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Abstract. The new single pixel TROPESS (TRopospheric Ozone and its Precursors from Earth 21 
System Sounding) profile retrievals of carbon monoxide (CO) from the Cross-track Infrared 22 
Sounder (CrIS) are evaluated using vertical profiles of in situ observations from the National 23 
Oceanic and Atmospheric Administration (NOAA) Global Monitoring Laboratory (GML) 24 
aircraft program and from the Atmospheric Tomography Mission (ATom) campaigns. The 25 
TROPESS optimal estimation retrievals are produced using the MUSES (MUlti-SpEctra, MUlti-26 
SpEcies, MUlti-Sensors) algorithm which has heritage from retrieval algorithms developed for 27 
the EOS/Aura Tropospheric Emission Spectrometer (TES). TROPESS products provide retrieval 28 
diagnostics and error covariance matrices that propagate instrument noise as well as the 29 
uncertainties from sequential retrievals of parameters such as temperature and water vapor that 30 
are required to estimate the carbon monoxide profiles. The validation approach used here 31 
evaluates biases in column and profile values and the validity of the retrieval error estimates 32 
using the mean and variance of the compared satellite and aircraft observations. CrIS-NOAA 33 
GML comparisons had biases of 0.6 % for partial column average volume mixing ratios (VMR) 34 
and (2.3, 0.9, -4.5) % for VMR at (750, 511, 287) hPa vertical levels, respectively, with standard 35 
deviations from 9 % to 14 %.  CrIS-ATom comparisons had biases of -0.04 % for partial column 36 
and (2.2, 0.5,-3.0) % for (750, 511, 287) hPa vertical levels, respectively, with standard 37 
deviations from 6 % to 10 %. The reported observational errors for TROPESS CrIS CO profiles 38 
have the expected behavior with respect to the vertical pattern in standard deviation of the 39 
comparisons. These comparison results give us confidence in the use of TROPESS CrIS CO 40 
profiles and error characterization for continuing the multi decadal record of satellite CO 41 
observations.  42 
 43 
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1.  Introduction 49 

Carbon monoxide (CO) is a useful tracer of atmospheric pollution with direct emissions from 50 
incomplete combustion such as biomass and fossil fuel burning and secondary production from 51 
the oxidation of methane (CH4) and volatile organic compounds (VOC). Atmospheric CO 52 
distributions have a seasonal cycle that is mainly driven by photochemical destruction, which 53 
allows CO to build up over winter and early spring in higher latitudes. The lifetime of CO, weeks 54 
to months, (e.g., Holloway et al., 2000), is long enough to allow observations of pollution plumes 55 
and their subsequent long range transport, but short enough to distinguish the plumes against 56 
background seasonal distributions (e.g., Edwards et al., 2004, 2006; Hegarty et al., 2009, 2010). 57 
As a dominant sink for the hydroxyl radical (OH), CO plays a critical role in atmospheric 58 
reactivity (e.g., Lelieveld et al., 2016) and is considered a short-lived climate pollutant (SLCP) 59 
because of its impacts to methane lifetime and carbon dioxide and ozone formation (e.g., Myhre 60 
et al., 2014; Gaubert et al., 2017). 61 
 62 
Global observations of tropospheric CO from satellites started in 2000 with the NASA Earth 63 
Observing System (EOS) Measurement of Pollution in the Troposphere (MOPITT) instrument 64 
on Terra (Drummond et al., 2010), followed by the EOS Atmospheric Infrared Spectrometer 65 
(AIRS, McMillan et  al., 2005) on Aqua launched in 2002, the Scanning Imaging Absorption 66 
Spectrometer for Atmospheric Chartography (SCIAMACHY, de Laat et al., 2006) on Envisat 67 
launched in 2002, the EOS Tropospheric Emission Spectrometer (TES, Beer et al., 2006) on 68 
Aura launched in 2004, the Infrared Atmospheric Sounding Interferometer (IASI, Clerbaux et al., 69 
2009) on the MetOp series beginning in 2006, the Cross-track Infrared Sounder (CrIS, 70 
Gambacorta et al., 2014) on the Suomi National Polar-orbiting Partnership (SNPP) satellite 71 
launched in 2011, and most recently the Joint Polar Satellite System (JPSS) series, TROPOMI on 72 
the Sentinel-5 precursor in 2017, (Borsdorff, et al., 2018)  and the Fourier Transform 73 
Spectrometer (FTS-2) on the Greenhouse gases Observing SATellite-2 (GOSAT-2, Suto et al., 74 
2021), launched in 2018. Satellite CO observations are assimilated for reanalyses and operational 75 
air quality forecasting (e.g., Gaubert, 2016; Inness et al., 2019; Miyazaki et al., 2020) and have 76 
been used in inverse modelling analyses to estimate emissions and attribute sources for co-77 
emitted species such as CO2 (e.g., Kopacz et al., 2010; Jiang et al 2017; Liu et al., 2017; Zheng 78 
et al., 2019; Gaubert et al., 2020; Byrne et al., 2021; Qu et al., 2022). Trend analyses of satellite 79 
CO observations (e.g. Worden et al., 2013; Buchholz et al., 2021) show a general decline of 80 
atmospheric CO over the satellite record globally and in most regions, but with a slowing of this 81 
decrease in recent years that emphasizes the need for continued satellite CO observations that are 82 
validated and have reliable error characterization. 83 

Similar to the recent validation study for the MUSES single pixel CO retrievals from the Aura 84 
Atmospheric Infrared Sounder (AIRS) of Hegarty et al., (2022), here we evaluate the biases and 85 
reported uncertainties of the TROPESS/MUSES CO retrievals (Bowman et al., 2021) from the 86 
Cross-track Infrared Sounder (CrIS) onboard the SNPP satellite launched in October, 2011. CrIS 87 
is a Fourier Transform Spectrometer (FTS) that has continuation instruments on the current and 88 
planned JPSS series with JPSS1/NOAA-20 launched in 2017 and planned launches in 2022, 89 
2028 and 2032 (jpss.noaa.gov). The TROPESS CrIS CO products evaluated here use the 90 
MUSES (MUlti-SpEctra, MUlti-SpEcies, MUlti-Sensors) algorithm (Fu et al., 2016, 2018, 2019) 91 
with single field of view (FOV) radiances in sequential optimal estimation (Rodgers, 2000) 92 
retrievals of temperature, water vapor, effective cloud parameters, other trace gases and CO. 93 
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TROPESS CrIS CO products differ from other available CrIS CO products that combine 9 FOVs 94 
to obtain a single cloud-cleared radiance and corresponding retrieval of atmospheric parameters 95 
such as the NOAA Unique Combined Atmospheric Processing System (NUCAPS) (Gambacorta 96 
et al., 2014, 2017) and the Community Long-term Infrared Microwave Combined Atmospheric 97 
Product System (CLIMCAPS) (Smith and Barnet, 2020). 98 

The MUSES algorithm was developed with heritage from Aura/TES retrieval processing and 99 
allows for full characterization of the vertical retrieval sensitivity with an averaging kernel and 100 
error covariance (Bowman et al., 2006). The TROPOESS/MUSES data products report a 101 
separate matrix for the observational error terms along with the total retrieval error covariance 102 
that includes the contribution of smoothing error. This is important for evaluation of retrieval 103 
errors using in situ profiles since the comparison removes the effect of smoothing in the retrieval 104 
by applying the retrieval averaging kernel and a priori to the in situ profile before differencing 105 
(Rodgers and Connor, 2003). The TROPESS retrievals and CO data products are described in 106 
more detail in Section 2 and the validation in situ data from the National Oceanic and 107 
Atmospheric Administration (NOAA) Global Monitoring Laboratory (GML) aircraft network 108 
and the Atmospheric Tomography Mission (ATom) campaigns are described in Section 3. The 109 
validation methods are presented in Section 4 and results are shown in Section 5 with a summary 110 
and conclusions in Section 6. 111 
  112 
2.  TROPESS CrIS single field of view CO profile retrievals  113 

The first Cross-track Infrared Sounder (CrIS) was launched 28 October, 2011 on the SNPP 114 
satellite into a sun-synchronous polar orbit with an altitude near 830 km, and an equator-crossing 115 
time (ascending node) near 13:30 LT. CrIS is a Fourier Transform Spectrometer (FTS) operating 116 
in three spectral bands between 648 cm−1 and 2555 cm−1. This includes the R-branch of the 117 
thermal infrared (TIR) CO (0-1) fundamental band above 2155 cm−1. After launch, spectral 118 
radiance data that included the CO band were collected using a spectral resolution of 2.5 cm-1. 119 
This resolution was relatively coarse and significantly limited the vertical sensitivity of CO 120 
retrievals (Gambacorta et al., 2014). Following the decision to collect data at full-spectral 121 
resolution (δ = 0.625 cm−1), these finer resolution spectral radiances have been available since 4 122 
December 2014. Here we only consider the full-spectral resolution CrIS data. 123 
 124 
2.1 TROPESS retrieval approach 125 
TROPESS data processing (Bowman et al., 2021) produces retrievals of temperature, water 126 
vapor and trace gases such as ozone (O3), methane (CH4), carbon monoxide (CO), ammonia 127 
(NH3) and peroxyacetyl nitrate (PAN) from single and multiple instruments including AIRS and 128 
OMI, CrIS and TROPOMI. Here we consider the SNPP/CrIS-only TIR CO retrievals that use the   129 
2181-2200 cm-1 spectral range. Bowman et al, (2021) describe the sequential MUSES retrievals 130 
of temperature, water vaper and effective cloud properties for each FOV that are necessary for 131 
the retrieval of CO. Each step in the sequence includes an iterative retrieval with a forward 132 
model and updated estimate of the state vector of atmospheric parameters following the 133 
maximum a posteriori (MAP) method. The forward model for radiative transfer at CrIS TIR 134 
wavelengths uses Optimal Spectral Sampling (OSS, Moncet et al., 2015), which includes 135 
effective cloud optical depth and height parameters (Eldering et al., 2008; Kulawik et al., 2006). 136 
A priori profiles for TROPESS CO retrievals are taken from the model climatology used in 137 
Aura/TES processing (MOZART, Brasseur et al., 1998), with monthly variation over a 30° 138 
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latitude and 60° longitude grid. The a priori uncertainty covariance matrix used to constrain the 139 
retrieval is the same as used for MOPITT profiles (Deeter et al., 2010) with 30 % uncertainty for 140 
vertical CO parameters at all levels and correlation lengths corresponding to 100 hPa between 141 
them in the troposphere.  142 
 143 
2.2 TROPESS CrIS CO data examples 144 
Figure 1 shows an example of TROPESS/CrIS CO data for 12 September 2020 when there were 145 
significant fires in the western US. These retrievals are from a special data collection that 146 
processed scenes selected from 0.25°x0.25° latitude/longitude sub-sampling to enable throughput 147 
with the available computing capacity (Bowman et al., 2021). The data in this collection are pre-148 
filtered for quality and Fig. 1a shows all available day and night retrievals. Fig. 1b shows the 149 
data after higher cloudy scenes are removed (i.e, cloud tops with pressure < 700 hPa and cloud 150 
effective optical depth > 0.1).  For reference, Fig. 1c shows the mid-tropospheric average CO 151 
volume mixing ratio (VMR) for the a priori profiles used in the retrievals and Fig. 1d shows a 152 
NASA Worldview (worldview.earthdata.nasa.gov) image from SNPP/VIIRS (Visible Infrared 153 
Imaging Radiometer Suite) with clouds and smoke shown in true color and red areas indicating 154 
fire and thermal anomalies. Since vertical profile retrievals using TIR radiances have sensitivity 155 
to CO mainly in the free troposphere, Fig. 1 shows individual retrievals with average VMR from 156 
vertical layers between 700 to 350 hPa. When all scenes are included, the average degrees of 157 
freedom for signal (DFS) is 0.99 for the CrIS CO observations in Fig. 1a, and when cloudy 158 
scenes are removed, the average DFS is 1.14 for the remaining CrIS observations in Fig. 1b. 159 
 160 

 161 
Figure 1. TROPESS SNPP/CrIS and SNPP/VIIRS observations for 14 September, 2020. Panel 162 
(a) shows the average CO VMR for 700 to 350 hPa for all processed TROPESS CO retrievals 163 
with good data quality (see text). Panel (b) shows the same free troposphere CO averages as (a) 164 
but with cloudy scenes removed (see text). Panel (c) shows the average TROPESS a priori CO 165 
VMR for 700 to 350 hPa. Panel (d) shows the NASA Worldview SNPP/VIIRS image for 14 166 
September, 2020 with clouds and smoke (true color) and fire thermal anomalies (red). 167 
 168 
As stated in the introduction, the TROPESS single FOV products are different from the 169 
NUCAPS and CLIMCAPS products that combine 9 FOVs in a retrieval from a single cloud-170 
cleared radiance (Susskind et al., 2003). These multiple FOV products have the advantage of 171 
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increased global coverage in the presence of partially cloudy scenes but with coarser spatial 172 
resolution. Figure 2 shows an example of CLIMCAPS (Barnet, 2019) compared to TROPESS 173 
for SNPP/CrIS CO products (daytime only) on 13 September 2018 over the Pole Creek Fire in 174 
Utah. For CLIMCAPS, trace gas products with less than 1 DFS report mass mixing ratio (MMR) 175 
on a single level at the retrieval pressure with peak sensitivity, which is 500 hPa for CO. We 176 
converted MMR to VMR for Figure 2. This is compared to the tropospheric column average 177 
VMR from TROPESS, so the background VMR values are close, but do not represent the same 178 
retrieved quantities. CrIS retrieval center locations are shown by the circles in Fig 2a, 2b, which 179 
are not intended to represent the spatial extent of the observations. The CLIMCAPS retrievals 180 
show elevated CO from the fire, but these combined FOV retrievals would give an overestimate 181 
of the plume width and do not distinguish the larger plume from the smaller fires to the east in 182 
Colorado.   183 

 184 
Figure 2. Observations of the Pole Creek Fire in Utah, USA, 13 September, 2018. The Great 185 
Salt Lake is in the upper left of each panel and state borders with Idaho, Wyoming and Colorado 186 
are indicated by solid straight lines. Dotted lines indicate a 1° latitude by 1° longitude grid, with 187 
top/left corner at 42°N, -113°E.  Panel (a) shows CLIMCAPS CO at 500 hPa (MMR converted 188 
to VMR). Panel (b) shows the TROPESS tropospheric CO column average VMR and panel (c) 189 
shows the corresponding NASA Worldview SNPP/VIIRS image with clouds and smoke (true 190 
color) and fire thermal anomalies (red). 191 

We note that retrievals of CO in the presence of smoke are not significantly affected by 192 
scattering for infrared observations at wavelengths l ~ 4.6 µm, such as in the CrIS CO band. 193 
This is because Rayleigh scattering, which decreases by 1/l4, is completely negligible and Mie 194 
scattering would be significant only for particles larger than ~ l/p = 1.5 µm, (e.g., Seinfeld and 195 
Pandis, 1998), while the size distribution for biomass burning smoke particles peaks around 0.3 196 
µm (e.g., Reid et al., 2005).  For the same Pole Creek fire in Fig. 2, Juncosa Calahorrano et al., 197 
(2021) showed how SNPP/CrIS single pixel MUSES retrievals of acyl peroxy nitrates, also 198 
known as PAN, along with CO, can be used to follow fire plume chemical evolution. After 199 
subtracting background amounts, the normalized excess mixing ratios (NEMR) of PAN with 200 
respect to CO,	computed from the CrIS observations for this plume, were consistent with in situ 201 
aircraft observations of smoke plumes from the summer 2018 WE-CAN (Western Wildfire 202 
Experiment for Cloud Chemistry, Aerosol Absorption, and Nitrogen) campaign.  203 

3. Aircraft Data 204 
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3.1 NOAA GML aircraft network 205 
Spanning 3 decades, NOAA GML aircraft network vertical profile observations are taken on 206 
semi-regular flights (~1/month) at fixed sites mostly in North America except for one site in 207 
Rarotonga, Cook Islands (Sweeney et al., 2015).  These flights collect air samples using an 208 
automated flask system to obtain vertical profiles for each trace gas measured, from near the 209 
surface to around 400 hPa, depending on aircraft limitations at each site. Flask samples are then 210 
sent for laboratory analysis of a multitude of trace gases including CO, which was measured with 211 
vacuum UV-fluorescence spectroscopy during the time period of this analysis. CO mixing ratios 212 
are reported relative to the WMO X2014A scale (https://gml.noaa.gov/ccl/co_scale.html) and 213 
have reproducibility ~1 ppb (Sweeney et al., 2015). NOAA GML aircraft profiles of CO have 214 
been used for the long-term validation of the MOPITT CO record, with updated validation for 215 
each new data version (Deeter et al., 2019 and references therein). For the current analysis, we 216 
use NOAA GML aircraft network observations of CO collected during 2016 and 2017 from 7 217 
locations (Table 1). 218 
 219 
3.2 ATom aircraft campaigns 220 
The Atmospheric Tomography Mission (ATom) was designed to study the most remote regions 221 
of the Pacific and Atlantic ocean air masses in each season (Thompson et al., 2022), which also 222 
makes the data valuable for validating satellite CO observations over a range of latitudes, with 223 
mostly background CO concentrations, except for where transported pollution plumes were 224 
encountered (Deeter et al., 2019; 2022; Martínez-Alonso et al., 2020; Hegarty et al., 2022). We 225 
use CO profiles from the quantum cascade laser spectrometer (QCLS) on the ATom campaigns 226 
1-4 (see Table 1). These NASA DC-8 flights obtained vertical profiles from 0.2 to 12 km altitude 227 
(~290 hPa) by ascending or descending approximately every 220 km. CO was measured at 1 Hz 228 
with QCLS reproducibility around 0.15 ppbv (McManus et al., 2010, Santoni et al., 2014). The 229 
QCLS data were calibrated to the X2014A CO WMO scale maintained by the NOAA GML. 230 
  231 
Table 1. Aircraft in situ validation observations used in this study. 232 
NOAA/GML Network flask/UV spectrometer (±1ppb CO)  
Code/Site name Latitude 

(°N) 
Longitude 
(°E) 

Dates available 

RTA/Raratonga  -21.25 -159.83 2000-2021 
TGC/Offshore Corpus Christi,TX  27.73 - 96.86 2003-2021 
CMA/Offshore Cape May, NJ  38.83 - 74.32 2005-2022 
THD/Trinidad Head, CA  41.05 -124.15 2003-2022 
NHA/Offshore Portsmouth, NH  42.95 - 70.63 2003-2022 
ESP/Estevan Pt., BC  49.38 -128.54 2002-2021 
ACG/Alaska Coast Guard  57.74 -152.50 2009-2021 
 
NASA/ATom QCLS (±0.15ppb CO) 
ATom 1-4 Pacific 75 to -65 -150 to -70 July 2016, Jan. 2017, 

Sep. 2017, April 2018 
ATom 1-4 Atlantic -75 to 80 -65 to -20 Aug. 2016, Feb. 2017, 

Oct. 2017, May 2018 
https://gml.noaa.gov/ccgg/aircraft/ 233 
https://espo.nasa.gov/atom/content/ATom 234 
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4.  Validation Methodology 235 
 236 
4.1 Data selection, coincidence criteria and vertical extension of aircraft profiles  237 
TROPESS CrIS CO profiles are selected for comparison if they have retrieval quality of 1 and 238 
effective cloud optical depth less than 0.1 to ensure non-cloudy CrIS observations. We then find 239 
all eligible CrIS and aircraft profile pairs within 9 hours and 50 km distance. This has been a 240 
standard coincidence distance criterion for several validation studies (e.g., Deeter et al., 2019; 241 
2022; Hegarty et al., 2022). Tang et al., (2020) found very little sensitivity in MOPITT CO 242 
validation results for 25, 50, 100 and 200 km coincidence except for the cases with a 25 km 243 
radius that resulted in an insufficient number of matches for meaningful statistics. The Tang et 244 
al. (2020) study also tested the time coincidence criterion (12, 6, 2 and 1 hour) with similar 245 
conclusions. Application of the 9 hour/ 50 km coincidence criteria yielded 2092 CrIS/aircraft 246 
profile pairs for NOAA GML flights from 2016 and 2017 and 1052 profile pairs for the ATom 1-247 
4 campaigns. Since the aircraft profiles used for validation do not span the full vertical range of 248 
satellite retrieved profiles, we must extend these with a reasonable approximation of atmospheric 249 
CO to facilitate the comparison as described below in section 4.2. Here we use the TROPESS a 250 
priori profiles (from model climatology, described above) to extend the in situ profiles above the 251 
highest altitude sampled. The a priori profile is scaled to match the CO abundance of the aircraft 252 
measurement at the highest altitude.  The choice of model and approach for extending the aircraft 253 
profiles are examined more in Tang et al., (2020) and Hegarty et al., (2022), with similar 254 
conclusions that the impacts apply mostly to bias estimates in the middle to upper troposphere. 255 
Martínez-Alonso et al., (2022) compute the uncertainty introduced by this extension explicitly 256 
using NOAA AirCore in situ balloon profiles that sample into the stratosphere (Karion et al., 257 
2010). This uncertainty is computed for validation using aircraft profiles (with top samples 258 
around 400 hPa for NOAA/GML) by comparing MOPITT profiles to truncated and extended 259 
AirCore profiles vs. the true full AirCore profiles. The comparison error introduced by the 260 
extension was at most 3 % around 300 hPa, and much less than the standard deviation of 261 
MOPITT and full AirCore profile differences (~7-10 %) in the upper troposphere. We also note 262 
that for ATom profiles, the highest altitude samples are normally taken around 12 km (~200 hPa) 263 
and the profile extension therefore has minimal impact on tropospheric validation results. 264 
 265 
4.2 Comparison of TROPESS satellite and aircraft observations  266 
In order to account for the satellite observational and retrieval approach, including prior 267 
information, when comparing satellite retrieval products to in situ measurements of CO, we 268 
apply the instrument operator to convert the in situ profile into the values that would be retrieved 269 
for the same air mass assuming the satellite instrument and retrieval (Jones et al., 2003, Rodgers 270 
and Conner, 2003, Worden et al., 2007): 271 
 272 
𝑥"𝒗𝒂𝒍 = 𝑥𝒂 + A(𝑥𝒗𝒂𝒍 − 𝑥𝒂)              (1)  273 
 274 
where 𝑥$%& 	is the aircraft or sonde in situ profile being used for validation (following extension, 275 
described above, and linear interpolation to the satellite vertical grid), 𝑥% is the a priori profile 276 
used in the TROPESS retrieval, A is the averaging kernel matrix that describes the observation 277 
and retrieval vertical sensitivity to the true state and  𝑥"$%& is the in situ validation profile 278 
transformed by the satellite instrument operator. This operation accounts for both the broad 279 
vertical resolution (or “smoothing”) of remotely sensed measurements and the influence of the a 280 
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priori, which is especially important in the vertical ranges where satellite observations have low 281 
sensitivity to CO abundance. Figure 3 shows an example of the averaging kernel A and a 282 
validation comparison where Eq. 1 is applied to an ATom in situ profile.  283 

 284 
Figure 3. Examples of TROPESS/CrIS CO averaging kernel (A) (left panel) and the validation 285 
process (right panel). The colors of the averaging kernel indicate the pressure level (66 levels 286 
from 1017.45 to 0.1 hPa) corresponding to each row, with the surface level row also indicated 287 
by the squares. The degrees of freedom for signal (DFS), given by the sum of the diagonal (i.e. 288 
trace) of this averaging kernel is 1.26. The right panel shows the CrIS CO profile retrieval (solid 289 
red line) with total error (dashed red lines), observation error (dotted red lines), apriori profile 290 
(solid cyan line with squares) and diagonal uncertainty (dashed cyan lines). The closest ATom 291 
aircraft profile had 10.4 km; 3.5 hr coincidence. The original ATom profile (dashed grey line) is 292 
interpolated to the CrIS vertical grid (solid grey with squares) and transformed by the 293 
instrument operator to give ATom	𝑥"$%& (Eq. 1) (solid black line with squares). 294 
 295 
4.3 Evaluating TROPESS CO reported observational errors   296 
Following Bowman et al., (2006, 2021), for retrieved parameter 𝑥" (e.g., CO abundance) with a 297 
priori covariance Sa, radiance measurement covariance Se, Jacobian matrix K = 	 '(

')
, for radiance 298 

L(x), gain matrix G = 	 (𝐊	*𝐒𝒆,𝟏𝐊 +	𝐒𝒂,𝟏),.𝐊	*𝐒𝒆,𝟏 and averaging kernel A = GK	,	the a 299 
posteriori error covariance can be written as the sum of: 300 
 301 
𝐒𝒙0 = 𝑺𝒔𝒎𝒐𝒐𝒕𝒉𝒊𝒏𝒈 + 𝐒𝒐𝒃𝒔𝒆𝒓𝒗𝒂𝒕𝒊𝒐𝒏𝒂𝒍	        (2) 302 
 303 
with 𝐒𝒔𝒎𝒐𝒐𝒕𝒉𝒊𝒏𝒈 = (I − A𝒙𝒙)𝐒𝒂(I − A𝒙𝒙)T		and         304 
 305 
𝐒𝒐𝒃𝒔𝒆𝒓𝒗𝒂𝒕𝒊𝒐𝒏𝒂𝒍 = 𝐒𝒏𝒐𝒊𝒔𝒆	 + 𝐒𝒄𝒓𝒐𝒔𝒔,𝒔𝒕𝒂𝒕𝒆 + 𝐒𝒔𝒚𝒔𝒕𝒆𝒎𝒂𝒕𝒊𝒄	     (3) 306 
 307 
where 𝐒𝒏𝒐𝒊𝒔𝒆 = G𝐒𝒆GT ,  𝐒𝒄𝒓𝒐𝒔𝒔,𝒔𝒕𝒂𝒕𝒆	 = ∑ A𝒙𝒔𝒃_𝒓𝒆𝒕 𝐒𝒂𝒃_𝒓𝒆𝒕A𝒙𝒔

T   and    308 
 309 
𝐒𝒔𝒚𝒔𝒕𝒆𝒎𝒂𝒕𝒊𝒄	 = ∑ G𝐊𝒃𝐒𝒃(G𝐊𝒃)T𝒃 	        (4) 310 
 311 
In this notation, b variables are parameters that are held constant in the retrieval but affect the 312 
radiance observation used for the CO retrieval through Jacobian Kb while b_ret variables are 313 
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retrieved along with CO and have corresponding off-diagonal terms in the full retrieval 314 
averaging kernel matrix. When we apply the satellite instrument operator in Eq. 1 to the in situ 315 
aircraft profile, we are accounting for the smoothing error term. Thus, we expect differences 316 
between 𝑥"$%& and our retrieved 𝑥" to be due to observational error terms (Eq. 3) and to 317 
geophysical differences from the sampling of different airmasses and surface locations because 318 
of imperfect coincidence. 319 
 320 
5. Validation Results 321 
 322 
5.1 TROPESS CrIS CO comparisons with NOAA GML 323 
After extending the in situ profiles vertically (described in Sec. 4.1) and applying Eq. 1, we 324 
compute the differences between satellite retrievals and transformed aircraft profiles. Figure 4 325 
shows the bias (% relative difference) of the CrIS CO retrieved profiles with respect to NOAA 326 
GML aircraft profiles (𝑥"$%&). A similar pattern of positive bias in the lower to mid troposphere 327 
and negative bias in the upper troposphere is observed for MUSES-AIRS profiles compared to 328 
NOAA GML flights (Hegarty et al., 2022). However, MOPITT (version 9, TIR-only data) 329 
comparisons to NOAA GML (Deeter et al., 2022) have almost the opposite vertical bias pattern 330 
with a negative bias ( -1.6 %) in the lower to middle troposphere and a positive bias (0.6 %) in 331 
the upper troposphere. Table 2 gives the mean bias and standard deviations for selected pressures 332 
and partial column average VMR over different observing conditions (land, ocean, day and 333 
night). The partial column refers to the CO column between the minimum and maximum flight 334 
altitudes of each aircraft profile. The average VMR over this range is computed by interpolating 335 
both the CrIS retrieval and the aircraft 𝑥"$%& profile to these endpoints. Since aircraft flights 336 
normally occur during daytime, there are fewer coincident pairs for CrIS night retrievals. Tang et 337 
al. (2020) find larger bias and variance for nighttime MOPITT data in comparisons with in situ 338 
aircraft data, especially for flights over urban regions, suggesting more night validation flights 339 
are needed to properly evaluate night satellite retrievals.  340 
 341 
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 342 
Figure 4. Relative differences ( %) in single CrIS retrievals with coincident NOAA GML 𝑥"$%& 343 
profiles (grey) and the average  % difference with 1s horizontal bars (red). Both day and night 344 
CrIS observations are included for coincidence search with 1866 day and 266 night comparison 345 
pairs found. 346 
 347 
Table 2. Bias and standard deviation (SD) for comparisons of TROPESS SNPP/CrIS CO 348 
retrievals and in situ CO profiles from NOAA GML fights.  349 

Obs. 
type 

 % bias 
750 hPa 

 % SD 
750 hPa 

 % bias 
511 hPa 

 % SD 
511 hPa 

 % bias 
287 hPa 

 % SD 
287 hPa 

 % bias 
Column 

 % SD 
Column 

# 
pairs 

All 2.29 9.84 0.92 11.20 -4.48 13.76 0.57 8.56 2092 
Land 3.04 10.85 -0.044 11.95 -6.15 13.97 1.24 9.46 853 
Ocn 1.78 9.04 1.58 10.59 -3.33 13.49 0.11 7.84 1239 
Day 1.97 9.79 0.13 10.93 -5.37 13.32 0.23 8.77 1866 
Ngt 4.94 9.86 7.36 11.27 2.81 15.05 3.41 5.82 266 

 350 
Figure 5 shows how the observed partial column average VMR and CrIS retrieval bias with 351 
respect to NOAA GML 𝑥"$%& profiles vary with latitude and Figure 6 shows how these vary with 352 
time. No significant bias dependence on latitude is observed for the NOAA GML flight sites. 353 
Although a bias drift of -0.007 ± 0.001  %/day is detected, we recognize that our comparison 354 
time range is not sufficient for a reliable estimate of bias drift, and more years of comparisons 355 
would be required. 356 
 357 
 358 
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 359 
Figure 5. Latitude dependence of CO partial column average VMR (ppb) for TROPESS CrIS 360 
retrievals and NOAA GML 𝑥"$%& (upper panel) and bias difference statistics (lower panel) shown 361 
by box/whisker symbols representing minimum and maximum values (whisker), lower quartile 362 
(box bottom), median (white stripe), and upper quartile (box top). A minimum of 5 comparisons 363 
per bin was required. 364 
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Figure 6. Time dependence of CO partial column average VMR (ppb) for TROPESS CrIS 366 
retrievals and NOAA GML 𝑥"$%& (upper panel) and bias difference statistics (lower panel) shown 367 
by box/whisker symbols representing minimum and maximum values (whisker), lower quartile 368 
(box bottom), median (white stripe), and upper quartile (box top). A minimum of 5 comparisons 369 
per bin was required. The dashed line indicates a fit for bias drift (see text). 370 
 371 
5.2 TROPESS CrIS CO validation with ATom 372 
Figure 7 shows the bias ( % relative difference) of the CrIS CO retrieved profiles with respect to 373 
ATom 𝑥"$%& in situ profiles for all latitudes and 3 latitude ranges: 30°S to 30°N, 90°S to 30°S, and 374 
30°N to 90°N. The vertical behavior of the bias is similar to the above CrIS comparisons with 375 
NOAA GML flights, with positive bias in the lower troposphere and negative bias in the upper 376 
troposphere and is also similar to the MUSES-AIRS CO profiles compared to ATom flights 377 
(Hegarty et al., 2022). However, for MOPITT V9T comparisons to ATom flights (Deeter et al., 378 
2022), the vertical bias pattern is again mostly opposite, with a negative bias (~4 %) in the lower 379 
to mid troposphere and a positive bias (~2 %) in the upper troposphere. CrIS CO comparisons 380 
with ATom have less variance than comparisons with NOAA GML, especially for 90°S to 30°S. 381 
Table 3 gives the mean bias and standard deviations for selected pressures and partial column 382 
average VMR over different observing conditions (land, ocean, day and night) and latitude 383 
ranges. As described above, the partial column average VMR is computed over the altitude 384 
ranges of each aircraft profile. Due to the nature of the ATom campaign, there are fewer 385 
observations over land.  386 
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Figure 7. Relative differences (%) in single CrIS retrievals with coincident ATom 𝑥"$%& profiles 388 
(grey) and the average  % difference with 1s horizontal bars (red). Latitude ranges are 389 
indicated in each panel along with the number of comparison pairs. Both day and night CrIS 390 
observations are included. 391 
 392 
Figure 8 shows how the observed partial column average VMRs and CrIS retrieval bias with 393 
respect to ATom 𝑥"$%& profiles vary with latitude. It appears that tropical and northern hemisphere 394 
sub-tropical latitude ranges have a slightly higher positive bias than what is observed for higher 395 
latitudes, potentially indicating a TROPESS CrIS retrieval issue with water vapor or some other 396 
interferent that is not fully characterized and requires further investigation. 397 
 398 
Table 3. Bias and standard deviation (SD) for comparisons of TROPESS SNPP/CrIS CO 399 
retrievals and in situ CO profiles from ATom flight campaigns 1-4.   400 

Obs. 
type 

Latitude 
Range (°) 

% bias 
750 
hPa 

% SD 
750 
hPa 

% bias 
511 
hPa 

% SD 
511 
hPa 

% bias 
287 
hPa 

% SD 
287 
hPa 

% bias 
Col. 

% SD 
Col. 

# 
pairs 

All all 2.21 8.46 0.54 8.12 -2.95 10.24 -0.035 5.91 1052 
Land all 1.20 4.15 -0.49 7.59 -2.95 10.46 -0.79 7.09 102 
Land 30S-30N - - - - - - - - 1 
Land 30N-90N 1.22 4.27 -0.69 7.76 -3.25 10.70 -0.91 7.32 95 
Land 90S-30S 0.12 0.29 0.89 2.35 1.84 4.65 0.67 1.86 6 
Ocn all 2.32 8.79 0.65 8.17 -2.95 10.21 0.046 5.76 950 
Ocn 30S-30N 4.32 10.80 3.96 6.75 -0.86 11.67 2.33 5.44 418 
Ocn 30N-90N 0.75 6.01 -2.28 8.70 -5.03 8.51 -2.22 6.34 310 
Ocn 90S-30S 0.74 6.85 -1.46 7.5 -3.98 8.57 -1.09 3.49 222 
Day all 2.62 8.76 0.53 7.91 -3.21 9.81 0.010 5.85 782 
Day 30S-30N 4.94 11.42 3.55 6.57 -2.01 10.99 2.23 5.16 300 
Day 30N-90N 0.91 5.76 -1.63 8.62 -4.33 9.22 -1.68 6.74 331 
Day 90S-30S 1.79 6.90 -0.72 6.71 -3.11 8.12 -0.70 2.91 151 
Ngt all 1.03 7.39 0.57 8.71 -2.21 11.36 -0.17 6.08  270 
Ngt 30S-30N 2.79 8.82 5.02 7.07 2.03 12.73 2.59 6.09 119 
Ngt 30N-90N 0.68 5.15 -3.16 7.93 -5.88 8.45 -2.98 5.84 74 
Ngt 90S-30S -1.35 5.94 -2.73 8.58 -5.25 9.15 -1.73 4.30 77 

 401 
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 402 
 403 
Figure 8. Latitude dependence of CO partial column average VMR (ppb) for TROPESS CrIS 404 
retrievals and ATom 𝑥"$%& (upper panel) and bias difference statistics (lower panel) shown by 405 
box/whisker symbols representing minimum and maximum values (whisker), lower quartile (box 406 
bottom), median (white stripe), and upper quartile (box top). A minimum of 5 comparisons per 407 
bin was required. 408 
 409 
In Figure 9, we examine the seasonal behavior of CO sampled by ATom and CrIS in mostly 410 
remote ocean regions. In the high latitude southern hemisphere (SH), we see the lowest values in 411 
summer and fall (Jan/Feb and Apr/May) as expected due to the chemical destruction of CO in a 412 
region with few local combustion sources. In the tropics, we find high values corresponding to 413 
African and South American biomass burning plumes over the Atlantic in all seasons except 414 
Northern Hemisphere (NH) spring. Lower values of CO in the tropics for NH summer and winter 415 
correspond to profiles over the Pacific ocean (e.g., Strode et al., 2018, Bourgeois et al., 2020). 416 
The close alignment of the CrIS and ATom 𝑥"$%& partial column average values in Fig. 9 indicates 417 
that CrIS is able to capture the seasonal, latitudinal and hemispherical variations observed by 418 
ATom. 419 
                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                               420 
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 421 
Figure 9. Latitude dependence of partial column average CO for each ATom campaign. Black 422 
squares ATom 𝑥"$%& partial column average values over Atlantic Ocean scenes; black circles 423 
indicate ATom values over Pacific Ocean scenes. Blue triangles indicate CrIS CO partial 424 
column average values over land and Atlantic Ocean scenes; red diamonds indicate CrIS values 425 
over Pacific Ocean scenes.  426 
 427 
5.3 Dependence on CO amount 428 
For both the NOAA GML and ATom flights we find a small negative dependence of TROPESS 429 
CrIS retrieval bias with respect to CO amount, with magnitude less than 0.1 %/ppb. Figure 10 430 
shows how the partial column average VMR bias varies with CO VMR for the two validation 431 
data sources and we can also see how ATom flights sampled air with lower CO concentrations. 432 
Fig. 10 indicates that TROPESS CrIS CO average column VMRs have very little dependence on 433 
CO amount and we find similar results for CrIS retrieved CO at vertical levels 511 hPa and 750 434 
hPa (shown in the supplementary material). 435 
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 437 
Figure 10. Bias of CrIS partial column average CO vs CO amount for NOAA GML flights in top 438 
panel and ATom flights in bottom panel with box/whisker symbols in 5 ppb bins. Linear 439 
regression results are shown in the legend boxes. 440 
 441 
5.4 Evaluation of TROPESS CrIS CO retrieval observational errors 442 
Here we compare the observed variance of differences between retrieved CrIS CO profiles and in 443 
situ aircraft profiles, after applying Eq. 1, with the TROPESS reported observational errors 444 
defined in Eqs. 3 and 4. As described in section 4.3, we expect the differences between retrieved 445 
CrIS and aircraft CO profiles (𝑥"𝒗𝒂𝒍) to have a variance due to the combination of observational 446 
errors and geophysical variation from imperfect coincidence. Figure 11 shows comparisons of 447 
individual and average computed observational fractional errors to the standard deviation (SD) of 448 
CrIS - 𝑥"𝒗𝒂𝒍 profile differences as well as the diagonal for the a priori covariance and the SD of 449 
prior - 𝑥"𝒗𝒂𝒍 profile differences As expected, the average observational errors are less than 450 
SD(CrIS - 𝑥"𝒗𝒂𝒍), but in some vertical ranges, they are much less and could be underestimated via 451 
instrument and systematic error assumptions in the TROPESS retrieval as Hegarty et al., (2022) 452 
suggest. Additional studies to test the sensitivity of the comparison variance to a range of 453 
coincidence criteria are needed to confirm a retrieval underestimate, but these would require 454 
several repeated validation measurements for the same observing conditions.   455 
 456 
Despite the potential for underestimated observational errors, the general behavior of the error 457 
comparison is what we expect for an optimal estimation retrieval and we can see the retrieval 458 
influence on the shape of SD(CrIS - 𝑥"𝒗𝒂𝒍). Near the surface, where there is less retrieval 459 
sensitivity as indicated by the averaging kernel, we see that SD(prior - 𝑥"𝒗𝒂𝒍) becomes smaller 460 
than SD(CrIS - 𝑥"𝒗𝒂𝒍). This is expected from Eq. 1 since the priori contribution becomes more 461 
dominant in 𝑥"𝒗𝒂𝒍 for vertical ranges with less retrieval sensitivity. In contrast, for the middle 462 
troposphere where we have the most sensitivity for TIR remote sensing, it is clear that SD(CrIS - 463 
𝑥"𝒗𝒂𝒍) represents an improvement over SD(prior - 𝑥"𝒗𝒂𝒍). In Figure 12, the error comparison is 464 
shown separately for 3 ATom latitude ranges and we can see that the agreement between 465 
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observational errors and SD(CrIS - 𝑥"𝒗𝒂𝒍) is closest for ATom flights in the mostly clean middle 466 
to high latitude southern hemisphere, where it is most likely that the aircraft and satellite are 467 
observing similar airmasses with background CO concentrations. These results give confidence 468 
that TROPESS single retrieval error characterization can be used to weight data for averaging 469 
and inverse analysis applications. 470 
 471 
 472 

 473 
Figure 11. Error comparison of CrIS observational error estimates and the standard deviation 474 
(SD) of CrIS- 𝑥"𝒗𝒂𝒍 (in black) for NOAA GML flights in the left panel and ATom flights in the right panel. 475 
Single profile CrIS observational error estimates are plotted in red, with average in dark blue with 476 
triangles. For reference, and the standard deviation of CrIS prior with aircraft 𝑥"𝒗𝒂𝒍 is in cyan and the 477 
apriori fractional uncertainty (0.3) is shown in cyan with triangles. 478 
 479 

 480 
Figure 12. Same as Fig. 11 but for 3 ATom latitude ranges. 481 
 482 
 483 
 484 
 485 
6. Summary and Conclusions 486 
This study used in situ observations from routine NOAA GML flights and the four ATom 487 
campaigns to evaluate TROPESS single pixel CO retrievals from the SNPP/CrIS FTS 488 
instrument. We find that:  489 
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1) The single FOV CrIS product provides improved representation of CO in smoke plumes 490 
compared to retrievals that combine multiple FOVs.  491 

2) Comparisons with aircraft in situ profiles (after extension, interpolation and application 492 
of Eq. 1) show that biases have a vertical dependence in the troposphere that is consistent 493 
for both sets of in situ data with average biases that are positive (~ 2.3 %) in the lower 494 
troposphere and negative (~ -4.5 %) in the upper troposphere. 495 

3) Small biases (0.6 % and -0.04 % for NOAA GML and ATom, respectively) are observed 496 
for the CrIS CO partial column average VMR corresponding to the aircraft profile 497 
vertical ranges. 498 

4) No significant latitude dependence of CrIS CO column bias is found for the NOAA GML 499 
comparisons, but comparisons with ATom, which better covered a range of latitudes, 500 
have a slightly more positive bias for tropical scenes that could indicate a small,  501 
uncharacterized retrieval dependence on water vapor or another interferent species. 502 

5) CrIS CO retrievals capture the seasonal and spatial variations observed by ATom. 503 
6) There is a small negative dependence (magnitude < 0.1 %/ppb) of CrIS bias on CO 504 

amount. 505 
7) Comparisons of computed observational errors and standard deviations of retrieval-506 

aircraft comparison differences show the expected behavior for optimal estimation 507 
retrievals and demonstrate improvement over the standard deviation of prior-aircraft 508 
differences. 509 

TROPESS CrIS CO biases detected in this study are in general much smaller than comparison 510 
standard deviations. We therefore make no recommendations for automated bias corrections in 511 
data processing, similar to other validation studies for satellite CO retrievals (e.g., Deeter et al,  512 
2019; 2022). This is unlike other TROPESS products such as CH4 (Kulawik et al., 2021) where a 513 
bias correction is more appropriate given the size of bias detected as well as the atmospheric 514 
lifetime (~10 years for methane) and reduced atmospheric variability compared to CO. Each 515 
analysis using TROPESS CrIS CO data must consider the variability of CO over the domain of 516 
interest and ascertain whether the biases observed here could affect numerical conclusions. The 517 
biases reported from this study will need to be included when long term records of satellite CO 518 
observations are harmonized and used together for computing trends, data assimilation or other 519 
analyses. For example, with the 22-year record of MOPITT CO profiles, this is especially 520 
important when combining datasets since the vertical bias pattern for MOPITT data with respect 521 
to in situ observations has a positive bias in the upper troposphere and negative bias in the lower 522 
to middle troposphere with the opposite behavior compared to the TROPESS/CrIS vertical bias 523 
pattern.  524 
 525 
Future validation of the TROPESS CrIS CO products will include a longer time record of 526 
comparisons and quantification of bias drift, for CrIS on SNPP and on the JPSS satellite series. 527 
The validation results presented here demonstrate that these products are suitable for 528 
tropospheric CO data analyses. The bias at all vertical levels is <10 % and error characterization 529 
for single retrievals can be used to weight data for averaging and applications such as data 530 
assimilation and inverse modelling. 531 
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Data availability. The NOAA GML data were obtained from https://doi.org/10.7289/V5N58JMF 532 
(Sweeney et al. 2021). The ATom aircraft data were obtained from 533 
https://doi.org/10.3334/ORNLDAAC/1581 (Wofsy et al., 2018). CrIS MUSES CO products are 534 
available via the GES DISC from the NASA TRopospheric Ozone and its Precursors from Earth 535 
System Sounding (TROPESS) project at https://doi.org/10.5067/I1NONOEPXLHS (Bowman, 536 
2021). The CrIS–aircraft matched data set used here for validation is available from the authors 537 
on request.  538 
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