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Abstract The U.S. National Oceanic and Atmospheric Administration (NOAA) recently began operational
processing to derive vertical temperature profiles from two new sensors, Cross-Track Infrared Sounder
and Advanced Technology Microwave Sounder, which were developed for the next generation of U.S. weather
satellites. The NOAA-Unique Combined Atmospheric Processing System (NUCAPS) has been developed by
NOAA to routinely process data from future Joint Polar Satellite System operational satellites and the
preparatory Suomi-NPP satellite. This paper assesses the NUCAPS vertical temperature profile product from
the upper troposphere into the middle stratosphere using radiosonde and GPS radio occultation (RO) data.
Radiosonde data from the Department of Energy Atmospheric Radiation Measurement (ARM) program are=]
compared to both the NUCAPS and GPS RO temperature products to evaluate bias and RMS errors. At all
three fixed ARM sites for time periods investigated the NUCAPS temperature in the 100–40 hPa range is
found to have an average bias to the radiosondes of less than 0.45 K and an RMS error of less than 1 K when
temperature averaging kernels are applied. At a 95% confidence level, the radiosondes and ROwere found to
agree within 0.4 K at the North Slope of Alaska site and within 0.83 K at Southern Great Plains and Tropical
Western Pacific. The GPS RO-derived dry temperatures, obtained from the University Corporation for
Atmospheric Research Constellation Observing System for Meteorology, Ionosphere, and Climate (COSMIC)
mission, are used as a common reference for the intercomparison of NUCAPS temperature products to similar
products produced by NASA from Atmospheric Infrared Sounder (AIRS) and by European Organisation for
the Exploitation of Meteorological Satellites from MetOp-B Infrared Atmospheric Sounding Interferometer
(IASI). For seasonal and zonal scales, the NUCAPS agreement with AIRS and IASI is less than 0.5 K after
application of averaging kernels.

1. Introduction

The U.S. National Oceanic and Atmospheric Administration (NOAA) recently began operational processing
to derive vertical temperature profiles from the Advanced Technology Microwave Sounder (ATMS) and
the Cross-Track Infrared Sounder (CrIS) instruments housed on board the Suomi-NPP satellite. Suomi-
NPP was launched in 2011 by the National Aeronautics and Space Administration (NASA) into the same
PM Sun-synchronous orbit as the Earth Observing System (EOS) Aqua platform in preparation for the tran-
sition to the operational Joint Polar Satellite System (JPSS) satellite series, which is planned to provide
global daily coverage in the traditional PM Sun-synchronous orbit beginning in 2017 [Murphy, 2006;
Gleason et al., 2012; Goldberg et al., 2013]. The NOAA-Unique Combined Atmospheric Processing
System (NUCAPS) was developed by NOAA to routinely process data from future JPSS operational
weather satellites [Gambacorta et al., 2012]. The ground processing software uses observations from both
the ATMS and CrIS instruments—two of the sensors developed for the JPSS satellite series [Weng et al.,
2012; Han et al., 2013]. The NUCAPS software replaces a vendor-supplied algorithm known as the
Cross-track Infrared Microwave Sounding Suite (CrIMSS) Environmental Data Record (EDR) [Divakarla
et al., 2014]. The Suomi-NPP products are available from NOAA’s Comprehensive Large Array-data
Stewardship System (CLASS). A version of the NUCAPS software is also publicly available for use with
either archived data or from the Suomi-NPP direct broadcast signal.

This paper presents an assessment of the NUCAPS atmospheric vertical temperature profile product from the
upper troposphere into the lower to middle stratosphere, an otherwise difficult region to perform such
assessments due to the challenge of obtaining reliable ground truth at these altitudes. The assessment uses
in situ radiosonde upper air observations from the Department of Energy (DOE) Atmospheric Radiation
Measurement (ARM) program at sites on the North Slope of Alaska (NSA-Barrow), Southern Great Plains
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(SGP-Lamont), and Tropical Western Pacific (TWP-Darwin) [Stokes and Schwartz, 1994]. In addition, these data
are complemented uniquely with Global Positioning System (GPS) radio occultation (RO)-derived dry tem-
perature profiles from the University Corporation for Atmospheric Research (UCAR) Constellation
Observing System for Meteorology, Ionosphere, and Climate (COSMIC) mission [Kursinski et al., 1997; Hajj
et al., 2002; Schreiner et al., 2007; Anthes et al., 2008; Ho et al., 2014]. A recent study by Nalli et al. [2017] also
makes an assessment of NUCAPS temperature and moisture products using radiosonde, ocean campaign
data, and model data.

Traditionally, radiosondes have been used to provide an absolute reference for the evaluation of microwave
(MW) and infrared (IR) sounding products [Fetzer et al., 2003; Tobin et al., 2006; Divakarla et al., 2006, 2009;
Nalli et al., 2013; Sun et al., 2010, 2013]. The era of near-real-time soundings from high spectral resolution
infrared sounders began with the EOS Atmospheric Infrared Sounder (AIRS) launched in 2002 on the NASA
Aqua platform [Goldberg et al., 2003]. The need for an improved validation methodology for evaluating
AIRS retrieval products lead to the use of the DOE ARM sites for dedicated launches of research quality radio-
sondes. Launches of radiosondes were timed prior to Aqua satellite overpasses to minimize atmospheric
state uncertainties [Tobin et al., 2006]. In this study, atmospheric state uncertainties are minimized by making
use of operational ARM radiosonde data which are spatiotemporally coincident to Suomi-NPP CrIS NUCAPS
retrievals. While dedicated ARM upper air in situ measurements were performed in coordination with the
Global Climate Observing System Reference Upper-Air Network (GRUAN) program at the ARM sites
[Bodeker et al., 2016], they are not used in this study.

The COSMIC RO data are used in this study as a common reference for the intercomparison of Suomi-NPP
NUCAPS temperature profile products with similar retrieval products routinely produced from hyperspec-
tral infrared and microwave sounders on board NASA’s EOS Aqua and European Organisation for the
Exploitation of Meteorological Satellites’ (EUMETSAT) MetOp satellites—specifically the NASA AIRS
Science Team version 6 (ASTv6) and the official EUMETSAT Infrared Atmospheric Sounding
Interferometer (IASI) (EUMv6) retrieval. Though NOAA offers an IASI retrieval product, this study focuses
on the IR sounder operational products offered by their associated institutions—additionally, a comparison
of NOAA IASI with UCAR RO products was made in previous studies [M. Feltz et al., 2014]. To facilitate the
comparison of these three independent IR retrievals using RO as a reference, averaging kernels (AKs) are
computed using a consistent methodology for each AIRS, IASI, and CrIS retrieval that is found to be spatio-
temporally coincident with a RO profile or radiosonde. An infrared radiative transfer model (RTM) is
employed for this purpose to compute temperature Jacobians, which are needed for the AK computation.
The AKs, which are used to smooth the higher vertical resolution RO profiles, are calculated specifically
for the 15 μm, carbon dioxide absorption region channels. Thus, the AKs represent the theoretical resolu-
tion of the IR sounder and are used to smooth the IR retrievals using a uniform method—they do not
represent the exact retrieval AKs which are based off of both MW and IR information and correspond to
a different set of channels. The choice of IR only AKs is chosen to provide a lowest common denominator
for the information content for the sole purpose of making a comparison with the RO. Any possible
information in the IR/MW retrievals which has higher vertical structure, whether from MW or from
regression/neural net to numerical weather prediction profiles, etc., will be filtered out by the IR-only
AKs for the purpose of this comparison.

A focus is given to the upper troposphere to middle stratosphere region between ~40 and 100 hPa where RO
temperatures have been shown to have the highest accuracy and are best suited to act as a common refer-
ence [e.g., Das and Pan, 2014; Alexander et al., 2014; Steiner et al., 2013; Foelsche et al., 2011; Scherllin-Pirscher
et al., 2011a; Schreiner et al., 2007]. For this work, the RO dry temperature product is used, which derives tem-
perature from a refractivity profile assuming that there is no water vapor. The COSMIC dry temperature pro-
duct was successfully used to evaluate temperature retrievals from the CrIMSS EDR product in the desired
pressure range by M. Feltz et al. [2014].

Section 2 of this paper provides background on GPS RO, section 3 describes data used in this study, section 4
discusses methodology, and sections 5 and 6 give results for ARM site and global, zonal comparisons, respec-
tively. An appendix is included which provides detail on the calculation and application of averaging kernels
which are used in this analysis. Intermediate results prior to the application of averaging kernels are included
as supporting information.
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2. GPS RO Background

GPS RO is valuable when used as a common reference for IR/MW sounding product assessment because it
uses an independent measuring technique, provides thousands of globally distributed vertical temperature
profiles per day (assuming that an adequate constellation of receivers such as the COSMIC network is avail-
able), and provides a measurement whose spatial resolution is one that the MW/IR sounder profiles can be
matched to, unlike exact point profiles as provided by radiosondes. Additionally, RO performs well in the tro-
popause region where thermal sounders have lower information content due to the isothermal nature of the
atmosphere. Typically, the vertical resolution of the RO observations ranges from 0.5 km in the lower tropo-
sphere to 1.4 km in the middle atmosphere [Kursinski et al., 1997]. Wee and Kuo [2015] recently made use of
the high-quality RO-measured phase paths and successfully used them to assess model forecasts
and reanalyses.

To derive RO dry temperature, bending angles and refractivity are calculated as intermediate products in the
processing of phase delay measurements. From refractivity, dry temperature is calculated assuming no water
vapor, which is an acceptable assumption for altitudes above the upper troposphere. However, assumptions
about ionospheric contributions to refractivity are also made and seem to be the most challenging to
account for. While zeroth-order contributions are removed from RO profiles at higher altitudes, residual errors
can be amplified by the processing scheme and propagate downward in altitude to affect the dry tempera-
ture down to ~35 hPa [Syndergaard, 2000; Mannucci et al., 2006, 2011; Danzer et al., 2013]. Though prone to
such residual ionospheric errors, RO dry temperatures do not intake any numerical weather prediction model
as background and thus are not contaminated by potential weather model biases. Errors and uncertainties of
the RO-derived temperatures have been studied by different groups using various methods. Examples, which
are not exhaustive, include comparisons of versions from different processing centers [Gorbunov et al., 2011;
Ho et al., 2012], comparisons of RO to other instruments or model analyses [e.g.,Das and Pan, 2014; Ladstädter
et al., 2014, 2011; Kuo et al., 2005], studies of ionospheric influences [e.g., Liu et al., 2015; Verkhoglyadova et al.,
2015; Danzer et al., 2013; Mannucci et al., 2011], assessing RO data’s utility in providing climate records
[e.g., Foelsche et al., 2011b; Steiner et al., 2013, 2011], or mixes of all these and others [e.g., Gorbunov and
Kirchengast, 2015; Foelsche et al., 2011a; Scherllin-Pirscher et al., 2011a, 2011b]. The use of RO-derived tempera-
tures in the upper troposphere, lower stratosphere as an absolute reference has grown in recent years, as it
has been used to identify radiosonde biases [He et al., 2009; Sun et al., 2013], evaluate model reanalyses [e.g.,
Kishore et al., 2016], and calibrate MW sounders [e.g., Ho et al., 2009; Zou et al., 2014; Isoz et al., 2015], in
addition to evaluating hyperspectral IR sounder temperatures [Yunck et al., 2009; M. Feltz et al., 2014].
Comparisons of COSMIC temperatures to Atmospheric Chemistry Experiment-Fourier Transform
Spectrometer v3.5 showed agreement up to 1 K for altitudes between 15 and 40 km (~100–3 hPa) [Olsen et al.,
2016], while comparisons to Sounding of the Atmosphere using Broadband Emission Radiometry and
Microwave Limb Sounder showed agreement over all seasons from 80°N–80°S and 100–10 hPa being under
3 and 2 K, respectively [Das and Pan, 2014]. Much headway has been attained in recent literature in regard to
identifying improvements upon the RO measuring system—in both instrument technology and the proces-
sing techniques [e.g., Wang et al., 2016; Li et al., 2015; Zeng et al., 2015]. Though RO products have been
proven to be of considerable value, scant literature exists that assigns an absolute uncertainty to the derived
dry temperature products as a function of altitude. For this reason, the current study uses RO profiles primar-
ily as a stable common reference for comparison of NUCAPS products with similar products from other IR
sounders and not as an absolute reference. While any RO mission could be used to provide stable dry tem-
perature products, the COSMIC network was chosen for this study since it is able to provide ample matchup
cases for CrIS, IASI, and AIRS. Derived RO dry temperature profiles are known to be of highest quality within
the upper troposphere to lower stratosphere (UTLS) (40–100 hPa) region where focus is set for this study.

3. Data
3.1. Thermal Sounders

NUCAPS temperature products, which are derived frommeasurements of the CrIS and ATMS instruments, are
available operationally from the NOAA CLASS (see https://www.class.noaa.gov). The archival dataset in CLASS
consists of a time record composed of several important version updates of the NUCAPS software as well as
different versions of the CrIS radiance record; however, the data used for this study are derived from a
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consistent reprocessing of the CrIS radiance record using software publicly available from the Community
Satellite Processing Package (CSPP) (see http://cimss.ssec.wisc.edu/cspp/). The radiance record uses CSPP
SDR v2.1, and the NUCAPS retrieval uses CSPP NUCAPS v1.0.

The NUCAPS EDR files are used to obtain temperature and pressure profiles at 101 vertical levels and the vari-
able “View_Angle.” Only profiles with a “Quality Flag” variable of accepted are used.

Temperature profile products derived from NASA’s Atmospheric Infrared Sounder (AIRS)/Advanced
Microwave Sounding Unit (AMSU), instruments on board the Aqua satellite, are obtained from the
Goddard Earth Sciences Data and Information Services Center (see http://disc.sci.gsfc.nasa.gov). The Level
2 version 6.0 Support Product is used, which provides temperature measurements at 101 vertical pressure
levels [Susskind et al., 2011]. Quality control on this product consists of using the AIRS L2 “Pbest” quality flag,
which determines how deep into the atmosphere the satellite retrieval is considered to be valid [Susskind
et al., 2011]. Level 1 version 5 AIRIBRAD radiance files are also used for obtaining instrument scan angles.

The Infrared Atmospheric Sounding Interferometer (IASI) instrument [Blumstein et al., 2004] is flying on board
Metop satellites as part of the EUMETSAT Polar System program [Klaes et al., 2007]. In order to use a most
recent version of the Level 2 products [August et al., 2012] consistently with the other data sets, the atmo-
spheric temperatures were provided directly by EUMETSAT. They are generated with a statistical retrieval
method called the Piece-Wise Linear Regression (PWLR), which forms the first guess all-sky products of the
version 6.0 processor activated on 30 September 2014 and disseminated in near-real time since. The PWLR
uses European Centre for Medium-Range Weather Forecasts (ECMWF) analyses model fields for training
and exploits MW (AMSU + Microwave Humidity Sounder) and IR (IASI) measurements jointly as sole inputs
for retrievals. These products were assessed in a study by Roman et al. [2016]. Specifically, data are used from
the IASI on board the Meteorological Operational satellite-B. Only profiles whose “FLG_BAD” variable is not
equal to 0 are used. Corresponding instrument scan angles were estimated using knowledge of IASI’s field
of view geometry.

The term “IR sounder” is hereafter used in this paper to represent the combined use of both microwave (MW)
and infrared (IR) sounding channels. This distinguishes the combined product from an MW-only product such
as is produced by the NOAAMicrowave Integrated Retrieval System algorithm [Boukabara et al., 2011]. Table 1
lists basic characteristics of the CrIS, AIRS, and IASI instruments and the retrievals used in this study. Differences
seen between the three sounders in characteristics such as those listed in the table are potential contributors
to the differences seen in the retrieval performances with respect to the COSMIC common reference.

Table 1. IASI, AIRS, and CrIS Instrument and Currently Operational Retrieval Characteristics

IASI AIRS CrIS (Normal Spectral Resolution)

Instrument Differences
Spectral coverage and range No gaps 17 bands, with gaps three bands, with gaps

645–2760 cm�1 645—2674 cm�1 645–1095 cm�1

1210–1750 cm�1

2155–2550 cm�1

Spectral sampling 0.5 cm�1 0.4–2.1 cm�1 (varies by band) LWIR: 0.625 cm�1

MWIR: 1.25 cm�1

SWIR: 2.5 cm�1

Size of field of view (nadir) 12 km 13.5 km 14 km
Type Fourier transform IR spectrometer Grating spectrometer Fourier transform IR spectrometer
Platform Metop-B Aqua Suomi-NPP
Local equator crossing times 9:30 13:30 13:30
Spatial coverage 2 × 2 FOV in ~50 km2 3 × 3 FOV in ~50 km2 3 × 3 FOV in ~50 km2

Swath width 2200 km 1650 km 2200 km

Algorithm Differences

Retrieval type EUMETSAT v6 PWLR_MWIR:
Statistical regression retrieval
using air mass classification

AIRS Science Team v6: Physical retrieval with
first guess defined by the previously
retrieved, cloud cleared MW retrieval

NUCAPS: Physical retrieval with first guess
defined by the previously retrieved,

cloud cleared MW retrieval
# FOVs/retrieval 1 9 9
Cloud clearing no yes yes
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3.2. Radiosondes

ARM Climate Research Facility data were retrieved through the Department of Energy ARM data archive
(http://www.archive.arm.gov/arm). The Vaisala RS92 processed radiosonde temperatures were used from
the Tropical Western Pacific Darwin (TWP), Northern Slope of Alaska Barrow (NSA), and Southern Great
Plains Lamont, Oklahoma (SGP) sites. Only good profiles indicated by “qc_tdry” and “qc_pres” variables being
equal to 0 are used. The Vaisala RS92 has a stated uncertainty of 0.5 C from 60 to �90 C with a resolution of
0.1 C, a repeatability of 0.15 C, and a reproducibility of 0.2 C (1080–100 hPa), 0.3 C (100–20 hPa), and 0.5 C
(20–3 hPa) (Vaisala Radiosonde RS92 Datasheet, http://www.vaisala.com/Vaisala%20Documents/Brochures%
20and%20Datasheets/RS92SGP-Datasheet-B210358EN-F-LOW.pdf).

3.3. Radio Occultation

The U.S./Taiwanese COSMIC, or Taiwan’s Formosa Satellite Mission #3 (FORMOSAT-3), is a mission consisting
of six radio receivers on low Earth orbiting satellites in circular 72° inclination orbits and has been ongoing
since April 2006 [Anthes et al., 2008]. Originally, the COSMIC network produced around 2000 profiles per
day; however, loss of contact to various satellites has caused the number of profiles to decrease over time.
Data are obtained from the UCAR COSMIC Data Analysis and Archive Center (http://cdaac-www.cosmic.
ucar.edu/). The climate-processed “cosmic2013” dry temperature product (version 2013.3520) is used and
is referred to here as either “COSMIC” or “COSMIC2013.” Applied quality control consists of excluding profiles
marked “bad.”

3.4. Radiative Transfer Model and Input

The RTM employed in this study for the AK computation is the Optimal Spectral Sampling (OSS) fast model
[Moncet et al., 2008, 2015]. OSS does computations on 101 fixed pressure levels that range from 1100 to
0.005 hPa. More details of the calculations are given in the appendix, and following statements describe data
used for input into the RTM.

Carbon dioxide (CO2) data are obtained from CarbonTracker (CT), NOAA’s Earth System Research Laboratory
CO2 measurement and modeling system. Version CT2013, available for 2000–2012 as global 3° × 2° gridded
monthly CO2 mole fractions, is used (http://carbontracker.noaa.gov).

Ozone, skin temperature, water vapor, and surface pressure are obtained from ECMWF’s ERA-Interim reana-
lysis model which is run on 6-hourly increments (http://www.ecmwf.int/en/research/climate-reanalysis/era-
interim) [Dee et al., 2011]. The 0.75° gridded model level product has resolution equivalent to ~80 km and
is available up to ~0.1 hPa.

4. Methods

The approach chosen for this study is to find the global time and space coincident profiles for the IR sounder
and the COSMIC RO dry temperature profiles within the time period of interest, which is 3 years from April
2012 to May 2015 (except for IASI which is 1 year from April 2013 to May 2014). This paper uses the raypath
method described in M. L. Feltz et al. [2014], which minimizes spatiotemporal mismatch error by using a 1 h
time criterion between IR and RO profiles and by creating an average IR profile from the 101 retrieved IR
sounder levels. This “raypath-averaged” profile captures the variation of RO latitude and longitude with
height and the unique RO horizontal resolution (about 270 km) along the occultation raypath. This method
was previously used inM. Feltz et al. [2014] to compare temperature profiles derived from CrIS, AIRS, and IASI
for a limited time period on 30° global latitude zones. This paper applies the same method to a longer time
series of data and targets the current operational satellite profile products distributed by the satellite agen-
cies NOAA, NASA, and EUMETSAT.

A subset of the IR and RO matchups was found that are within 3 h and 300 km of a radiosonde launch from
one of the three ARM sites—NSA, SGP, or TWP. This leads to a much smaller data set where IR, RO, and radio-
sonde profiles exist in coincidence for each ARM site. For this restricted matchup subset, the profile differ-
ences taken as IR minus radiosonde, IR minus RO, and RO minus radiosonde are each analyzed in terms of
bias and root-mean-square (RMS) error. Note that in this matchup set, the IR and RO profiles are spatially coin-
cident with a 270 km horizontal averaging scale, while the Vaisala radiosonde is an in situ point measurement
which can be offset in latitude/longitude by up to 300 km. Figure 1 illustrates a NUCAPS matchup example
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from the ARM NSA site on 14 August 2014 at about 13:36 UTC and exemplifies the higher vertical resolution
of the radiosonde and RO temperature profiles. The zoomed view around the tropopause region shows that
the IR sounder is not able to resolve the cold tropopause layer as is the RO and radiosonde, which is expected
due to the IR sounders more limited vertical resolving capability. While this represents an error of the IR
profile relative to the true atmosphere, a quantitative assessment of the NUCAPS algorithm against a truth
data set with higher vertical resolution benefits from a smoothing of the higher vertical resolution
observations to match the lower resolution IR sounding.

To account for the IR vertical resolution, two different approaches to vertical averaging are applied to the
IR sounder minus RO differences. The first analysis approach, used in previous IR sounder validation
studies, applies an approximately 1 km slab layering to the difference profiles [Susskind et al., 2003;
Divakarla et al., 2006; Tobin et al., 2006; Nalli et al., 2013; M. L. Feltz et al., 2014; M. Feltz et al., 2014; Nalli
et al., 2017]. A table in M. Feltz et al. [2014] provides the layer thicknesses (1 to 3 km) of the slab layering
method in the vertical range of interest. The second analysis approach is to compute IR sounder vertical
averaging kernels (AKs) for temperature profiles appropriate for each matchup case and then to apply
them to the vertical temperature profile differences. Since the RO and radiosonde have higher vertical
resolution, no RO or radiosonde AK is needed. The averaging kernels are used to smooth profile differ-
ences between IR and RO products or NUCAPS and ARM radiosondes. This smoothing reduces the higher
vertical resolution of the RO and radiosonde profiles to match that of the IR sounder [Rodgers and Connor,
2003]. Simultaneous application of the same averaging kernel to the IR sounder profile also removes ver-
tical oscillations within the null space of the infrared retrievals [Rodgers, 1990]. Appendix A1 details the
method of calculating and applying the averaging kernels, further discusses the different averaging tech-
niques, and includes a forward calculation perturbation study on the importance of including proper sen-
sor view angles in the averaging kernel calculation.

To summarize the analysis results, the average bias, average uncertainty in the mean, and average RMS are
computed over the atmospheric pressure range of 40 to 100 hPa for the ARM site comparisons. This range
is chosen to be above the regions where possible contamination of the RO dry temperature profile can occur
due to significant amounts of atmospheric water vapor and to be below the region where the balloons used
to carry ARM radiosondes aloft tend to burst. This same 40 hPa to 100 hPa altitude range is used to charac-
terize the global zonal IR sounder minus COSMIC RO results in order to facilitate comparison with the ARM
site results and also to avoid regions where RO ionospheric errors grow with increasing altitude above
~35 hPa. A separate average is computed for the 15 hPa to 40 hPa altitude range for the global zonal
COSMIC RO comparison to gain insight into the IR/RO comparison in the middle stratosphere region.

Figure 1. Overlay of NSA ARM radiosonde (black), COSMIC (red), and NUCAPS (blue) temperature profiles for (left) 14
August 2014 with a (right) zoomed view of the tropopause.
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Results for altitudes above 15 hPa are not presented due to increasing uncertainty in the RO-derived product
profiles [Steiner et al., 2013].

5. NUCAPS, COSMIC, and ARM Site Radiosonde Comparisons

Results are shown in Table 2 for average bias and RMS errors in the 40 to 100 hPa vertical range for the NSA,
SGP, and TWP site NUCAPS, radiosonde, and COSMIC RO matchups. The NUCAPS averaging kernels are
applied to the NUCAPS-RO and NUCAPS-sonde difference profiles but not to the RO-sonde differences.
The column label 2*Unc represents 2 times the 1σ uncertainty in the mean, i.e., 2*Unc = 2*σ/sqrt(N) where
σ is the standard deviation and N is the number of profiles in the sample set. Since it can be assumed that
the matchup samples are independent, 2*Unc is the 95% confidence interval of the bias estimate. Overall,
in the 40 hPa to 100 hPa altitude range, the NUCAPS minus radiosonde bias with uncertainty of less than
~0.44 K magnitude (seen as a maximum in SGP winter) is well within the stated 0.5 K uncertainty of the
Vaisala RS92 radiosondes at each of the ARM sites. Because no averaging kernel is used in the RO to sonde
comparisons, the fact that sondes represent point measurements while RO profiles represent larger volumes
of atmosphere contributes to the difference statistics. This difference inmeasurement techniques is likely one
of the reasons that the RMS statistics for the RO minus sonde differences are largest across all sites/seasons.

5.1. North Slope of Alaska ARM Site

Figure 2 (top row) shows 3 years of bias and RMS statistics between COSMIC, NUCAPS, and ARM radiosondes
over the ARM NSA site. The panel labeled “# Samples” shows the number of samples at each of the retrieval
levels. NUCAPS and RO have 209 samples at all heights, but the height of the balloon burst leads to a
decrease in the number of radiosonde temperature samples with height. Also shown in this panel is the
sum of the averaging kernel rows times 100. The closer the value is to 100, the larger percentage of informa-
tion that is coming from the truth profile and the less from the a priori state [Rodgers, 1976]. The column
labeled “101 level” are comparisons at the original NUCAPS retrieval levels without vertical smoothing. The
“1 km layer” column has 1 km slab layering applied. The “AK Applied” column shows results where averaging
kernels are applied to the individual difference profiles prior to computing the bias and RMS statistics. The
dotted lines on either side of the solid lines show the 2σ uncertainty in the estimate of the mean bias.

Within the calculated uncertainties at the NSA site, COSMIC shows excellent agreement with the ARM radio-
sondes from 20 hPa to 200 hPa in both the 101 level and ~1 km slab layer result. NUCAPS biases relative to
both the radiosonde and COSMIC, however, lie outside of the 2σ uncertainty range for the 101 level and
~1 km layer result. In particular, the NUCAPS biases contain a negative to positive vertical oscillation over
the 200 to 50 hPa range. After application of the CrIS averaging kernels, this vertical oscillation of the biases
is removed, and NUCAPS is seen to agree quite well with both the radiosonde and COSMIC RO profiles.
Specifically, NUCAPS appears to be in excellent agreement with the radiosondes over the 200–10 hPa vertical
range and has an RMS value that is decreased within the 100–40 hPa range from ~1.2 K in the 101 level results
to ~0.6 K after AK application. It should be noted that the NUCAPS minus radiosonde bias is slightly negative
by ~0.2 K between ~160 and 80 hPa. Meanwhile, the NUCAPS bias agrees with COSMIC after AK application
from ~55 to 200 hPa, and the RMS is similarly decreased, though it is still larger than the NUCAPSminus radio-
sonde RMS. The disagreement of COSMIC and NUCAPS at these higher altitudes of above ~35 hPa is likely

Table 2. ARM Site Radiosonde, COSMIC, and NUCAPSMatchup Statistics Averaged Over the 40 to 100 hPa Vertical Range
for the 3 Year Time Period April 2012 Through May 2015a

ARM Radiosonde, COSMIC, and NUCAPS Matchup Statistics 40–100 hPa Average

AK*(NUCAPS-Ro) AK*(NUCAPS-Sonde) RO-Sonde

Bias 2*Unc. RMS Bias 2*Unc. RMS Bias 2*Unc. RMS

NSA annual �0.144 0.151 1.10 �0.203 0.0926 0.70 �0.130 0.258 1.78
SGP summer �0.291 0.199 0.796 �0.089 0.176 0.66 0.229 0.576 2.00
SGP winter �0.174 0.155 0.526 �0.145 0.293 0.95 �0.008 0.649 2.02
TWP annual �0.174 0.189 0.405 �0.171 0.176 0.371 �0.068 0. 764 1.41

aUncertainties are 2 times the uncertainty of the mean (k = 2). Collocation criteria require the matchups to occur less
than 300 km away from the ARM site and that the time of the radiosonde is within 3 h of the RO and NUCAPS matchup
time (see text for details).
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due to initialization/background errors of RO temperatures. Table 2 shows the average bias and RMS for the
altitude range of 40 hPa to 100 hPa, and Figure 3 graphs the bias values with 95% confidence intervals.

5.2. Tropical Western Pacific Site

Figure 2 (bottom row) shows the TWP ARM site statistical comparisons. Due to the TWP site’s location at low
latitudes where polar orbiting satellites pass overhead less frequently, as well as the fact that it stopped oper-
ating at the end of 2014, this site yields only 14 matchup cases. This is evident in the larger uncertainty range
for each bias profile estimate. Even with the low sample numbers, a characteristic bias of the NUCAPS retrie-
val within tropical regions (supported in later analyses) is seen in the 101 level and 1 km layer result—that of a
negative bias at ~100 hPa accompanied by a positive bias at ~50 hPa, which implies a disagreement in the
height of the tropopause. This bias feature is removed after AK application, and the RMS is reduced to
0.5 K within the 140–40 hPa range. COSMIC is seen to agree with ARM sondes from 40 to 100 hPa but with
large statistical uncertainty. Table 1 and Figure 3 summarize the average bias results and show that the
NUCAPS temperature agrees with the radiosondes within the uncertainty interval at the TWP site.

Figure 2. ARM radiosonde, COSMIC, and NUCAPSmatchup statistics. Statistics of 3 years for the (top row) NSA and (bottom
row) TWP ARM sites with number of samples and AK sum rows (leftmost), AK application (middle left), 100 level statistics
(middle right), and ~1 km slab layer statistics (rightmost). In three rightmost panels, biases (solid) are overlaid with 2σ
bias uncertainty (dotted) and RMS (dashed). Gray shaded boxes cover range of possible water vapor contamination of the
RO dry temperature product.
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5.3. Southern Great Plains Site

Figure 4 includes two sets of panels
of statistics over the Southern Great
Plains ARM site. For this site statistics
were split into two different time per-
iods whose atmospheric temperature
structures were found to be similar—
the months of May through
September in Figure 4 (top row) and
November through March in
Figure 4 (bottom row). From ~200 to
30 hPa COSMIC is seen to agree with
the radiosondes within the estimated
2σ bias uncertainty for both time per-
iods. Also, similar across the two time
periods is that after AK application,
NUCAPS agrees with the radiosondes
and COSMIC between 200 and
20 hPa and RMS values are decreased
to below 1 K. In the 1 km layer and
101 level results, NUCAPS bias to the

ARM sondes varies across the time periods—the summertime month bias varies less with height, staying clo-
ser to zero than the bias in wintertime months, which oscillates from +1 and �1 K between the 200 and
30 hPa pressure levels. The average bias in the 40 hPa to 100 hPa range is given in Table 1 and Figure 3.

6. NUCAPS and COSMIC Global Zonal Comparisons
6.1. Seasonal, Zonal Profile Statistics

Figures 5 and 6 show seasonal, zonal bias and RMS profile statistics for CrIS NUCAPS, AIRS ASTv6, and IASI
EUMv6 overlaid for each vertical averaging case. The sum of the AK rows is also shown and serves as a guide
for interpretation of the results—where the sum is closer to 1.0, the AK smoothed differences are more influ-
enced by the RO profile. Alternatively, where the sum tends toward zero, the difference between the sounder
and RO profile tends toward zero as well, which is not a sign of higher agreement but a lack of sensitivity in
these levels. Plots are zoomed to the 200–10 hPa region, which again bounds the levels where COSMIC and
current RO processing techniques are claimed to be of highest accuracy for the dry temperature products
(which roughly ranges from ~35 hPa down to the upper troposphere). Quick comparison of the statistics over
seasons and zones illustrates the range of characteristics that can be identified within specific temporal and
spatial domains; however, the variance of the statistics over time and latitude is detailed in later figures. For a
guide and due to their small magnitudes, the average of the AK smoothed biases and bias uncertainties over
the 40–100 hPa and 15–40 hPa range are shown in Tables 3 and 4, respectively.

Upon comparing the AK smoothed and 101 level results (the middle two panels of the four panel groups), the
AK application is seen to reduce the bias error for all zones, seasons, and IR sounders to within ~ ±0.5 K with
exceptions for various polar zones, such as the June-July-August/March-April-May (JJA/MAM) Antarctic and
December-January-February (DJF) Arctic zones. AK smoothed RMS are reduced the most from the 101 level
result for altitudes below ~30 hPa. The ~1 km slab averaging also overall reduces the RMS, generally within
the 40–150 hPa region but less than the application of AKs. The 1 km layering removes smaller magnitude
vertical oscillations that are confined to thinner vertical extents (e.g., JJA Northern Hemisphere (NH)
midlatitudes/Arctic 100–30 hPa regions) but retains and in some cases only slightly mutes structures from
large-magnitude vertical oscillations (e.g., DJF tropics/Southern Hemisphere (SH) midlatitudes and JJA
Antarctic 200–10 hPa). Uncertainty of the biases is negligible due to the large number of samples (>5000
per zone) included in this zonal analysis.

RMS results for all sounders relative to COSMIC RO are quite similar, with exceptions for ASTv6 in the
MAM/JJA Antarctic and NUCAPS in the DJF tropics. All AK smoothed RMS values are confined under ~1 K

Figure 3. Chart of Table 1 bias averaged over the 40 hPa to 100 hPa altitude
range for ARM sites (colored bars) overlaid with 2σ uncertainty in the bias
(thin, black error bars). The NUCAPS-RO and NUCAPS-Sonde estimates
include smoothing by NUCAPS averaging kernels, while the RO-sonde com-
parison has not been vertically smoothed.
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below the 40 hPa pressure level. The 101 level and 1 km layer results differ more than the AK smoothed
results between zones and seasons; however, typically, for midlatitudes and polar regions RMS values
reach a minimum of under 1.5 K around 60 hPa and for the tropics have a local maximum at ~70 hPa
which is surrounded by 2 local minima.

Overall, the AK smoothed NUCAPS bias is well behaved, staying under or not far from ~0.25 K below 30 hPa.
The 1 km layer NUCAPS bias points to the MAM/DJF tropics as the region of largest differences, and polar
winter zones also exhibit larger 1 km layer biases. The EUMv6 bias performs well—even in the 101 level
and ~1 km layer results the bias is seen to be within ~0.25 K more often than it is not. EUMv6 RMS for all
vertical smoothings is seen to be consistent—there are no months or zones with outlying RMS values. The
ASTv6 AK smoothed bias is similarly well behaved except for DJF Arctic and JJA Antarctic where it reaches
above 1 K. The JJA/MAM Antarctic zone 101 level results point to an unphysical, large vertical oscillation pre-
sent in the ASTv6 temperature profiles.

6.2. Monthly, 5° Zonal Results

Figure 7 shows monthly, 5° zonally averaged AK smoothed biases for two pressure levels extending from the
lower stratosphere to the upper troposphere region—at ~65 and 100 hPa. The 101 level results for these
pressure levels are shown in supporting information Figure S1, while results for the ~35 hPa, middle

Figure 4. Same as Figure 2 except for the (top row) SGP summer (May through September) and (bottom row) SGP winter
(November through March) ARM sites.
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Figure 5. Seasonal, zonal IR sounder minus COSMIC bias, and RMS for NUCAPS, ASTv6, and EUMv6. Average sum of AK
rows (leftmost of four panel group) and IR-RO bias (solid) with 2σ uncertainty (dotted, considered negligible) and RMS
(dashed) after AKs application (second leftmost), no vertical smoothing (second rightmost), and ~1 km layering (rightmost)
for five zonal regions for (left column) DJF and (right column) JJA seasons. Gray shading marks area under ±2 standard
deviations from the mean of the three IR sounder biases and provides a measure of the average IR sounder accuracy
compared to COSMIC RO.

Journal of Geophysical Research: Atmospheres 10.1002/2017JD026504

FELTZ ET AL. ASSESSMENT OF NOAA NUCAPS TEMPERATURE 9140



stratospheric pressure level, are shown in supporting information Figure S2. These three pressure levels are
selected from vertical regions where the AK row sum is close to 1.0 across all zones (with exceptions for
the 100 hPa tropical region where the AK sum drops down to 0.6). Due to the smaller number of samples
on the monthly, 5° zonal scales, the bias uncertainty is larger and results are only shown for regions where

Figure 6. Same as Figure 5 except for (left column) MAM and (right column) SON seasons.
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the uncertainty of the bias is less than the bias difference itself. Characteristic spatiotemporal patterns are
revealed across time and latitude as evident features are repeated from year to year for ASTv6 and NUCAPS,
e.g., the cold bias in ASTv6 polar winter months at 35 hPa or the NUCAPS 65 hPa January warm and cold bias
at 20 �50° latitude, respectively. While the AK smoothed biases for all IR sounders are qualitatively similar
across all pressure levels, the 101 level biases are different between heights.

NUCAPS AK smoothed bias is often under the uncertainty estimate in the tropical regions and is otherwise
dominantly below 0.5 K at all levels (seen by lack of thin black contours denoting 0.5 K increments). An inter-
esting feature of the 101 level bias in the tropics/NH midlatitude occurs around January–March where a
strong warm bias at 65 hPa turns into a strong cold bias at 35 hPa. This is also seen in the above profile

Table 3. Seasonal, Zonal AK*(IR Sounder Minus COSMIC) Bias and 1σ Bias Uncertainties Averaged Over the Vertical Range of 40 to 100 hPa

AK*(IR-RO) Bias, 1σ Uncertainty, and RMS 40–100 hPa Average

DJF MAM JJA SON

Bias Unc RMS Bias Unc RMS Bias Unc RMS Bias Unc RMS

NUCAPS
90°N–60°N �0.228 0.00909 0.885 �0.238 0.00628 0.743 �0.241 0.00517 0.665 �0.180 0.00578 0.717
60°N–30°N �0.130 0.00713 0.794 �0.173 0.00556 0.674 �0.173 0.00508 0.631 �0.169 0.0056 0.69
30°N–30°S �0.111 0.00489 0.594 �0.072 0.00503 0.634 �0.103 0.00485 0.572 �0.102 0.00493 0.623
30°S–60°S �0.266 0.00624 0.768 �0.159 0.00596 0.694 �0.218 0.0078 0.815 �0.243 0.00643 0.763
60°S–90°S �0.335 0.006 0.807 �0.153 0.00702 0.798 �0.340 0.00701 0.86 �0.372 0.00801 0.894

ASTv6
90°N–60°N �0.539 0.00906 0.951 �0.322 0.00759 0.764 �0.095 0.00546 0.531 �0.522 0.00595 0.807
60°N–30°N �0.238 0.00653 0.77 �0.081 0.0052 0.576 0.109 0.00468 0.535 �0.096 0.00529 0.624
30°N–30°S 0.222 0.00427 0.541 0.321 0.00439 0.61 0.283 0.00432 0.561 0.319 0.00437 0.61
30°S–60°S 0.161 0.00531 0.618 �0.083 0.00572 0.634 �0.245 0.00652 0.731 0.0036 0.00547 0.633
60°S–90°S �0.075 0.00621 0.592 �0.509 0.00737 0.826 �0.661 0.00836 0.931 0.0467 0.00757 0.713

EUMv6
90°N–60°N �0.0724 0.0119 0.915 0.195 0.0105 0.845 �0.127 0.00842 0.67 �0.283 0.00946 0.773
60°N–30°N �0.147 0.0119 0.871 �0.0669 0.00985 0.702 0.0047 0.00747 0.562 �0.129 0.00847 0.659
30°N–30S 0.0421 0.00778 0.547 0.0224 0.0108 0.628 �0.044 0.00703 0.568 �0.0028 0.00876 0.639
30°S–60°S �0.0122 0.00936 0.673 �0.169 0.0101 0.735 �0.216 0.00889 0.752 �0.138 0.00895 0.738
60°S–90°S �0.276 0.00951 0.796 �0.492 0.0123 1.04 �0.228 0.01 0.824 0.0182 0.0113 0.877

Table 4. Same as Table 2 Except for the 15 to 40 hPa Vertical Range

AK*(IR-RO) Bias, 1σ Uncertainty, and RMS 40–100 hPa Average

DJF MAM JJA SON

Bias Unc RMS Bias Unc RMS Bias Unc RMS Bias Unc RMS

NUCAPS
90°N–60°N �0.802 0.0166 1.74 �0.397 0.0111 1.31 �0.0566 0.00851 1.02 �0.678 0.00962 1.33
60°N–30°N �0.24 0.0127 1.42 �0.0483 0.00965 1.13 0.102 0.0091 1.09 �0.186 0.00985 1.19
30N–30°S �0.0593 0.0097 1.16 0.0491 0.00944 1.19 0.0745 0.00932 1.08 0.0273 0.00935 1.17
30°S–60°S 0.0424 0.0101 1.17 �0.188 0.0103 1.19 �0.379 0.0139 1.45 0.0433 0.0106 1.19
60°S–90°S �0.379 0.00959 1.23 �0.59 0.0102 1.28 �0.498 0.0103 1.26 �0.173 0.0116 1.2

ASTv6
90°N–60°N �0.547 0.0198 1.8 �0.439 0.0133 1.29 �0.303 0.00968 0.973 �0.487 0.0101 1.16
60°N–30°N �0.0644 0.0126 1.42 �0.0341 0.00974 1.07 0.0791 0.00924 1.04 �0.0522 0.00969 1.13
30°N–30°S 0.236 0.00973 1.16 0.332 0.00954 1.19 0.293 0.00939 1.11 0.284 0.00939 1.17
30°S–60°S 0.0968 0.00985 1.12 �0.0543 0.01 1.1 �0.149 0.0125 1.33 0.122 0.0097 1.13
60°S–90°S �0.465 0.0111 1.14 �0.437 0.0121 1.16 �0.374 0.0143 1.21 �0.0195 0.0123 1.16

EUMv6
90°N–60°N 0.0951 0.0186 1.43 0.207 0.016 1.27 0.154 0.0143 1.14 �0.408 0.015 1.21
60°N–30°N �0.122 0.0197 1.43 0.247 0.0168 1.22 0.319 0.0135 1.07 �0.0414 0.0148 1.13
30°N–30°S 0.24 0.016 1.15 0.168 0.0205 1.2 �0.0388 0.0138 1.11 0.141 0.017 1.25
30°S–60°S 0.172 0.0166 1.21 �0.199 0.0167 1.19 �0.102 0.017 1.38 �0.0732 0.0151 1.23
60°S–90°S �0.238 0.0148 1.19 �0.566 0.0175 1.43 �0.0317 0.0157 1.24 0.164 0.0175 1.37
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statistics—both the seasonal MAM/DJF tropical zones and the comparison of NUCAPS against radiosondes at
the TWP ARM site.

At 35 hPa, ASTv6 AK smoothed result has a warm bias in the tropical region which reaches over 0.5 K in
various regions and a cold bias in polar winter months that reaches under �0.5 K. This pattern is consistent
with the 101 level results, though the magnitudes are larger in the 101 level bias. The AK smoothed bias
pattern at 35 hPa is also seemingly carried down through the atmosphere to both the 65 and 100 hPa levels,
decreasing to magnitudes of less than ~0.25 K. The largest magnitudes of the 101 level biases seen in the
lower latitudes at all three levels show the temporal and latitudinal extent of the unphysical ASTv6 vertical
oscillation reflected in the seasonal statistics above.

EUMv6’s AK smoothed bias, somewhat similar across heights, is almost everywhere under 0.5 K magnitude.
The 101 level results are dominantly under 1 K with exceptions seemingly clustered closer to
tropical latitudes.

6.3. Time Series

To highlight the IR-RO differences seasonal dependence and to facilitate a more direct comparison of the IR
sounder performances, Figure 8 shows zonal time series of the AK smoothed results at the ~65 hPa level,
while Figure S3 shows results for the 101 level results. Time series are obtained by lowess filtering daily mean
values to remove outliers. The typical number of samples is ~50 per day for each of the five latitude zones;
however, the number varies regularly from ~10 to 100 in some regions such as the tropics, which calls for cau-
tion in interpretation of the results. Also overlaid with the daily means in Figure 8 are the daily mean ±2 daily
mean uncertainties as faint colored lines.

Seasonal patterns are seen in the polar and midlatitude 101 level and AK smoothed temperature differ-
ences; however, they are of lesser magnitudes in the AK smoothed results. The tropical zone 101 level
differences also contain seasonal patterns, but they are removed by the AK application. The AK smoothed
differences are often under 0.5 K and are within or not far from the estimated 2σ uncertainty of the mean,
with an exception for ASTv6 divergences in the polar regions around wintertime. In the tropical zone, AK

Figure 7. Monthly, 5° zonally averaged results. AK smoothed IR minus COSMIC biases for (top row) NUCAPS, (middle row) ASTv6, and (bottom row) EUMv6 for the
~65 hPa level (left column) and ~100 hPa level (right column). Contours are shown for every 0.5 K (thin) and 1 K (bold).
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smoothed results are consistently around 0 K for EUMv6, �0.1 K for NUCAPS, and 0.3 K for ASTv6, with
ASTv6, in general, being outside the 2*daily uncertainty range.

EUMv6 AK smoothed differences are most outside their uncertainty range in the Antarctic June and March
time frames, where they briefly reach under�0.5 K, which is consistent with the 101 level results. The obvious
spurious ASTv6 and NUCAPS temperature difference feature in the Arctic following January 2013 is seen in
both smoothing of temperatures. The number of matchups for both ASTv6 and NUCAPS in this time period
are seen to be under 20 for an extended period of time, which may be having an influence on the bias if the
matchup spatiotemporal sampling is not consistent with time. Temperature profiles and their differences for
this zone during January and February are shown in supporting information Figures S4 and S5 and reveal a
change in atmospheric structure between the 2 months which could be a cause of the spurious differences.
Figure S6 shows time series of differences for the ~35 and ~103 hPa pressure levels and illustrate both the
variance of the differences across height in the 101 level results and the similarity in the structure of the time
series across height in the AK smoothed results.

From the summary results of Table 3 for the 40 hPa to 100 hPa average bias we can compute a double
difference between NUCAPS-COSMIC and ASTv6-COSMIC to estimate the 30° zonal latitude difference
between NUCAPS and ASTv6. A similar double difference with EUMv6-COSMIC yields the mean zonal bias
between NUCAPS and EUMv6 temperatures. Figure 9 shows the double difference comparison of NUCAPS

Figure 8. Time series of AK*(IR� RO) temperature differences at ~65 hPa. Lowess-filtered daily means of differences (bold)
and daily mean ±2 daily mean uncertainties (light colors) overlaid for NUCAPS (black), ASTv6 (blue), and EUMv6 (red) for a
global (top) and all latitude zones.
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with ASTv6 and with EUMv6 separated by season. Excluding the polar regions, NUCAPS appears to agree
slightly better with EUMv6 than with ASTv6. In particular, a systematic NUCAP minus ASTv6 bias of about
�0.3 K to �0.4 K is found in the tropical zone, whereas the bias of NUCAPS with EUMv6 is less than 0.2 K.
Overall, the NUCAPS temperature in the 40 hPa to 100 hPa range is within 0.5 K of both ASTv6 and EUMv6
for all latitude zones, after application of the corresponding averaging kernels.

7. Discussion and Conclusions

The objective of this work was to assess the NOAA NUCAPS temperature profile product from the upper tro-
posphere through themiddle stratosphere and to characterize seasonal and latitudinal systematic biases and
root-mean-square errors. Vaisala RS92 radiosondes launched from fixed ARM sites are used as a temperature
absolute reference but are limited statistically by the number of time and space coincident samples. A com-
parison of NUCAPS with COSMIC RO provides a statistically large data set on 30° latitude zones for each of the
four seasons. The relative stability of the UCAR COSMIC dry temperature product allows it to be used as a
common reference for the intercomparison of NUCAPS temperature products to similar products produced
by NASA from Aqua AIRS and by EUMETSAT from MetOp-B IASI.

To provide an objective assessment of the IR sounder retrieval products, averaging kernels were calculated
from temperature Jacobians obtained from the OSS radiative transfer model. Application of the averaging
kernels to the IR sounder minus RO and IR sounder minus ARM radiosonde differences significantly decreased
the magnitude of the biases. The RMS error was also dramatically reduced by the AK smoothing. In contrast,
the ~1 km slab layering described in the paper only slightly decreased the bias and RMS values and largely
retained the systematic vertical oscillation features seen in the 101 level results. The averaging kernels and
~1 km slab layering characterize different types of errors and should both be used to investigate difference
errors (e.g., see ASTv6 Antarctic results). The results of this paper suggest that IR vertical averaging kernels
need to be computed and applied consistently among the radiosonde, RO, and IR sounding differences on
a case by case basis, and they support the motivation for data centers to supply users with averaging kernels.

Time and space coincident matchups of DOE ARM radiosondes with NUCAPS and COSMIC temperature pro-
files were found over a period of 3 years at the NSA, SGP, and TWP sites. The NUCAPS profiles used in the
resulting three-way comparison were computed using an averaging method that matches the IR profile reso-
lution to that of the COSMIC RO profile and accounts for the horizontal averaging effects of the RO. This
method thus reduces spatiotemporal mismatch error between the NUCAPS and COMSIC RO profiles.
Vertical averaging is also applied to all three comparisons to account for the different vertical resolutions
of the radiosonde, COSMIC RO, and IR sounder profiles in the 100 to 40 hPa range. The ARM site analysis

Figure 9. Double difference of (top) NUCAPS-COSMICminus ASTv6-COSMIC and (bottom) NUCAPS-COSMICminus EUMv6-
COSMIC for the 40 hPa to 100 hPa vertical range after application of averaging kernels. Error bars about the end of the bars
are the RSS of 2*NUCAPS bias uncertainty and 2*ASTv6 bias uncertainty in Figure 9 (top) and the RSS of 2*NUCAPS bias
uncertainty and 2*EUMv6 bias uncertainty in Figure 9 (bottom). Values are computed from Table 2.
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finds the NUCAPS temperature in this pressure range to have an average bias to the radiosondes of less than
0.44 K and an RMS error of less than 1 K. In particular, as seen in Table 2, the average NUCAPS bias and RMS
error relative to radiosondes is found to be �0.20 ± 0.09 K (0.70 K RMS) for the NSA, �0.09 ± 0.18 K (0.66 K
RMS) for SGP summer, �0.15 ± 0.29 K (0.95 K RMS) for SGP winter, and �0.17 ± 0.18 K (0.37 K RMS) for
TWP. Relative to COSMIC RO, NUCAPS bias is �0.14 ± 0.15 K (1.10 K RMS) for the NSA, �0.29 ± 0.20 K
(0.80 K RMS) for SGP summer, �0.17 ± 0.16 K (0.53 K RMS) for SGP winter, and �0.17 ± 0.19 K (0.41 K RMS)
for TWP. The uncertainties stated above represent the 95% confidence interval (k = 2).

Three years of Suomi-NPP CrIS and Aqua AIRS matchups to COSMIC RO are used to calculate IR sounder
minus COSMIC bias and RMS statistics in five global latitude zones. A similar matchup analysis was performed
with 1 year of MetOP-B IASI data. The comparison of CrIS/NUCAPS to EUMETSAT IASI version 6 and NASA AIRS
version 6 temperature products could reveal biases in the calibrated radiances. Direct comparison has been
made between CrIS and IASI and AIRS radiances using simultaneous nadir overpasses [Tobin et al., 2013]. In
this study, the double difference between NUCAPS-COSMIC and ASTv6-COSMIC provides some information
about the CrIS and AIRS brightness temperature observations as they are used by the corresponding retrieval
algorithms. NUCAPS agreement with ASTv6 and EUMv6 is less than 0.5 K after application of averaging ker-
nels for the vertical range of 100 to 40 hPa. The results are only slightly worse in the 40 to 15 hPa region of the
middle stratosphere. For altitudes above the 15 hPa pressure level, the uncertainties in the COSMIC RO dry
temperature product preclude making firm conclusions.

Further work will involve comparison with official GRUAN processed temperature soundings from the ARM
sites. The use of RO has been shown to be a powerful method for intercomparison of satellite soundings from
different sensors using different algorithms sampling different times of day. Routine comparison of future
operational RO, dedicated radiosondes, hyperspectral IR, and advanced microwave soundings is recom-
mended to help understand systematic errors inherent in each observing approach.

Appendix A: Vertical Averaging Techniques

A1. Averaging Kernel Calculations

When it is assumed that the RO represents the “true” atmospheric state and no vertical smoothing is applied,
the RO and IR sounder temperature difference statistics provide an assessment of the IR sounder measuring
system’s ability to capture the true atmospheric state; however, they do not account for the inherently more
limited capability of the IR sounders to resolve atmospheric structures in the vertical. To provide a fair assess-
ment of the retrieval scheme by accounting for the theoretical measuring capabilities of the IR sounders,
averaging kernel (AK) matrices are used [Rodgers and Connor, 2003; Rodgers, 1990]. AK matrices are smooth-
ing functions that replicate the smoothing induced by the vertical integral inherent in the IR radiative transfer
equation and ideally represent the radiance sensitivity to temperature to nearby heights of the atmosphere
[Luo et al., 2007], and they are applied to the higher-resolution profiles to decrease their resolution to that of
the IR sounder.

For this work, AIRS, CrIS, and IASI instrument AKs are calculated and applied to the RO/IR sounder matchup
temperature differences for each individual matchup, with the AK application denoted as AK* in the figures.
Temperature Jacobians, also referred to as weighting functions (WFs), required for the AK calculations are cal-
culated using the OSS RTM [Moncet et al., 2008] for the subset of channels listed in Table A1. CrIS temperature
Jacobians are calculated for unapodized radiances, and for the 15 μm region subset of channels, the unapo-
dized CrIS AKs are qualitatively similar to the AKs computed from IASI and AIRS (shown in following
Figure A3). For each matchup case RTM calculation, atmospheric parameters of ozone, water vapor, skin tem-
perature, and surface pressure from the ERA-Interim reanalysis, carbon dioxide from NOAA’s CarbonTracker,
and the IR sounder-retrieved temperature profile and instrument scan angle are used as input to the RTM.

In the following description of the AK calculation and application process, vectors are denoted by lowercase
bold font and matrices by uppercase bold font. The temperature Jacobian, K, is defined by K= (x� xo)/
(y� yo), where x is the true atmospheric temperature profile, y is the top of atmosphere radiance, and f(x)
is the forward model defined as y= f(x) which is linearized about (xo , yo) and neglects instrument measure-
ment error [Rodgers and Connor, 2003]. K thus describes the portion of the temperature profile represented
by each radiance measurement [Rodgers, 1976]. Figure A1 illustrates the IASI, AIRS, and CrIS temperature
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Jacobians computed by OSS for the sets of channels used in the AK calculations, which are listed in Table A1.
The AIRS channel set used for this study contains the channels suggested by Hoffmann and Alexander [2009]
for use in stratospheric temperature retrievals. Channels from the 15 μm CO2 absorption region are chosen
for each instrument with the following criteria: their WF has a well-defined peak between 1 and 300 hPa
and the integrated weights of their WF between 1 and 300 hPa is maximized. To calculate the AKs after
the K matrices are obtained, a Tikhonov regularization approach is used to condition the inverted matrix
KTK in the equation which defines the averaging kernel, A, as follows:

A ¼ KTKþγI
� ��1�KTK; (A1)

where I is the identity matrix and γ is a constant used to condition the matrix (KTK)�1. For every matchup
case’s computed K matrix, equation (A1) is used to calculate the corresponding AK. Also referred to as a
damping parameter, γ in this study is also calculated for each matchup case using singular value decomposi-
tion on the inverted matrix, KTK. To ensure that the determined gamma value conditions the inverse matrix
properly, the condition number, which is the ratio of the largest to smallest singular value, is calculated as
well. The closer to 1 the condition number is, the more well conditioned the matrix is. The constant γ in this
analysis is defined as the leading eigenvalue following the eigenvalue corresponding to retaining at least
99% of the inverted matrix information. In other words, the eigenvalue corresponding to retaining 99% of
the information is found and the following eigenvalue is selected. While variations are seen with instrument
and stratospheric lapse rate, gamma is typically defined as the fourth leading eigenvalue, which makes sense
since the number of retained eigenvalues corresponds to how many pieces of information are present in the
measurements (and IR sounders can contain up to seven pieces in their measurements and this analysis uses
only a subset of the IR sounder channels).

Degrees of freedom (DOF), calculated as the trace of the AK matrix, is another way to describe information
content and is shown in Figure A2 (top), which illustrates the relationship between the condition number,
percent information retained, and DOF for the IASI, CrIS, and AIRS January 2014 tropical zone AKs. For this

Table A1. IASI, CrIS, and AIRS Channels Selected for Use in the AK Calculation

IR Instrument Channel Definition

IASI Chan (#) 26, 38, 39, 49, 57, 88–100, 105, 106, 108, 109, 173, 186, 195, 210–212
cm�1 651.25, 654.25, 654.50, 657.00, 659.00, 666.75–669.75, 671.00, 671.25, 671.75, 672.00, 688.00, 691.25, 693.50, 697.25–697.75

CrIS Chan (#) 8, 18, 21, 26, 28–33, 35, 36, 51, 52, 57, 70, 75, 77
cm�1 654.375, 662.500, 660.625, 665.625, 666.875–670.000, 671.250, 671.875, 681.25, 681.875, 685.000, 693.125, 696.250, 697.500

AIRS Chan (#) 9, 34, 69–83, 88, 89, 91, 92, 128, 150, 156, 162, 168, 169
cm�1 651.5329, 657.5886, 666.2706–669.8116, 671.0859, 671.3414, 671.8530, 672.1091, 681.4665, 692.7567, 694.4010, 696.0533, 697.7136, 697.9911

Figure A1. IASI, CrIS (unapodized), and AIRS January 2014, 30°N–30°S average temperature Jacobians illustrating the 15 μm
region channels used to calculate averaging kernels.
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subset, condition numbers are generally below 40, either four or five eigenvalues are retained (not shown),
and the DOF ranges between ~3 and 5. In a pattern not exclusive to this zone and month, IASI measurements
are seen to generally contain more independent pieces of information than AIRS or CrIS; however, this also
causes the condition numbers for some of IASI’s calculated AKs to be higher as well. Figure A2 (bottom)
shows the corresponding monthly average eigenvector leading entries with horizontal lines representing
the average gamma values used in the AK matrix inverse calculation. Similar to the DOF, only three to four
independent pieces of information are obtained on average. Figure A2 shows that rational amounts of infor-
mation are being represented in the AK calculations.

As in Rodgers [1990], the averaging kernel is related to true atmospheric temperature and the retrieved tem-
perature, xret, by xret=Ax+ (I�A)xo. From this equation, it is recognized that the sum of the AK matrix rows

Figure A2. January 2014, 30°N–30°S AK calculation information. Percent information retained of (KTK) versus condition
number of the inverse matrix (KTK + γI) colored by DOF of the (top) AK matrix and (bottom) the eight leading,
monthly average eigenvalues with gamma values marked by horizontal lines and noted in the legend for AIRS, CrIS,
and IASI.

Figure A3. January 2014, 30°N–30°S mean IR sounder temperature averaging kernels. Average sum of IASI, CrIS, and AIRS
AK rows overlaid with (first panel) ±2 standard deviations and average (second panel) IASI, (third panel) CrIS, and (fourth
panel) AIRS averaging kernels, respectively.
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(or the areas under each of the AK curves) represents the fractional weighting applied to the true/higher-
resolution profile, while the sum of the matrix I-A represents weighting from the reference (or a priori) profile.
Figure A3 shows the average January 2014, 30°N–30°S sum of AK matrix rows and AKs for IASI, CrIS, and AIRS.
While the three IR sounders have different spectral resolutions and different spectral sampling, they have
very similar averaging kernels. Figure A3 (first panel) shows that for each individual AK matrix the sum of
its rows does not vary from the zonal mean by more than 0.1 at the 95% confidence level, with the exception
of the 80–200 hPa vertical region. The truth profile alone is dominantly contributing to AK smoothed profile
difference in the 10–80 hPa region where the AK row sum is ~1.0. The width of each AK curve is a measure of
the vertical resolution of the observing system [Rodgers, 1976]. From the previous equation defining xret, a

Figure A4. Effect of different vertical resolving capabilities of RO and CrIS hyperspectral IR sounder instrument in Arctic
winter. January 2014 Arctic (60–90°N) matchup NUCAPS and COSCMIC temperature differences as follows, where AK*
denotes the CrIS AK application: AK*(NUCAPS-COSMIC) � (NUCAPS-COSMIC) (colored profiles). Bias (solid black) and bias
plus minus standard deviation (dashed black) of these differences are overlaid.

Figure A5. Comparison of different vertical smoothing applications applied to the IR sounder minus RO differences. (left)
Approximate vertical resolutions as determined by the January 2014 global mean CrIS AK FWHMs (red) and pressure
difference of the 1 km (blue) and 101 (black) levels below from the current levels with black horizontal lines bounding
region of interest. (right) January 2014, 30°N–30°S, NUCAPS minus RO bias (solid) with uncertainty (dotted) and RMS
(dashed) with no vertical averaging (i.e., on 101 levels, black), ~1 km layering (blue), and AK application (red).
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smoothed version, xsmooth, of a higher-resolution, “truth” profile, in this case of the RO, is calculated by
xsmooth= xo+A(x� xo) and thus the smoothed IR sounder minus RO temperature difference by [Connor
et al., 1994; Rodgers and Connor, 2003].

xret � xð Þsmooth ¼ xret � xoð Þ � A x� xoð Þ: (A2)

Equation (A2) is used to calculate the AK smoothed IR minus RO temperature differences, where xo is defined
to be the temperature profiles used to compute the Jacobians, which are the IR sounder retrievals [Rodgers,
1990; Rodgers and Connor, 2003].

The impact of applying AKs is illustrated in Figure A4 using January 2014 Arctic NUCAPS and COSMIC
matchup temperature differences and corresponding CrIS AKs. The following double differences are taken
between the RO and IR sounder profiles: AK*(IR-RO) � (IR-RO). Figure A4 shows the bias of the double
differences with single standard deviations bounding it on each side. On average, the RO is able to resolve
just over 1 K larger temperature magnitudes than the CrIS/NUCAPS observing system. As shown by the
dashed standard deviation lines, 32% of the time the RO is able to resolve magnitudes over 2 K larger than
the IR observing system and for some extreme profiles the RO resolves over 6 K magnitude larger
temperature features.

A2. Comparison of Methods

Figure A5 compares the two different vertical averaging methods applied to IR sounder and RO temperature
profile differences. Figure A5 (left) shows a measure of the vertical resolution of the differently vertically
smoothed results. The vertical resolution obtained by the application of AKs is approximated by the full width
at half maximum (FWHM) of the AK matrix rows for an example January 2014 global average CrIS AK. The 101
level and ~1 km layer result proxy resolutions are the differences between the pressure levels (done as level
below subtracted from current level). The 1 km layer statistics are calculated using approximate fixed-width
bins that are ~1 km in the lower atmosphere but increase to ~3 km in the stratosphere. The details of the 1 km
layering method can be found in M. L. Feltz et al. [2014]. The AK vertical resolution changes from ~220 to
20 hPa between the 300 and 10 hPa levels, whereas the 101 level resolution changes from ~14 to 1 hPa.
Due to the logarithmic nature of pressure distribution throughout the height of the atmosphere, while the
pressure differences/FWHM decrease with height, the vertical resolution is tending to decrease as well. The
1 km layer results are seen to offer a resolution between that of the 101 level and AK smoothed results.
This shows that it is important to use AKs for comparison of stratospheric temperatures.

Figure A6. IR sounder instrument scan angle effect on AK smoothed IR-RO temperature differences. (first panel) NUCAPS (blue) and COSMIC (black) matchup tem-
peratures, (second panel) carbon dioxide RTM input, (third panel) mean of scan angle 50° and 0° sum along the AK rows, and (fourth panel) difference of the
AK*(NUCAPS � COSMIC) temperature difference for a scan angle of 0° and 50° (difference taken as scan angle 0 minus scan angle 50) for three cases representing
different latitude zones.
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Figure A5 (right), the NUCAPS minus COSMIC bias and RMS statistics for January 2014 tropics are overlaid for
all three types of vertical averaging. The 101 level and ~1 km layer biases look qualitatively similar; however,
the ~1 km layer RMS is reduced by ~0.5 K. AK application changes the statistics more than the 1 km layering
—the RMS is reduced at all heights and by over 50% in the UTLS, while the large ~1 K magnitude vertical
oscillation around 40–100 hPa in the bias is removed. The RMS is seen to grow with increasing height above
~30 hPa, likely due to the ionospheric influence on the top of the RO profile, and grows with decreasing
height below the ~300 hPa level due to the water vapor contamination of the RO dry temperature product.

A3. AK Sensitivity Study: Instrument Scan Angle

To estimate the effect of the IR sounder instrument scan angle (which ranges from 0 to 50°) on the AK
smoothed temperature difference, example COSMIC and NUCAPS matchup cases from three different lati-
tude zones on 17 February 2016 are investigated. CrIS AKs corresponding to scan angles of 0 and 50° are cal-
culated and applied according to the methodology described above using the NUCAPS temperature and CT
carbon dioxide input profiles shown in Figure A6 (first and second panels). Figure A6 (third panel) shows the
average sum along the AK row and indicates that the most meaningful AK temperature difference results lie
in the ~1–100 hPa region. The effect of the 50° scan angle on the smoothed temperature difference shown in
Figure A6 (fourth panel) reveals a potential bias of over ~0.25 K that could be introduced around the 100 hPa
region in the tropics and SH polar atmospheres and a bias of over ~0.3 K that could be introduced in the SH
polar atmosphere from ~3–9 hPa. To minimize such potential biases, the AK calculation method employed in
this paper takes into the account the IR sounder instrument scan angle for each matchup.
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