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Abstract. We present an overview of an optimal estimation algorithm to retrieve peroxyacetyl nitrate (PAN) from single field
of view Level 1B radiances measured by the Cross-Track Infrared Sounder (CrIS). CrIS PAN retrievals show peak sensitivity
in the mid-troposphere, with degrees of freedom for signal less than or equal to 1.0. We show comparisons with two sets of
aircraft measurements from the Atmospheric Tomography Mission (ATom), the PAN and Trace Hydrohalocarbon
ExpeRiment (PANTHER) and the Georgia Tech Chemical lonization Mass Spectrometer (GT-CIMS). We find a systematic
difference between the two aircraft datasets, with vertically averaged mid-tropospheric values from the GT-CIMS around 14
% lower than equivalent values from the PANTHER. However, the two sets of aircraft measurements are strongly correlated
(R? value of 0.92) and do provide a consistent view of the large-scale variation of PAN. We demonstrate that the retrievals of
PAN from CrIS show skill in measurement of these large-scale PAN distributions in the remote mid-troposphere compared to
the retrieval prior. The standard deviation of individual CrIS-aircraft differences is 0.08 ppbv, which we take as an estimate of
the uncertainty of the CrIS mid-tropospheric PAN for a single satellite field of view. The standard deviation of the CrIS-aircraft
comparisons for averaged CrlS retrievals (median of 20 satellite co-incidences with each aircraft profile) is lower, at 0.05
ppbv. This would suggest that the retrieval error reduces with averaging, although not with the square root of the number of
observations. We find a negative bias of order 0.1 ppbv in the CrIS PAN results with respect to the aircraft measurements.

This bias does not appear to show a dependence on latitude or season.

1 Introduction

Peroxyacetyl nitrate (PAN) is formed through the oxidation of volatile organic compounds (VOCs) in the presence of nitrogen

oxide radicals (NOx) (Roberts, 2007). PAN formation and decomposition provide important pathways by which NOx emissions
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are redistributed (Singh and Hanst, 1981; Singh et al., 1986) and contribute to downwind oxidant formation (Wang et al.,
1998). PAN is a particularly difficult compound to capture and validate in models because many factors impact the production
and lifetime of this species (Fischer et al., 2014). PAN has a low background abundance, is often a clear tracer of
photochemistry, and its abundance can be highly variable in space and time. Therefore, it can be difficult to know whether the
limited in-situ measurements are broadly representative. Aside from a few exceptions (e.g., Fiore et al., 2018; Pollack et al.,
2013) PAN is not routinely measured in surface air quality networks. It is often only measured in situ as part of relatively short
(i.e., weeks to months) field campaigns (e.g., Alvarado et al., 2010; Fischer et al., 2010; Juncosa Calahoranno et al., 2020),
aimed at elucidating specific chemical process. Thus existing in situ observations provide snapshots of this species, they cannot

be used to probe changes over time, and they offer a limited view of the spatial distribution.

Recent work on ground-based remote sensing of PAN from stations of the Network for the Detection of Atmospheric
Composition Change (NDACC) provides the promise of long-term measurements, albeit with limited spatial coverage
(Mabhieu et al., 2021). Satellite remote sensing provides a means for observations over long timescales with global coverage.
While limb-sounding satellite observations can provide global-scale information on PAN in the upper troposphere and lower
stratosphere with high vertical resolution and sensitivity (Glatthor et al., 2007; Moore and Remedios, 2010; Wiegele et al.,
2012; Tereszchuk et al., 2013; Pope et al., 2016; Ungermann et al., 2016), nadir-viewing satellite observations can offer
sensitivity to PAN variations lower in the troposphere. Observations and retrievals of PAN have previously been reported
from the Tropospheric Emission Spectrometer (TES) (Alvarado et al., 2011; Payne et al., 2014) and from the Infrared
Atmospheric Sounding Interferometer (IASI) (Clarisse et al., 2011; Franco et al., 2018). Nadir-viewing observations have
shown large enhancements in PAN associated with fires and have been used to shed new light on the role of fires, PAN
precursor emissions and dynamics on the global distribution of PAN and on long-range transport of ozone (Zhu et al., 2015,

2017; Payne et al., 2017; Jiang et al., 2016; Fischer et al., 2018).

Here we show new retrievals of PAN from the Cross-Track Infrared Sounder (CrIS). We demonstrate the capability of CrIS
to measure variations in background PAN levels over the remote ocean. Section 2 provides an overview of the satellite and
aircraft measurements used in this work, while Section 3 describes the CrIS PAN retrieval algorithm. Results are presented in

Section 4. Section 5 provides discussion of the results and conclusions.

2 Measurements
2.1 CrIS satellite radiances

The Cross-Track Infrared Sounder (CrIS) (Han et al., 2013) is a high spectral resolution spectroradiometer. CrIS instruments
are currently flying on the Suomi National Polar-Orbiting Partnership (S-NPP) satellite and on the National Oceanic and
Atmospheric Administration NOAA-20 satellite as part of the Joint Polar Satellite System (JPSS). CrIS instruments will be
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also included on the payload for 3 more JPSS satellites, with a plan to extend the CrIS record to 2035 and beyond. CrIS is a
Fourier transform spectrometer and provides measurements of Earth view interferograms at 30 cross-track positions, each with
a3 x 3 array of field of views (FOVs). The diameter of the FOVs is 15 km at nadir. The interferograms are processed to provide
calibrated and geolocated Level 1B spectra in three bands: 660-1095 cm™! (longwave), 1210-1750 cm™! (mid-wave) and 2155-

2550 cm’! (shortwave). The full spectral resolution radiances are supplied on a 0.625 ¢cm! spectral grid.

In this work, we use radiances from S-NPP CrIS, although the algorithm described here can be applied to data from any of the
CrIS instruments. We use NASA version 2 Level 1B radiances (Revercomb and Strow, 2018) from the Goddard Earth Sciences
Data and Information Services Center (GES DISC). S-NPP flies in a sun-synchronous orbit with a mean local daytime overpass
time of 13:30. Radiometric calibration is described in Tobin et al. (2013) while the noise characteristics are described in
Zavyalov et al. (2013). The CrIS noise is low compared to other high resolution thermal infrared sounders, such as the TES,
IASI, and the Atmospheric Infrared Sounder (AIRS). This low noise, combined with the afternoon orbit, enables good
sensitivity to a range of trace gases (e.g. Shephard and Cady-Pereira., 2015; Fu et al., 2019).

2.2 ATom aircraft measurements

The Atmospheric Tomography Mission (ATom) was a series of aircraft campaigns to study the impact of human-produced air
pollution on greenhouse gases and chemically reactive gases in the atmosphere (Wofsy et al., 2018). The mission consisted of
four campaigns, covering four seasons: ATom-1 (July-August 2016), ATom-2 (January-February 2017), ATom-3 (September-
October 2017) and ATom-4 (April-May 2018). An extensive payload was deployed on the NASA DC-8 aircraft for global-
scale sampling of the atmosphere, with flight tracks involving continuous profiling between 0.2 and 12 km altitude. Figure 1
shows the locations of 500 mbar points for aircraft profiles flown on these 4 campaigns. The majority of these profiles are

located over remote ocean.

There were two different PAN instruments flown on the ATom campaigns. The Georgia Tech Chemical Ionization Mass
Spectrometer (GT-CIMS) (Huey et al., 2007) was flown on ATom-2, ATom-3 and ATom-4, but not on the ATom-1 campaign.
The PAN and Trace Hydrohalocarbon ExpeRiment (PANTHER) (Elkins et al., 2001; Wofsy et al., 2011) uses electron capture
detection and gas chromatography to measure PAN and was flown on ATom-1, -2, -3 and -4. Figure 2 and Figure 3 show
“curtains” of PAN profile measurements from the two instruments. For the purposes of these figures, the aircraft profiles have
been split by longitude into “Pacific” (Region 1, longitude < -60°) and “Atlantic (Region 2, longitude > -60°). It can be seen
from this figure that the two instruments show a consistent picture of the large-scale PAN distribution. However, there are
some differences between the PAN measurements from the two aircraft instruments. The PANTHER values are systematically

higher than those from the GT-CIMS. These differences are discussed further in Section 4.
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3 CrIS PAN retrievals
3.1 Retrieval algorithm and strategy

The single footprint CrIS PAN retrievals shown in this work were produced using the MUIti-SpEctra, MUIti-SpEcies, MUIti-
Sensors (MUSES) retrieval algorithm (Fu et al., 2013, 2016, 2018; Worden et al., 2019). MUSES utilizes an optimal estimation
approach with a priori constraints (Rodgers, 2000) and has heritage in the TES retrieval algorithm (Bowman et al. 2006). The
forward model used within MUSES for this work is the Optimal Spectral Sampling (OSS) fast radiative transfer model (Moncet
et al., 2008, 2015). We use OSS v1.2, trained using the Line By Line Radiative Transfer Model (LBLRTM) v12.4 (Clough et
al., 2005; Alvarado et al., 2013).

Provided that the retrieved state is close to the true state, the retrieved state can be expressed as:

R, =X, +A(x—Xx,) + Gn + GK,(b — b,) + GAf, (1

where X , Xa, and x are the retrieved, a priori, and the “true” state vectors. For the TES trace gas retrievals, the state vectors
were expressed as the natural logarithm of volume mixing ratio (VMR). The gain matrix, G, maps from radiance space into
profile space. The vector n is the noise on the spectral radiances. The vector b represents the true state for parameters that

affect the modelled radiance but are not included in the retrieval state vector (such as calibration, concentrations of interfering
gases, etc.). The vector ba holds the corresponding a priori values. The Jacobian, K, = aL/ 0b , describes the sensitivity of

the forward modelled radiances L to the vector b. The vector Af represents the error in the forward model relative to the true

physics. Spectroscopic errors would be one component of the forward model error.

The averaging kernel, A, describes the sensitivity of the retrieved state to the true state:

5% - - -
A=—= (K'S;'K + R)"!K'S; 'K = GK 2)
Here, K is the sensitivity of the forward modeled radiances to the state  vector
(K= %). The noise covariance matrix, S, represents the noise in the measured radiances. R is the constraint matrix for the

retrieval.

For profile retrievals, the widths of the rows of A provide a measure of the vertical resolution of the retrieval. Provided that
the retrieval is relatively linear, the sum of each row of A indicates the fraction of retrieval information that comes from the
measurement as opposed to the a priori at a given altitude (Rodgers, 2000). (“Relatively linear” means that although the

retrieval problem itself is non-linear (and requires iteration to reach a solution), a linearization about some prior state is
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adequate to find a solution.) The trace of the averaging kernel matrix gives the number of degrees of freedom for signal

(DOFY), or independent pieces of information, for the retrieval.

We use the PAN feature centred around 790 cm™. Figure 4 shows the PAN signal as seen in CrIS brightness temperatures for
an example case from ATom-1. The microwindows used in the PAN retrievals are highlighted in red in Figure 4(b). The main
interferents overlapping with the PAN feature are water vapor (H20), carbon dioxide (CO2), ozone (Os3) and carbon
tetrachloride (CCls). The retrieval windows have been chosen to avoid the strong H2O line at 784.5 cm’!, the complex of strong
H20 lines at 790-801 cm™!, the CO2 Q-branch at 791.5 cm™! and the peak of the CCL4 absorption. PAN retrievals are performed
after previous steps to fit surface and atmospheric temperature, surface emissivity, H20, Os and cloud optical depth and cloud

top pressure. The CrIS PAN retrievals are performed in linear, rather than logarithmic volume mixing ratio.

CrIS PAN retrievals are being processed routinely under the NASA Tropospheric Ozone and Precursors from Earth System
Sounding (TROPESS) project and are publicly available via the GES DISC. The TROPESS datasets at the GES DISC
include the forward stream (Bowman, 2021). The TROPESS CrIS forward stream data are subsampled using a grid sampling
approach where the region is divided into 0.8 degree lat x 0.8 degree lon grid boxes and the single, center-most target within
each box is selected to be included in the dataset. The forward stream dataset provides both day and night time coverage.
Figure 5 shows a global map of CrIS PAN for an example day, using this type of grid box subsampling. The map shows
colored points for retrievals that pass quality screening. Retrievals were not processed for latitudes south of 70S. There are
noteable gaps in coverage over desert areas. These areas are screened out due to the presence of a strong silicate feature in
the surface emissivity spectrum that happens to coincide with the 790 cm™ PAN feature. There are also gaps in coverage
associated with strongly cloudy regions. The TROPESS datasets also include so-called “special collections” where the
sampling may be tailored to address a particular scientific study (or studies). Data for this work were processed specifically

for matches with ATom aircraft profiles (see Section 4).

3.2 Initial guess and a priori constraints

The CrIS PAN retrievals presented here use the same a priori constraint vectors as the TES PAN retrievals, as described in
Payne et al. (2014). We use a monthly-varying prior constraint, constructed using a GEOS-Chem v9.01.01 global chemical
transport model simulation, as described in detail in Fischer et al. (2014). There are six possible constraint vectors for any
given month, based on whether the location is in or outside the Tropics and whether the model predicts “clean”, ‘enhanced,
maximum at surface” or “enhanced, maximum aloft” for a given location. The a priori constraint matrix differs from that
described in Payne et al. (2014), since the TES v7 PAN retrieval is performed in In(vmr). The constraint is loose in the
troposphere and tighter in the stratosphere. We have chosen to use a diagonal constraint. For nadir retrievals, where vertical
information is limited, it is common practice to introduce off-diagonal elements in the constraint matrix in order to avoid

spurious oscillations in the retrieved profile. However, for fitting the broad PAN spectral feature, we did not find it necessary

5
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to introduce off-diagonal elements in the constraint matrix. The initial guess profile values for these CrIS PAN retrievals are

set to a vanishingly small number.

3.2 Vertical sensitivity

The CrIS PAN retrievals are primarily sensitive to variations in PAN in the free troposphere, with greatest sensitivity in the
800 to 300 hPa vertical range. The DOFS for the CrIS PAN retrievals are generally less than 1.0, which means that the retrievals
do not provide information on the vertical distribution of PAN. We choose to retrieve PAN on multiple levels in order to
preserve information that the averaging kernels provide about vertical sensitivity for individual soundings, but collapse to a
single quantity per sounding for the purposes of presenting retrieved PAN values. Results are presented here in terms of a

pressure-weighted average of the retrieved PAN between 800 hPa and 300 hPa.

4 Results

The averaging kernels for the CrIS PAN retrieval are broad in vertical extent. Therefore, for the comparisons between CrIS
and ATom PAN observations, we selected only the aircraft profiles that span at least the 800 to 300 hPa pressure range. GEOS-
Chem model output for runs specific to the time period was appended above the uppermost and below the lowermost altitudes
spanned by these ATom PAN profiles. The GEOS-Chem runs used for this purpose were version 12.0.0, 2x2.5 degree
resolution, GEOS-FP meteorology. GEOS-Chem 12.0.0 uses the Community Emissions Database (CEDS; Hoesly et al., 2018)
as a global base case for anthropogenic emissions, overwritten with a series of local emissions inventories where appropriate:
in Asia (MIX; Li et al., 2017), the United States (2011 NEI; US EPA, 2015), Europe (EMEP; EMEP, 2015; Vestreng & Klein,
2002), and Africa (DICE; Marais & Wiedinmyer, 2016). Biomass burning emissions are from the Global Fire Emissions
Database (GFED) version 4 (Giglio et al., 2013), while biogenic emissions are from the Model of Emissions of Gases and

Aerosols from Nature (MEGAN) V2.1 (Guenther et al., 2012).

We used coincidence criteria of 9 hours and 50 km to match CrIS FOVs to the aircraft profiles. The CrIS PAN retrievals were
screened to exclude soundings with poor fits to observed radiances. In addition, we only included cases here where there were
at least 5 CrIS FOVs that match with a given aircraft profile and pass the retrieval quality screening. For the CrIS-PANTHER
comparisons, 337 aircraft profiles were considered in total for all four campaigns, with the number of good CrIS matches per
aircraft profile ranging from 5 to 72 (median of 20). For the CrIS-GTCIMS comparisons, 239 aircraft profiles were considered
in total for the three available campaigns, with the number of good CrIS matches per aircraft profile ranging from 5 to 67

(median of 20).

For each of the aircraft profiles, we applied the retrieval prior and averaging kernel for each of the individual matched CrIS

FOVs to the appended aircraft profiles to calculate a “convolved aircraft profile” for each FOV, representing what we would
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expect from the satellite retrieval if the appended aircraft profile represented the true atmospheric state viewed by the satellite.
We then calculate a pressure-weighted average between 800 and 300 hPa for each convolved aircraft profile for comparison

with the CrIS results.

A linear fit of the GT-CIMS-based vertical averages (from the “convolved” profiles) to those from the PANTHER (for the
239 profiles where both datasets were available) results in a gradient of 0.86 and a negligible intercept. The R? value for the
linear fit is 0.92, indicating that while there there is a systematic difference between the two sets of aircraft measurements,
they are very strongly correlated. The scatter around the fitted line for this comparison of GT-CIMS/PANTHER vertical
averages is around 0.015 ppbv. The mean difference between the two sets of values is 0.007 ppbv (most of the aircraft

measurements are at the low end of the range).

Figure 6 shows CrIS-PANTHER differences plotted by latitude for each of the 4 campaigns and Figure 7 shows the CrIS-
PANTHER comparisons in a scatter plot. The CrIS points in Figure 7 correspond to the “averages for each aircraft profile”
shown in Figure 6. The R? value between CrIS and PANTHER values (all 4 campaigns) is 0.61. The R? value between the
retrieval prior and the PANTHER values is 0.38. (For the GT-CIMS dataset from ATom 2, 3, and 4, the R? value between
CrIS and aircraft is 0.64 and the R? value between prior and aircraft is 0.53.) A summary of the mean bias and standard
deviation of CrlS-aircraft comparison results is provided in Table 1 for both the PANTHER and GT-CIMS aircraft
measurements. The standard deviation of the CrIS-aircraft comparisons for individual CrIS soundings is 0.08 ppbv (for both
aircraft datasets). This suggests that 0.08 ppbv is a reasonable estimate for the uncertainty on a single CrIS PAN retrieval. The
standard deviation of the CrIS-aircraft comparisons for averaged CrlS retrievals (multiple satellite co-incidences with each
aircraft profile) is lower, at 0.05 ppbv. This would suggest that the retrieval error reduces with averaging, although not with

the square root of the number of observations.

The optimal estimation approach used within the MUSES algorithm provides an estimate of the observation error as part of
the retrieval output. Comparisons between the values of this estimated observation error for individual soundings and the
standard deviation of the CrlIS-aircraft comparisons for individual CrIS soundings (empirical observation error) indicate that
the estimated errors output from the optimal estimation retrieval are too low by a factor of 2-3. Therefore, we recommed using
the empirical value of 0.08 ppbv as an estimate of uncertainty on individual soundings rather than the observation errors

reported for the retrievals.

Since the uncertainties on the CrIS PAN retrievals are large compared to those on the aircraft measurements, the differences
between the aircraft datasets do not affect the conclusions about the CrIS PAN retrieval uncertainties and the magnitude of the
bias in the CrIS PAN. The results demonstrate overall consistency between CrIS-PANTHER results for the four separate
campaigns and between the CrIS-PANTHER and CrIS-GTCIMS results, and the CrIS PAN retrievals show skill relative to

7
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the monthly climatology used for the retrieval prior (increased R? value for a linear fit to the aircraft values) whether the

PANTHER or GT-CIMS aircraft dataset is used.

Table 1. Mean and standard deviation of CrIS-aircraft differences, by instrument and campaign

CrIS-PANTHER PAN [ppbv] CrIS-GTCIMS PAN [ppbv]
ATom campaign
(dates) Individual CrIS Averaged CrIS Individual CrIS Averaged CrIS
ates
Mean Std. dev. Mean | Std.dev. | Mean | Std. dev. Mean Std. dev.
ATom 1
-0.09 0.09 -0.10 0.06 n/a n/a n/a n/a
July-August 2016
ATom 2
-0.09 0.08 -0.09 0.06 -0.08 0.08 -0.08 0.06
January-February 2017
ATom 3
-0.06 0.07 -0.05 0.04 -0.06 0.08 -006 0.05
September-October 2017
ATom 4
-0.09 0.08 -0.09 0.06 -0.07 0.09 -0.07 0.06
April-May 2018
All -0.08 0.08 -0.08 0.05 -0.07 0.08 -0.07 0.05

5 Discussion and Conclusions

We have developed an algorithm for retrieval of PAN from single field of view L1B CrIS radiances and have validated results
against two sets of aircraft profile measurements from ATom. The CrIS PAN retrievals are primarily sensitive in the mid-
troposphere and have 1.0 or fewer DOFs, meaning that they do not provide information on the vertical distribution of PAN.
We show results in terms of a single vertically averaged quantity. We find a negative bias of order 0.1 ppbv in the CrIS PAN
results with respect to the aircraft measurements. This bias does not appear to show a dependence on latitude or season. We
also find good consistency between results from the four different ATom campaigns. Based on this study, we expect this bias
to apply to all parts of the world. For the future, more validation data over land would be desirable. For remote regions, the
observed bias is large relative to absolute PAN values, although it would be a smaller fraction of the absolute PAN values in
fire plumes, for example. The results suggest a single sounding uncertainty of around 0.08 ppbv, and demonstrate the ability
of the CrIS PAN retrievals to capture variation in the “background” PAN values observed over remote ocean regions from
ATom. For demonstration of the capability of CrIS to capture PAN in fire plumes, we refer to recent work by Juncosa

Calahorrano et al. (2021).
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Figure 1. Locations of 500 mbar pressure in aircraft profiles measured during the ATom campaigns. The vertical line at 60 degrees
shows the separation into “Region 1” (Pacific) and “Region 2” (Atlantic).
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Figure 2. Aircraft measurements of PAN from the PANTHER (a, b, d, f) and GTCIMS (c, e, g) instruments from ATom 1, 2, 3 and
4 for Region 1 (“Pacific”, longitude less than -60°).
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Figure 3. Aircraft measurements of PAN from the PANTHER (a, b, d, f) and GTCIMS (c, e, g) instruments from ATom 1, 2, 3 and

4 for Region 1 (“Atlantic”, longitude greater than -60°).
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Figure 4: (a) Measured CrIS brightness temperature spectrum for a case co-located with an ATom-1 profile on 17" August 2016, at
36.2 degrees latitude, -27.3 degrees longitude. (b) Residual spectra (observed — calculated) for match-ups with this ATom-1 case,
with zero PAN in the calculation, after retrieval of surface and atmospheric temperature, water vapor, cloud optical depth, cloud
top pressure and surface emissivity. Grey lines show residuals for individual CrIS FOVs that meet the co-incidence criteria. Black
line shows the mean residual for this set. Red segments show the microwindows used in the retrievals. Blue lines show the NEdT for
a single CrIS FOV. Orange line shows the shape of the PAN spectral feature.
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Figure 5. CrIS PAN for 1% August 2020 (sub-sampled by selecting the center-most CrIS FOV in each 0.8 by 0.8 degree grid box for
490 latitudes above 70S).
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Figure 6. CrIS-PANTHER PAN differences against latitude for the four ATom aircraft campaigns. Results from ATom 1 are shown
in panels (a) and (b), ATom 2 in (c¢) and (d), ATom 3 in (e) and (f) and ATom 4 in (g) and (h). Panels (a), (c), (¢) and (g) show the
results after averaging all the CrIS co-incidences for each aircraft profile. Vertical bars on the points in these panels show the
standard deviation of the averaged CrIS result for each aircraft profile. Panels (b), (d), f) and (h) show the results for individual
CrIS soundings (multiple CrIS co-incidences with each aircraft profile).
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Figure 7. Scatter plot of CrIS PAN against PANTHER aircraft measurements. Colored symbols show CrIS retrieval results, while
the black ‘x’s show the prior values used in the CrIS retrievals. CrIS results shown here are averages of the CrIS co-incidences for
each of the aircraft profiles. The 1:1 line is shows as solid black, while the dashed blue and black lines show the linear fit for the
CrIS retrieved and prior results respectively. Gradients (b-values) of the linear fits and R? values are shown on the figure.
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