd/ccgg/aircraft/index html) acquired during.
the MOPITT mission currently includes more than 5000 CO profiles.

Validation results based on the NOAA flask samples for the V6 and V7 TIR-only products are
presented in Figures 3 and 4. For simplicity, VMR validation results are only shown for alternating
retrieval levels (i.e.. 200, 400, 600, 800 hPa, and surface) and for CO total column. Each panel lists

the overall bias, standard deviation, and correlation coefficient. Fractional biases are calculated from
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Fractional standard deviation values are calculated similarly. The factor log(e) is the result of

expressing log(VMR) values using base-ten logarithms rather than natural logarithms and has
no physical significance. Percentage bias and standard deviation values are obtained by simpl

multiplying the fractional bias and standard deviation values by 100. Validation results based on
the NOAA flask samples for the V6 and V7 NIR-only products are presented in Figures 5 and 6,

whereas results for the V6 and V7 TIR-NIR products are presented in Figures 7 and 8. Validation

statistics for V6 and V7 products are also summarized in Table 1.

Statistical significance was investigated for the data in each scatterplot presented in Figures 3-8
using the t-test for the correlation coefficient. With the exception of the V6 TIR-NIR results at 200
hPa (which yielded a correlation coefficient of 0.03 and a p-value of 0.43), all of the correlations for
V6 and V7 products were found to “highly significant” (p < 0.05).

3.2 HIPPO Measurements

The “HIAPER Pole to Pole Observations” (HIPPO) campaign included five phases of operations be-
tween 2009 and 2011 (Wofsy et al., 2011). The extensive coverage of the HIPPO flights makes this
dataset useful for analyzing the geographical dependence of retrieval biases (Deeter et al., 2013).
In-situ measurements of atmospheric composition were performed using the QCLS (“Quantum-
Cascade Laser Spectrometer”) instrument (Santoni et al., 2014) from approximately 67°S to 80°N
mostly over the Pacific Ocean. In-situ profiles produced with the HIPPO measurements were ex-
tended vertically with the CAM-chem climatology, in the same manner as described in Section 3.1.
A total of 567 in-situ CO profiles acquired during the five phases of HIPPO were used for MOPITT
validation. HIPPO flights were performed during January, 2009 (Phase 1), October/November, 2009
(Phase 2), March/April, 2010 (Phase 3), June/July, 2011 (Phase 4), and August/September, 2011
(Phase 5). Each of the profiles used for validation include measurements made at a minimum pres-
sure of 400 hPa or less; 141 HIPPO profiles actually reached 200 hPa or less. In addition, all profiles
used for validation reached a maximum pressure of at least 800 hPa, and included vertical gaps
(lacking in-situ data) no larger than 200 hPa.

Since MOPITT NIR observations can only be exploited in daytime scenes over land, the HIPPO
profiles are used here only to evaluate the V7 TIR-only retrieval products. Validation results based on
HIPPO CO profiles for the V6 and V7 TIR-only products are presented in Figures 9 and 10. HIPPO
validation statistics are also summarized in Table 2. Correlations of the scatterplots presented in
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Figures 9 and 10 were all found to be highly significant based on the t-test results.

4 Analysis

Retrieval improvements associated with the new algorithm features described in Section 2 should
be evident in comparisons of V6 and V7 validation statistics. However, because of the sparseness
of aircraft in-situ measurements at high altitudes (e.g., pressures less than 350 hPa), particularly for
the NOAA dataset, statistical comparisons of V6 and V7 lewer-tropespherie-upper-tropospheric CO
products are more-less significant than comparisons of results for the #pper-lower troposphere. For
example, for retrievals of CO at 200 hPa, the sections of the NOAA validation profiles in the upper
troposphere and lower stratosphere are heavily based on the CAM-chem climatology (as described
in Section 3.1), and validation results will likely be less reliable than for lower levels. Methods
and datasets useful for validating MOPITT upper-tropospheric CO concentrations were reported in

Martinez-Alonso et al. (2014).
4.1 TIR-only

For the validation results shown in Figures 3 and 4, biases for the V6 and V7 TIR-only products
are on the order of a few percent or less. TIR-only biases are more clearly improved for the HIPPO
profiles shown in Figures 9 and 10, where, for example, the bias at 600 hPa improved from -4.7%
to -0.9%. However, for both the NOAA and HIPPO profiles, the standard deviation statistic is
substantiatty-significantly improved in the V7 TIR-only products. This statistic represents the vari-
ability of the single-scene biases calculated over all overpasses. For the retrieved CO total column,
for example, the standard deviation derived from the NOAA validation sites is reduced from 0.17
%% 10 mol/cm? to 0.13 x-x_10'® mol/cm?. Smaller standard deviations and larger correlation
coefficients are also observed for the VMR validation results. For example, for the HIPPO results
at 600 hPa, the standard deviation decreased from 10.0% to 8.1% and the correlation coefficient
increased from 0.56 to 0.65. Relatively low correlation coefficients at 200 hPa for both the V6 and
V7 TIR-only results presented in Figures 3 and 4 are likely the result of both (1) errors in the in-situ
profiles associated with the lack of actual in-situ data at high altitudes (as discussed above) and (2)
weaker CO geophysical variability in comparison to the variability at lower altitudes.

There is no apparent reason why random retrieval errors would be significantly different for V7
products than for V6, since no significant change was implemented in the method for calibrating
the V7 TIR radiances or calculating radiance uncertainties. The observed reduction in standard de-
viations for V7 TIR-only products thus implies the suppression of a bias source (or sources) which
varies either temporally, geographically, or both. This improvement is likely associated with ei-
ther changes made to the MOPITT radiative transfer model, the source of meteorological fields

(MERRA-2), or improvements in cloud detection.

10
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4.2 NIR-only

Comparisons of V6 and V7 NIR-only validation results for the NOAA profiles shown in Figures 5
and 6 also indicate significant improvements for V7. Overall VMR biases are reduced substantially
at all levels, from about 7% to -1.4%, likely from the use of radiance correction for the V7 NIR-
only products, as described in Section 2.4. The bias in total column is reduced from 6-+6-%-0.15
x_10'® mol/em? to -0.01 %-x 10'® mol/cm®. NIR-only standard deviations are also improved. For
the retrieved CO total column, for example, the standard deviation is reduced from 0.18 %-x 108
mol/cm? to 0.12 x-x_10'® mol/cm?. This could be the result of improvements in the MOPITT ra-
diative transfer model, improved meteorological fields (MERRA-2), or cloud detection. The revised
NIR calibration scheme could also significantly improve V7 validation results, although this would
only be relevant for observations made after March 17, 2012 (i.e., the period for which V6 NIR-only

products were processed in forward processing mode).
4.3 TIR-NIR

Finally, validation results for V7 TIR-NIR retrievals also exhibit clear improvements compared to
V6, as indicated in Figures 7 and 8. Whereas biases in the lower troposphere for V6 vary from -3.7%
to 8.3%, V7 biases fall in the narrower range from -3.4 to 2.8%. The overall bias in total column is
reduced from 0.08 x-x_10'® mol/cm? to 0.03 x-x_10'® mol/cm?. Standard deviations also decrease
substantially while correlation coefficients are generally greater. The greatest improvement for V7
TIR-NIR products is found for the surface-level retrieval, for which the bias decreases from 8.3 to
2.8%, the standard deviation decreases from 18 to 11%, and the correlation coefficient increases
from 0.29 to 0.50.

4.4 Long-term Stability

As the longest satellite record of atmospheric CO, already 17 years, MOPITT data are increasingly
used for climate applications (e.g., Worden et al. (2013); Strode et al. (2016)). However, since long-
term retrieval bias drift can mimic the effect of a trend in atmospheric CO concentrations, this effect
should be explicitly considered in all long-term analyses of MOPITT data. Bias drift in MOPITT
products could result from a variety of sources, including long-term instrumental degradation, long-
term changes in the quality of datasets used in MOPITT processing (e.g., meteorological fields), and
geophysical effects which are not represented in the MOPITT radiative transfer model (such as the
variability of trace gases other than CO and water vapor). Characterizing retrieval bias drift (and its
uncertainty) is thus critical for exploiting MOPITT’s long record. The continuity of NOAA’s aircraft
flask sampling program over the MOPITT mission enables such an analysis, at least with respect to
North America. Bias drift in other geographical regions could, in principle, be different.

Timeseries of retrieval bias (z,4, - Tsim) for the V6 and V7 TIR-only, NIR-only, and TIR-NIR

11
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products are presented in Figures +6-+511-16. Each panel also lists the bias drift (in %/yr) and
associated uncertainty, as determined from a least-squares fit. Bias drift values are also listed in
Table 1. As shown in Figures 11 and 12, both the V6 and V7 TIR-only products exhibit negative
long-term drift in the lower troposphere and positive drift values in the upper troposphere. And,
for both V6 and V7, long-term drift for the CO total column (0.002+0.001 x-x 10'® mol/cm?/yr)
is nearly negligible. However, bias drift is reduced for V7 at 600 and 800 hPa. Drift uncertainty
values are also generally smaller for V7 than for V6, which appears to be related to the smaller

standard deviation values for V7 reported in Section 4.1. The statistical significance of the timeseries

least-squares fits, based on the t-test on the slope, was also investigated. For the TIR-only products
fitted least-squares lines were all “highly significant” (p < 0.05) except for the V6 600 hPa VMR
roduct (p = 0.57), the V6 total columns (p = 0.24) and V7 total columns (p = 0.10).

For the NIR-only results shown in Figures 13 and 14, bias drift values for V6 and V7 are similarly
small in magnitude, but with opposite signs. For example, whereas the bias drift at the surface for V6
15 0.2910.12 %lyr, the corresponding drift for V7 is -0.2540.09 %/yr. For both V6 and V7 NIR-only
products, fitted least-squares lines were all highly significant. Qualitatively, the bias drift values for
the V6 and V7 TIR-NIR products shown in Figures 15 and 16 behave similarly to the TIR-only
drift values: positive bias drift is observed in the upper troposphere, negative drift is observed in the
lower troposphere, and the total column bias drift is nearly negligible. Overall, bias drift values for

V7 TIR-NIR retrievals are slightly smaller thanferrelative to V6, except at the surface. Bias drift

uncertainty values are also smaller for V7. Fitted least-squares lines for V6 and V7 TIR-NIR bias
timeseries were highly significant for all VMR products, but not for total column (p = 0.38 for V6
and p = 0.59 for V7).

4.5 Geographical Dependence of Biases

The geographical variability of MOPITT retrieval biases was first studied for the V5 product using
the HIPPO dataset (Deeter et al., 2013). Because HIPPO flights were primarily performed over the
ocean, these data are only useful for analyzing the geographical variability of biases in TIR-only
products. The physical source of latitude-dependent biases has not been identified, but is unlikely to
be related to the MOPITT instrument. A partial list of possible causes includes (1) geographically
variable biases in the meteorological data used in the retrieval algorithm, (2) geographical variability
of trace gases assumed to be fixed in the radiative transfer model (e.g., NoO and methane), and (3)
radiative effects due to clouds.

MOPITT V6 and V7 TIR-only retrieval biases calculated with the HIPPO in-situ profiles are
plotted versus latitude in Figures 17 and 18. Large black diamonds and error bars in each panel
indicate bias statistics (mean and standard deviation) representing each 30 degree-wide latitudinal
zone; these results are also summarized in Table 3. Overall, the geographical dependence of the V7

biases is slightly reduced compared to V6. For example, V6 TIR-only validation results indicate a

12
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significant negative bias at 800 hPa in the northern Tropics (between the Equator and 30°N), which
is reduced in the V7 results. Moreover, a comparison of the lengths of the error bars in all panels of
Figures 17 and 18 indicates that bias variability within each latitudinal zone is also generally smaller

for V7 than for V6.

5 Conclusions

Algorithm features introduced in the V7 product have particularly improved the temporal consis-
tency of the retrievals. For example, the effects of gradually increasing concentrations of NoO on
MOPITT’s thermal-channel radiances, which could contribute to bias drift, are now explicitly repre-
sented in the operational radiative transfer model. Recent degradation in the quality of the MODIS
cloud mask, primarily in tropical oceanic scenes, was addressed by forcing the V7 cloud detection
algorithm to pass all scenes where MOPITT thermal channel radiances indicate clear skies, even if
the MODIS cloud mask indicates cloudiness. This change, coupled with the transition to the MODIS
Collection 6 cloud mask, yields greatly improved long-term stability in the fraction of MOPITT ob-
servations passed to the retrieval algorithm. Use of the MERRA-2 reanalysis instead of the older
MERRA product presumably provides higher-quality temperature and water vapor profiles needed
by the retrieval algorithm. A new calibration strategy was implemented for V7 which completely
relies on the interpolation of information from calibration events both before and after a particular
observation. This strategy is beneficial for NIR radiance calibration, but creates a delay in the deliv-
ery of all standard archival products until the following annual hot-calibration event occurs. Users
who wish to access V7 retrieval products based on preliminary calibration information will therefore
have access to “beta” products, typically with a latency of a few months.

Comparisons of V6 and V7 validation results indicate clear improvements for V7. In contrast to
V6, overall biases for V7 are a few percent or less at all levels for the TIR-only, NIR-only, and TIR-
NIR products. Bias variability is significantly improved for V7 also, as indicated by comparisons
of scatterplot standard deviations and correlation coefficients. For TIR-NIR surface-level retrievals,
for example, validation statistics are significantly improved for overall bias (8.3% vs. 2.8%), bias
variability (18% vs. 11%) and correlation coefficient (0.29 vs. 0.50). With respect to bias drift,
improvements for V7 are modest, although V7 bias drift uncertainty values are clearly smaller than
for V6. For trend analyses, this suggests that bias drift in V7 products can be corrected to a higher

degree of accuracy than for V6.
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tions over the ocean between 30°S and 30°N for the V6 and V7 products.
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Fig. 3. V6 TIR-only validation results based on the NOAA flask measurements. As discussed in Section 3.1,

VMR validation results are presented in terms of log(VMR), after subtracting a priori values. Dotted lines

represent biases of -10, 0, and 10%. Dashed lines are least-squares best fits. Bias and standard deviation

statistics for the total column are in units of mol/cm?.
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Fig. 15. Retrieval bias drift for V6 TIR-NIR products based on the NOAA flask measurements.
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32



920 T T T T T 90 T T T
60| E 60 E
L H1 i i
L ° ] ]
s H2 - 30 -
(0] [ 1 [0 1
3 [ i s i
£ T H4 1 §° ]
© [ H5 1 1
30F g 30F -
o < ] 60 N 3
. . O
[ V6T: 200 hPa % ] V6T: 400 hPa ]
-90 . . . . 1 . . . . -90 . . . . 1 . . . .
50 -40 -30 -20 -10 0 10 20 30 40 50 50 -40 -30 -20 -10 0 10 20 30 40 50
Retrieval Bias (%) Retrieval Bias (%)
90 T T T 90 T T T
60| E 60 E
30F E 30F E
(0] [ 1 [0 1
e r b e b
2 oF E 2 of -
© - - ) 4
— | <> ] - O ]
30F E 30 E
60 0+0 * 0 o - 60| .
t V6T: 600 hPa 1 V6T: 800 hPa 1
-90 " " " " 1 " " " " -90 " " " " 1 " " " "
50 -40 -30 -20 -10 0 10 20 30 40 50 50 -40 -30 -20 -10 0 10 20 30 40 50
Retrieval Bias (%) Retrieval Bias (%)
90 I T T T T ] 90 <§§> T ]
60| E 60 E
30} <] 30} -
(0] [ 1 [0 1
© r b © b
2 of E 2 of -
s | 1 s 1
- -
-30F E 30F E
L R ] A ]
60 E 60 E
[ V6T: Surface ¢ - V6T: Column % ]
-90 1 L L . 1 . . . L -90 1 L 1 . .
50 -40 -30 -20 -10 0 10 20 30 40 50 6x10"7  -4x10"7  -2x10"7 0 2x107  4x10"7  6x10"7
Retrieval Bias (%) Total Column Error

Fig. 17. Latitude dependence of V6 TIR-only biases based on the HIPPO CO profiles. Large black diamonds

and error bars in each panel indicate bias statistics (mean and standard deviation) representing each 30

degree-wide latitudinal zone.
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Fig. 18. Latitude dependence of V7 TIR-only biases based on the HIPPO CO profiles. See caption to Figure
17.
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Table 1. Summarized validation results for V6 and V7 TIR-only (V6T and V7T), NIR-only (V6N and V7N) and
TIR-NIR (V6J and V7J) products based on in-situ data from NOAA validation sites. Bias and standard deviation

statistics for the total column are in units of 10'® mol/cm?. Bias and standard deviations for retrieval levels

are expressed in %. Correlation coefficients (r) for profile levels are based on differences between retrieved

quantities and corresponding a priori quantities, as described in Section 3.1. Total column drift values are

provided both in units of 10*® mol/cm®/yr and %/yr (in parentheses). Drift for the retrieval levels is expressed

in %l/yr.
Total Column Surface 800hPa 600hPa 400hPa 200hPa
V6T  bias 0.03 3.0 0.7 -0.8 -1.2 0.8
sdev 0.17 9.9 9.9 10.0 12.0 9.4
r 0.93 0.49 0.66 0.73 0.64 0.33
drift ~ 0.002 + 0.001 (0.07 £0.08) -0.28 £0.08 -0.55+0.08 -0224+0.09 0.79=+0.10 0.84 £0.07
V7T  bias 0.03 2.0 1.0 -0.6 0.6 2.3
sdev 0.13 6.9 8.0 8.4 11.0 9.0
r 0.95 0.62 0.73 0.78 0.66 0.35
drift ~ 0.002 + 0.001 (0.07 £0.07) -0.27 £0.05 -0.40=+0.06 -0.044+0.07 0.75+0.09 0.72+£0.07
V6N  bias 0.15 79 6.3 6.6 7.1 4.7
sdev 0.18 9.5 6.9 7.7 8.2 5.8
r 0.88 0.42 0.59 0.56 0.57 0.54
drift ~ 0.005 =+ 0.002 (0.32 £ 0.24) 029+0.12 0254+0.09 022£0.10 025+£0.11 0.20 +0.07
V7N  bias -0.01 -1.1 -1.4 -1.4 -1.4 -1.3
sdev 0.12 6.4 6.8 6.7 7.1 5.1
r 0.93 0.63 0.61 0.61 0.61 0.58
drift ~ -0.005 £ 0.001 (-0.31 =0.12) -0.25+£0.09 -0.22+0.09 -02140.09 -022+£0.10 -0.16=+0.17
A% bias 0.08 8.3 2.5 -3.7 -5.7 4.0
sdev 0.22 18.0 16.0 13.0 15.0 18.0
r 0.89 0.29 0.55 0.69 0.53 0.03
drift ~ 0.002 £ 0.002 (-0.10 £0.16) -0.51 £0.16 -1.26+0.14 -0.67+0.12 1.104+0.13 1.89 +0.15
V7] bias 0.03 2.8 0.7 34 -1.9 4.2
sdev 0.15 11.0 13.0 10.0 14.0 16.0
r 0.93 0.50 0.62 0.76 0.55 0.08
drift ~ 0.001 £ 0.001 (-0.04 £0.10) -0.69 =£0.10 -1.04 £0.11 -0.33+0.09 1.154+0.12 1.49 +0.13
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Table 2. Summarized validation results for V6T and V7T products based on in-situ data from HIPPO field

campaign. See caption to Table 2;1.

Total Column  Surface 800hPa  600hPa 400hPa  200hPa

V6T  bias -0.02 1.0 -1.8 -4.7 -3.7 1.5
sdev 0.09 7.9 9.4 10.0 9.4 7.4

r 0.96 0.16 0.43 0.56 0.70 0.51

V7T  bias 0.01 1.4 0.9 -0.9 0.8 39
sdev 0.07 5.0 7.1 8.1 8.9 7.6

r 0.98 0.30 0.48 0.65 0.71 0.47

36



Table 3. Latitude dependence of validation results for V6T and V7T products based on in-situ data from HIPPO

field campaign.

caption to Table 1.

Total Column  Surface 800hPa  600hPa  400hPa  200hPa

V6T 60N:90N  bias -0.06 5.0 -1.0 -8.7 -9.5 -2.6
sdev 0.10 8.8 6.2 8.7 8.3 24

30N:60N  bias 0.02 4.1 0.4 -23 -0.6 3.6
sdev 0.09 9.0 6.7 6.6 9.1 8.8

Eq:30N  bias -0.06 -6.0 -10.9 -11.5 -2.9 8.0

sdev 0.08 4.5 8.2 8.8 7.1 72

30S:Eq  bias 0.00 -1.3 2.2 -2.2 -0.1 35

sdev 0.10 6.1 11.1 12.5 8.7 72

60S:30S  bias 0.01 3.1 4.5 1.9 -3.6 -2.7

sdev 0.08 4.6 7.7 9.5 10.7 55

V7T  60N:90N  bias -0.02 39 1.6 -5.4 -6.3 -1.6
sdev 0.06 6.9 4.9 7.1 7.2 2.1

30N:60N  bias 0.03 1.8 12 -0.9 14 4.3
sdev 0.08 4.7 5.8 6.5 9.8 8.7

Eq:30N  bias 0.00 -3.0 -6.4 -5.5 34 11.2

sdev 0.08 2.5 5.8 6.9 6.8 6.3

30S:Eq  bias 0.05 1.1 24 3.6 5.8 6.4

sdev 0.05 34 6.7 6.8 6.6 72

60S:30S  bias 0.04 3.6 6.3 42 0.1 -0.7

sdev 0.07 39 7.1 8.6 9.6 5.1

37



	amt-2017-71-author_response-version1.pdf (p.1-5)
	mop_v7_vald5_diff.pdf (p.6-42)

