Atmos. Meas. Tech., 7, 3623632 2014 Atmospheric
www.atmos-meas-tech.net/7/3623/2014/

doi:10.5194/amt-7-3623-2014 Measurement
© Author(s) 2014. CC Attribution 3.0 License. TeChan ues

The MOPITT Version 6 product:
algorithm enhancements and validation

M. N. Deeter!, S. Martinez-Alonsd, D. P. Edwards', L. K. Emmons?, J. C. Gillel, H. M. Worden?, C. Sweeney,
J. V. Pittman3, B. C. Daubé, and S. C. Wofsy

LAtmospheric Chemistry Division, National Center for Atmospheric Research, Boulder, CO, USA
2Global Monitoring Division, NOAA/ESRL, Boulder, CO, USA
3Department of Earth and Planetary Sciences, Harvard University, Cambridge, MA, USA

Correspondence tavl. N. Deeter (mnd@ucar.edu)

Received: 15 May 2014 — Published in Atmos. Meas. Tech. Discuss.: 18 June 2014
Revised: 11 September 2014 — Accepted: 26 September 2014 — Published: 5 November 2014

Abstract. The Measurements of Pollution in the Tropo- nearly continuously since 200@{ummond et al. 2010.
sphere (MOPITT) Version 6 (V6) product for carbon monox- MOPITT retrieval products have improved continuously as
ide (CO) incorporates several enhancements which will benthe result of accumulated knowledge regarding the instru-
efit many users of MOPITT data. V6 algorithm improve- ment, forward modeling methods, and geophysical variables.
ments are described in detail, and V6 validation results areéThe history of retrieval algorithm development for the MO-
presented. First, a geolocation bias related to the orientaPITT mission was recently summarized Worden et al.
tion of the MOPITT instrument relative to the TERRA plat- (2014).
form was characterized and eliminated. Second, the variable Version 6 products described in this manuscript build on
a priori for CO concentrations for V6 is based on simula- Version 5 products which were introduced in 2011. The V5
tions performed with the chemical transport model Commu-product included the first “multispectral” satellite product
nity Atmosphere Model with Chemistry (CAM-chem) for for CO to exploit simultaneous TIR and NIR observations
the years 2000-2009 instead of the model-derived climatol{Deeter et al. 2013. MOPITT remains the only satellite
ogy for 1997—2004 used for V5. Third, meteorological fields instrument with this capability. TIR-only and NIR-only re-
required for V6 retrieval processing are extracted from thetrieval products are also produced operationally since each of
MERRA (Modern-Era Retrospective Analysis For Researchthese three products has relative strengths and weaknesses.
And Applications) reanalysis. Finally, a significant latitude- The TIR/NIR product offers the greatest vertical resolution
dependent retrieval bias in the upper troposphere in Versiomnd particularly the greatest sensitivity to CO in the lower
5 products has been substantially reduced. 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. The TIR-only product of-
1 Introduction fers the highest temporal stability and similar performance in
variable observing situations (day and night, land and ocean).
Measurements of Pollution in the Troposphere (MOPITT) The NIR-only product is most suited for the analysis of CO

is an instrument on the NASA Terra platform designed t0+total columns but is strictly limited to daytime observations
permit retrievals of tropospheric profiles of carbon monox- gyer land.

ide (CO) using both thermal-infrared (TIR) and near-infrared
(NIR) observations. Satellite measurements of CO enable air
quality forecasts as well as a variety of studies of pollu-
tion sources, transport, and atmospheric chemighyr(dell

et al, 2006§. The MOPITT instrument has been operating
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2 V6 algorithm features 2.3 Meteorological data

2.1 Geolocation bias correction For each CO retrieval, the MOPITT retrieval algorithm re-
quires temperature and water vapor profiles as well as a
Geolocation data (i.e., latitude and longitude values) reportegbriori surface temperature values. In previous operational
in previous (V3, V4, and V5) MOPITT Level 1 and Level processors, relevant meteorological data were extracted
2 products appear to be biased due to a misalignment beffom NCEP (National Center for Environmental Prediction)
tween the MOPITT reference frame and the Terra platform.GDAS (Global Data Assimilation System) forecast products
As described in a technical report available on the MOPITTand then interpolated spatially and temporally to each MO-
website Deeter 2012, a method was developed to quan- PITT observation. For V6 processing, meteorological pro-
tify the angular misalignment from observations of latitudi- files are interpolated from the NASA MERRA (Modern-
nal and longitudinal biases in daytime overpasses. The esEra Retrospective Analysis For Research And Applica-
timated along-track viewing angle bias was 0.9¢hile the  tions) reanalysis produchitp://gmao.gsfc.nasa.gov/meira/
estimated cross-track viewing angle bias was 2.8the cor-  (Rienecker et al2011). Several benefits are anticipated as a
responding uncertainty in these viewing angle correctionsresult of using MERRA products rather than NCEP. First,
was estimated as 0.4An experimental Level 1 processor generally higher-quality retrieval results are expected due
(i.e., the processing software which generates the MOPITTo higher-quality water vapor profiles; unphysical values in
Level 1 radiance product) which explicitly corrects for the NCEP water vapor profileDgeter et al.2013 were previ-
viewing angle bias was developed and used to validate theusly found to sometimes cause anomalous surface-level CO
correction method. Comparisons of MOPITT radiances andconcentrations over the ocean offshore the state of Califor-
retrieval products in various geographical regions before andiia. Also, higher-quality retrieval results should be achieved
after the geolocation correction indicate that the method esever land due to the use of hourly resolved MERRA sur-
sentially eliminates the geolocation bias. The resulting im-face skin temperatures instead of 6-hourly NCEP surface-
provement in geolocation is illustrated in Fig. 1, where grid- level air temperatures; skin temperature more closely rep-
ded NIR (Channel 6) clear-sky radiances are shown for allresents the radiative surface temperature to which MOPITT
daytime overpasses of Baja California during 2002. The leftthermal-channel radiances respond. Higher-quality retrieval
and right panels present V5 (uncorrected) and V6 (correctedjesults are also expected due to higher horizontal and verti-
gridded radiances, respectively. The coastline separating theal spatial resolution in the meteorological fields; MERRA is
low-albedo ocean and high-albedo land is clearly positionedoroduced at 12 by 2/3° (latitude/longitude) horizontal res-

more accurately in the V6 data. olution on a 42-level pressure grid, whereas NCEP GDAS
products are produced at horizontal resolution on a 26-

2.2 COapriori level pressure grid. Finally, we expect improved long-term
stability of MOPITT retrieval products as the result of the use

Like the V4 and V5 productsOeeter et al.201Q 2013, of climate-quality reanalysis instead of output from a mete-

the V6 products rely on variable a priori to represent theorological forecasting system. MERRA reanalysis products
geographical and seasonal variability of “background” con-are typically released 1 month at a time, with a data latency
centrations of CO. Whereas for earlier products CO a pri-of about 2 to 3 weeks. This leads to data latencies for MO-
ori concentrations were based on monthly climatologies forPITT V6 products of 1 to 2 months and prevents their use in
the years 1997-200D¢eter et al.2010 and was simu- near-realtime applications. However, a non-operational V6
lated with the Model for OZone and Related chemical Trac-processing system for near-realtime applications has been
ers (MOZART) Emmons et a).2010, for V6 the a priori  developed exploiting the GEOS-5 forecast products instead
CO is based on monthly climatologies for the years 2000-of MERRA. Results from this alternative processing system
2009 simulated with the Community Atmosphere Model have not been thoroughly evaluated.

with Chemistry (CAM-chem) modelL@marque et al2012.

MOPITT a priori volume mixing ratio (VMR) values vary by 2.4 Radiance bias corrections

month, but do not vary from year to year; this simplifies the

interpretation of long-term trends in the data. A potential ad-The MOPITT operational processing software exploits a set
vantage of the new a priori is that it should represent mearof radiance-bias correction factors to compensate for rela-
global CO concentrations during the actual MOPITT mis- tive biases between (1) simulated radiances calculated by
sion (2000 to present) better than the V5 a priori. Like thethe operational radiative transfer model and (2) actual cali-
previous MOZART-based climatology, the new CAM-chem- brated Level 1 radiances. Without some form of compensa-
based climatology is gridded at {latitude/longitude) hor-  tion, radiance biases produce biases in the retrieved CO pro-
izontal resolution and monthly temporal resolution. Spatialfiles. Radiance bias correction factors compensate for a va-
and temporal interpolation are used to generate a priori valfiety of potential bias sources including errors in instrumen-
ues at a specific location and day. tal specifications, forward model errors, spectroscopy errors,
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the 7D radiance correction factor reflects the primary role of
the 7D radiance on retrieved CO concentrations in the upper
troposphereleeter 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
0.04 0.06 0.08 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.
Figure 1. Gridded Channel 6 “Average” (6A) NIR radiances for A collocation radius of 50 km was employed for the NOAA
daytime MOPITT overpasses of Baja California during 2002. NIR profiles and 200 km for the HIPPO profiles. The larger accep-
radiances are generally larger over land than over ocean becaugance radius for the HIPPO profiles is justified by the expec-
of higher albedo. V5 radiances in the left panel clearly exhibit a tation that CO vertical and horizontal gradients in the vicinity
lateral shift (or geolocation bias) between the true coastline and thef the HIPPO profiles should generally be much weaker than
coastline indicated by the radiances. This bias is greatly reduced ir'llor the NOAA aircraft prof”es’ because of the remoteness of
the V6 radiances presented in the right panel. 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-

and geophysical errors. They were first introduced to com2nce weighting functions (or "Jacobians’) and the undercon-

pensate for observed biases in Channel 5 radiarigestér stramed n ature' of the rgtneyal process, 1 etrieval pr'oducts ob-
i ; . tained with optimal estimation-type retrieval algorithms are
et al, 2009, but are useful for compensating for biases in

both Channel 5 and 7 (TIR) radiances. No significant radi_constramed by a priori information as W(?” as the measure
. ments Pan et al.1998 Rodgers2000. A priori information
ance bias was observed for the MOPITT Channel 6 (NIR). T : -
! . ) ) ; . is represented by (1) an a priori profig and (2) an a priori
radiances in Version 5 products; hence, radiance bias correc: ; ; ) ; .
X . covariance matrix, which determines the strength of the a pri-
tion has so far only been employed for the TIR radiances.

Prior to releasing new MOPITT products, final correction ori constraint. The relationship between the true prafig,

factors are determined iteratively, using retrieval validation™® and retrieved profilery is expressed by the equation
results for CO retrieved profiles and total column as indica-x”v — xa+ A(true — Xa), 1)
tors of radiance bias. The number of iterations employed in
this process is however limited because of the large compuwhere A is the averaging kernel matrix. The vector quan-
tational expense. tities xtue, xa, andxyy are expressed in terms of the log-
Validation results for both the V5 TIR-only and TIR/NIR  arithm of the VMR rather than VMR itselfQfeeter et aJ.
products indicated a substantial bias at 200 HPeefer et 2007). A quantifies the sensitivity of the retrieved profile to
al, 2013. Specifically, for the V5 TIR-only product, the ob- the true profile and is provided as a diagnostic for each re-
served overall bias at 200 hPa was 7.9 % using the NOAAtrieval in all MOPITT productsA depends on the weight-
in situ profiles, mainly representing North America, and ing functions, a priori covariance matrix, and instrument er-
10% using the HIAPER (High-performance Instrumented ror covariance matrix. As an example, retrieved CO profiles
Airborne Platform for Environmental Research) Pole-to-Poleand mean averaging kernels for the V6 TIR-only product are
Observations (HIPPO) field campaign profiles over the Pashown in Fig. 2. Retrievals were drawn from observations
cific Ocean (described below). However, analysis of the V5on 10 April 2010 over an area near Hawaii between 20 and
HIPPO validation results revealed that the bias at 200 hP&4° N, and 160 and 158\. For clarity, mean averaging ker-
was strongly latitude dependent, with biases in the tropicsnels are only shown for alternating levels, starting with the
reaching roughly 20-30 % and much smaller biases in midsyrface. Each plotted averaging kernel corresponds to one
latitude and polar regions. For V6, the radiance correctionrow of A. Thus, whenxyye is known (from in situ measure-
factors for radiances 5A, 5D, and 7D were revised in order tOmentS’ for examp|e)’ Eq. 1 provides a formula for calculat-
reduce the large retrieval bias at 200 hPa without severely deing simulated retrievals which account for the inclusion of a
grading the retrieval biases at other retrieval levels. For V5,priori information and the Smoothing effect of the averaging
radiance correction factors for the TIR radiances 5A, 5D, andkernel matrix Rodgers2000. MOPITT retrieved total col-

7D were respectively set to 0.99680, 0.98570, and 0.97000ymn values are compared with simulated total column values
For V6 processing, radiance correction factors were revisets described previousljpgeter et al.2013.
t0 0.99685, 0.98565, and 0.90000. The significant change in

<6A Radiance>
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Table 1. NOAA validation site locations.
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NOAA validation site

Latitude Longitude Observational period

Poker Flat, Alaska

East Trout Lake, Saskatchewan

Dahlen, North Dakota
Worcester, Massachusetts

Harvard Forest, Massachusetts

West Branch, lowa
Trinidad Head, California

Beaver Crossing, Nebraska

Briggsdale, Colorado
Homer, lllinois

Cape May, New Jersey
Norfolk, Virginia

Charleston, South Carolina

Sinton, Texas
Molokai, Hawaii
Rarotonga, Cook Islands

147.29 W  17/4/00-26/4/13

5486 104.98 W 14/8/06-21/9/13

99.28W  14/4/05-13/9/13

4295 70.63W 31/3/05-22/8/13
4284  72.1PW  27/2/01-18/11/07

91.3% W  7/11/04-10/12/13
12418 W  2/9/03-11/12/13

40080 97.18 W 2/11/04-21/6/10

104.3 W 2/5/00-30/12/13
87.9rW 15/12/04-21/11/12
74.32W  17/8/05-13/12/13
75.50 W  8/6/05-29/4/07
79.55 W  16/2/04-9/11/11
96.86 W  1/10/03-22/6/13
158.95 W  12/12/00-15/4/08

2125 159.83W  22/3/01-27/6/13
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Figure 2. V6 TIR-only retrieved CO profiles (top) and associ-
ated mean averaging kernels (bottom) for observations obtained o

10 April 2010 between 20 and 24, 160 and 156W.

3.1 Results based on NOAA aircraft profiles

al., 2009 Deeter et al.2013. Flask samples obtained on
aircraft are processed by the Global Monitoring Division of
NOAA's Earth System Research Laboratory (ESRL). NOAA
stations used for MOPITT validation are primarily located in
North America and are listed in Table 1. Aircraft profiles ac-
quired through the end of 2013 were exploited to validate
the MOPITT V6 product. Flask samples are typically ac-
quired from near the surface up to about 350-400 hPa. Typ-
ical in situ profiles are derived from approximately 12 flask
samples. In order to obtain a complete validation profile for
comparison with MOPITT retrievals, each in situ profile is
extended vertically above the highest in situ measurement
using the chemical transport CAM-chem (to be consistent
with the new V6 a priori) and then resampled to the stan-
dard pressure grid used for the MOPITT operational radiative
transfer model Emmons et a).2004). The entire database

of NOAA aircraft profiles bttp://www.esrl.noaa.gov/gmd/
ccgg/aircraft/index.htmlacquired during the MOPITT mis-
sion currently includes more than 2000 CO profiles.

3.1.1 V6 TIR-only

V6 TIR-only retrieval results are compared with correspond-
ing simulated retrievals in Fig. 3 and are summarized in Ta-
ble 2. Previously reported V5 TIR-only validation results
(Deeter et a).2013 are reproduced in Table 2 for compari-
Bon. At most levels, V5 and V6 TIR-only validation results
are comparable, exhibiting biases of just a few percent. How-
ever, at 200 hPa, where the V5 TIR-only product exhibited a
bias of 7.9 %, the bias has been reduced to 0.8%, and the
correlation coefficient has increased from 0.64 to 0.87. A
similar improvement is seen at 400 hPa. Conversely, at the

In situ measurements of CO concentrations acquired througBurface, the retrieval bias increases slightly from 1.0 to 3.5 %.
NOAA’s flask sampling program have served as the foun-With respect to the total column, the bias has been reduced

dation for previous MOPITT validation effort&fnmons et

Atmos. Meas. Tech., 7, 3623632 2014
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Table 2. Summarized validation results for V5 and V6 TIR-only (V5T and V6T), NIR-only (V5N and V6N), and TIR/NIR (V5J and
V6J) products based on in situ data from NOAA validation sites. Bias and standard deviation statistics for the total column are in units of
108 mol cn™2. Bias and standard deviations for retrieval levels are expressed in %. Total column drift is in unit$ ofalenm—2yr—1.

Drift for the retrieval levels is expressed in %Vk.

Total Column Surface 800 hPa 600 hPa 400 hPa 200 hPa
V5T  bias 0.06 1.0 -0.1 0.1 6.0 7.9
SD 0.15 8.4 9.7 10 13 11
r 0.94 0.98 0.94 0.91 0.82 0.64
drift  0.0004+:0.002 —0.44+0.12 -0.76+£0.13 -0.53+0.14 0.59:0.19 0.81+0.17
V6T bias 0.03 3.5 1.7 -0.0 -0.8 0.8
SD 0.17 10 10 11 13 9.7
r 0.93 0.97 0.92 0.88 0.81 0.87
drift 0.003+0.001 -0.16+0.11 -0.574+0.11 -0.35+0.12 0.70+0.14 0.78:0.10
V5N  bias 0.08 3.1 3.1 35 3.7 2.3
SD 0.17 8.1 6.9 7.8 8.4 5.7
r 0.91 0.97 0.89 0.89 0.89 0.81
drit —0.003+0.004 -0.16+0.19 -0.134+0.16 -0.21+0.19 -0.22+0.20 -0.124+0.14
V6N bias 0.12 5.9 5.1 5.6 6.0 3.8
SD 0.18 9.2 7.3 8.3 9.0 6.1
r 0.86 0.96 0.83 0.86 0.84 0.93
drit —0.002+0.003 —-0.09+0.16 -0.02+0.12 -0.184+0.14 -0.19+0.15 -0.114+0.10
V5J bias 0.08 2.7 -1.1 —4.6 4.0 14
SD 0.19 16 16 11 16 19
r 0.90 0.92 0.80 0.84 0.68 0.48
drift 0.001+0.003 —-1.05+0.25 -1.634+0.23 -0.80+0.18 1.53+0.24 2.33:0.28
V6J bias 0.09 8.9 4.2 —2.4 —5.2 3.4
SD 0.22 18 17 14 16 18
r 0.89 0.93 0.82 0.85 0.74 0.68

drift  0.003+£0.002 -0.48+0.20 -1.27+0.18 -0.72+0.15 1.08:0.18 1.64£0.19

3.1.2 V6 NIR-only the bias at 200 hPa and the surface are consistent with the ef-
fect of changing the bias in the 7D radiand2egter et al.
NIR-only retrievals are mainly useful for constraining CO 2004 and are therefore probably the result of changing the
total column; these retrievals are based solely on the ratio o¥D radiance bias correction factor. The total column retrieval
the Channel 6 “Difference” and “Average” signaBdeter et  bias is about M9 x 10 mol cn™2, which is similar to the
al., 2009 and contain no useful information about the CO corresponding bias for V5. VMR standard deviations range
vertical distribution. Thus, the shape of MOPITT NIR-only from about 10-20 % and are similar to V5. The V5 and V6
retrieved profiles only reflects a priori information. V6 NIR- TIR/NIR products exhibit relatively large random retrieval
only retrieval results are compared with corresponding sim-errors as the result of a strategy to increase the influence of
ulated retrievals in Fig. 4 and are summarized in Table 2. V6the NIR radiances and thereby increase retrieval information
NIR-only validation results indicate a positive bias at all lev- content Deeter et al.2013. This strategy is advantageous
els ranging from about 4 to 6 % which is a slight increasefor applications where retrieval averaging substantially re-

compared to V5 NIR-only products. duces the effects of random error. This includes all applica-
tions of MOPITT Level 3 products, which are produced by
3.1.3 V6 TIR/NIR averaging Level 2 products on & Htitude/longitude grid.

Thus, although standard deviations are larger and correlation
V6 TIR/NIR validation results shown in Fig. 5 and summa- coefficients are smaller for the TIR/NIR product compared to
rized in Table 2 reveal biases ranging from abedi% at  the TIR-only and NIR-only products, it is possible to effec-
400 hPa to 9% at the surface. Compared to the V5 productiively reduce random errors by sacrificing spatial resolution.
the bias is substantially smaller at 200 hPa (decreasing from
14 to 3.4 %) but somewhat larger at the surface (increasing
from 2.7 to 8.9%). Qualitatively, the opposing changes in

www.atmos-meas-tech.net/7/3623/2014/ Atmos. Meas. Tech., 7, 3&ER32 2014
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Figure 3. Scatterplots showing V6 TIR-only (V6T) validation re- Figure 5. Scatterplots showing V6 TIR/NIR (V6J) validation results

sults based on NOAA profiles. CO total column values in the bottombased on NOAA profiles. See caption to Fig. 3.

right panel are reported in units of mol i Dotted lines in each

panel indicate the ideal one-to-one dependence-atfl % error

boundaries. Error bars attached to each data point indicate the ass@:2 Results based on HIPPO profiles

ciated standard deviation of the retrieved log(VMR) values for each

overpass. The dashed line in each panel shows the least-squares bg$te HIAPER Pole-to-Pole Observations (HIPPO) campaign

fit. included five phases of operations between 2009 and 2011
(Wofsy et al, 2011). A total of 567 in situ CO profiles ac-

I Ven: 200 hPa T Ven: 400 hPa quired during the five phases of HIPPO were used for MO-
1 PITT validation. Each of these profiles include measure-
Saf ] & ments made at a minimum pressure of 400 hPa or less; 141
T bes=as% | 2 bias=60% | HIPPO profiles actually reached 200 hPa or less. In addition,

x ] a0 ] all profiles reached a maximum pressure of at least 800 hPa,

T PRRETa T ) s and included measurement gaps no larger than 200 hPa. In

o o situ profiles produced with the HIPPO measurements were

26| VBN: 600 hPa .o VBN: 800 hPa extended vertically with the CAM climatology in the same
1 manner as described in Sect. 3.1. Observations were made
=1 1 ] during January 2009 (Phase 1), October/November 2009
H bias =5.0% ] I blas=s1% | (Phase 2), March/April 2010 (Phase 3), June/July 2011

r=og6 | rep r=083 1 (Phase 4), and August/September 2011 (Phase 5). In situ

N o S T measurements of atmospheric composition were performed

2ap——————r : , — using the QCLS (quantum-cascade laser spectrometer) in-

aef VON: Surace __p VohiColumn ] strument Santoni et a].2014) from approximately 67S to
i 80° N mostly over the Pacific Ocean, and over a wide altitude
: eeoon ] } T os20h range (from the surface up to pressures of 150—3OQ hPa). The
s sdev=920 ]  wo° sdev = 0.18 (10%) extensive coverage of the HIPPO flights makes this data set

r=0.96 b r=0.86

o ‘ ‘ ‘ useful for analyzing the geographical dependence of retrieval
oEE Y comatimne 7T biases Deeter et al.2013. Since MOPITT NIR observa-
tions can only be exploited in daytime scenes over land, the
HIPPO profiles are used here only to evaluate the V6 TIR-
only retrieval products.

8 20 22
log(VMR), in-situ

Figure 4. Scatterplots showing V6 NIR-only (V6N) validation re-
sults based on NOAA profiles. See caption to Fig. 3.
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Table 3. Summarized validation results for V5T and V6T products based on in situ data from HIPPO field campaign. See caption to Table 2.

Total column  Surface 800hPa 600hPa 400hPa 200hPa

V5T  bias 0.00 0.7 -17 -21 4.7 10
SD 0.08 7.7 9.6 9.9 10 12
r 0.97 0.97 0.96 0.95 0.94 0.88

V6T bias —0.02 0.7 —-2.0 —4.8 -3.8 15
SD 0.10 7.9 9.9 11 9.7 7.7
r 0.96 0.97 0.95 0.93 0.94 0.97
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Figure 6. Scatterplots showing V6 TIR-only (V6T) validation re- Figure 7. Time series plot showing V6 TIR-only (V6T) bias trends

sults based on HIPPO profiles. See caption to Fig. 3. Results foPased on NOAA profiles.
each of the five phases of HIPPO are color-coded as indicated in the

top left panel.
and the statistical benefit of averaging many more individual
retrievals for each overpass (due to the fourfold increase in
3.2.1 V6 TIR-only acceptance radius).

Figure 6 presents V6 TIR-only validation results for the

HIPPO profiles. Results are also summarized in Table 34 Analysis

Compared to the V5 TIR-only results, a clear improvement

occurs at 200 hPa, where the bias decreased from 10to 1.5%1 Long-term stability

and the correlation coefficient increased from 0.88 to 0.97.

This improvement mirrors the comparison of V5 and V6 The continuity and large size of the NOAA profile data set
TIR-only products based on the NOAA aircraft profiles. In make it ideal for analyzing the long-term stability of the
other respects, V6 TIR-only validation results are similar MOPITT products and thus justifies applications of MO-
to V5. As indicated by the standard deviation values, ran-PITT products involving the study of CO interannual vari-
dom retrieval errors for the HIPPO validation profiles are ability and long-term trends\Worden et al. 2013. The
generally smaller than for the NOAA profiles, especially time dependence of MOPITT V6 TIR-only retrieval biases
for retrieved total column. This is likely the result of both (i.e., retrieved VMR values minus the corresponding in situ
greater CO homogeneity within the acceptance radius fomeasurement-based values) is shown in Fig. 7. The dashed
the HIPPO profiles (due to the large distances between théne shown in each panel is a least-squares best fit to the data.
oceanic locations of the in situ data and continental sourcesYhe slope of this linear fit quantifies the long-term bias drift
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Figure 10.Latitudinal dependence of MOPITT V6 TIR-only (V6T)
retrieval biases based on HIPPO profiles. Large black diamonds and
error bars indicate mean biases and standard deviations within each
30° wide latitudinal zone.

slightly smaller (in absolute value) for V6 compared to V5,
except at the surface, where the V6 bias drift is almost negli-
gible. Total column bias drift is nearly negligible for both the
V5 and V6 TIR-only products.

Bias drift time series for the V6 NIR-only and TIR/NIR
products are shown in Figs. 8 and 9 and summarized in Ta-
ble 2. For the V6 NIR-only product, the bias drift is less than
0.2%yr ! at all levels; this is similar to the bias drift for the
V5 NIR-only product. Bias drift for the V6 TIR/NIR product
varies from—1.3 % yr! at 800 hPa to 1.6 % y* at 200 hPa.
Compared to the V5 TIR/NIR product, the bias drift is im-
proved at 200 and 400hPa but is otherwise similar. Total col-
umn bias drift for both the V5 and V6 TIR/NIR products is
nearly negligible.

Since bias drift is significant in both the lower and upper
troposphere, analyses of long-term CO trends at these levels
should explicitly account for bias drift. Bias drift evident in
V5 and V6 products could be the result of some type of in-
strumental degradation, changing biases in the meteorolog-
ical data (NCEP and MERRA), both, or neither. Since bias
drift has only been analyzed using the NOAA profile set, itis

and is listed in each panel and in Table 2, along with biasunknown whether the bias drift varies geographically.

drift results for the V5 TIR-only product. Bias drift results

for the V6 TIR-only product are mostly similar to V5 results. 4.2 Geographical variability

For both products, statistically significant positive bias drifts
(i.e., bias drift values greater than the Juncertainty) are

With wide latitudinal coverage, the HIPPO data set allows

evident in the upper troposphere and opposing negative biathe analysis of the geographical dependence of the retrieval
drifts are observed in the middle troposphere. Bias drifts arebias Deeter et al.2013. MOPITT V6 TIR-only retrieval

Atmos. Meas. Tech., 7, 36238632 2014
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biases (retrieved values minus simulated values) calculated posphere (MOPITT) instrument CO thermal band channels, J.
with the HIPPO in situ profiles are plotted versus latitude Geophys. Res., 109, D03308, dd):1029/2003JD003972004.

in Fig. 10. The large black diamonds and error bars in eactPeeter, M. N., Edwards, D. P., and Gille, J. C.: Retrievals of
panel indicate bias statistics (mean and standard deviation) carbon monoxide profiles from MOPITT observations using

calculated over each 30wide latitudinal zone. As noted

above, V5 TIR-only validation results exhibited a strong lat-
itude dependence in the retrieval bias at 200hPa, with bi-
ases of about 25 % in the tropics. In contrast, the maximum

lognormal a priori statistics, J. Geophys. Res., 112, D11311,
doi:10.1029/2006JD007992007.

Deeter, M. N., Edwards, D. P., Gille, J. C., and Drummond, J. C.:

CO retrievals based on MOPITT near-infrared observations, J.
Geophys. Res., 114, D04303, dd):1029/2008JD010872009.

retrieval bias in log(VMR) at 200 hPa in the V6 results is peeter,m. N., Edwards, D. P., Gille, J. C., Emmons, L. K., Francis,

less than 0.04, which is equivalent to about 10%. V6 re-
sults for other retrieval levels are similar to V5 results, with
log(VMR) biases at all levels and all latitudes generally less

G., Ho, S.-P,, Mao, D., Masters, D., Worden, H., Drummond,
J. R., and Novelli, P. C.: The MOPITT version 4 CO product:
Algorithm enhancements, validation, and long-term stability, J.

than 0.05. Possible causes of the latitude dependence of the Geophys. Res., 115, D07306, dd):1029/2009JD013003010.

retrieval bias have not been investigated.

5 Conclusions

The new features incorporated into the MOPITT V6 product

Deeter, M. N., Martinez-Alonso, S., Edwards, D. P., Emmons, L.

K., Gille, J. C., Worden, H. M., Pittman, J. V., Daube, B. C.,
and Wofsy, S. C.: Validation of MOPITT Version 5 thermal-
infrared, near-infrared, and multispectral carbon monoxide pro-
file retrievals for 2000-2011, J. Geophys. Res., 118, 6710-6725,
doi:10.1002/jgrd.5027,2013.

will be relevant to some but likely not all users of MOPITT James R. Drummond, J. Zou, F. Nichitiu, J. Kar, R. Descham-

products. The improved geolocation data will clearly bene-
fit analyses of CO variability on fine spatial scales, including
studies of urban pollution. The reduced retrieval bias in the
upper troposphere should aid studies of trace gas variability
in the UTLS (upper troposphere/lower stratosphere) region.
The use of a new CO climatology based on CAM-chem sim-
ulations for 2000—-2009 should result in better background
CO concentrations, especially near source regions. Finally,
V6 retrieval processing exploits MERRA reanalysis as the
source of meteorological data, offering improved spatial res-
olution for atmospheric variables and a more physically ap-
propriate source for surface skin temperature.
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