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Ozone Profile Retrievals From the
Cross-Track Infrared Sounder

Pengfei Ma, Liangfu Chen, Zhongting Wang, Shaohua Zhao, Qing Li, Minghui Tao, and Zifeng Wang

Abstract—This paper presents an algorithm for the retrieval
of ozone profiles from the Cross-track Infrared Sounder (CrIS)
aboard the Suomi National Polar-orbiting Partnership satellite
using a nonlinear optimal estimation method. The issue of channel
selection is discussed. Based on a sensitivity analysis, we selected
a spectral range of 990-1070 cm~! for the ozone profile retrievals.
Compared with ERA-Interim ozone profiles and eigenvector re-
gression method profiles, the ozone climatology profile is better
able to construct the a priori state. The retrieved CrIS profiles
are in good agreement with smoothed high-vertical-resolution
ozonesonde profiles. An analysis of the information content of
the CrIS retrievals demonstrates that the CrIS measurements can
provide useful information for capturing the spatial and temporal
variations in ozone and are insensitive to ozone below 400 hPa. An
error analysis revealed that smoothing error represents the main
error source for the retrieved CrIS ozone profiles.

Index Terms—Cross-track Infrared Sounder (CrIS), eigenvec-
tor regression, nonlinear optimal estimation, ozone profile.

I. INTRODUCTION

ZONE is a particularly critical trace gas in the Earth’s

atmosphere, because this molecule plays a key role in
atmospheric photochemical reactions and in climate change.
On average, approximately 90% of the atmospheric ozone is
found in the stratosphere, and 10% is found in the troposphere
[20]. Ozone in the stratosphere forms a protective shield that
reduces the intensity of ultraviolet (UV) radiation from the sun
at the Earth’s surface and further determines the vertical profile
of temperature. In the troposphere, where it is an important
greenhouse gas, ozone traps heat in the Earth’s atmosphere
[17]. Because of its high reactivity, ozone is an extremely
powerful oxidizing agent that damages rubber and plastics and
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is harmful to humans and plants even at low concentrations
[37]. Monitoring globally distributed vertical ozone profiles is
essential for understanding physical and chemical processes
in the atmosphere, tracking stratospheric ozone depletion and
tropospheric pollution, improving forecasts of the UV index,
and estimating climate forcing from ozone [21]. Thus, ozone
needs to be monitored with good spatial and temporal coverage.

Ozonesondes can provide ozone concentrations from the
ground to approximately 30-35 km, with a very high vertical
resolution (0.1 km), a precision better than +(3-5)%, and an
accuracy of approximately +(5-10)% up to an altitude of 30 km
[34]. However, spatial coverage is too sparse to provide a global
picture of ozone distribution.

In recent decades, space-based remote sensing has been used
to obtain dense spatial and temporal ozone measurements. The
two major types of measurements with high spectral resolu-
tion are UV-visible and thermal infrared (TIR). UV measure-
ments have been made by the Solar Backscatter Ultraviolet 2
(SBUV/2) instrument, which continues the NASA Nimbus-7
SBUYV record that began in 1978 [12], [16], the Total Ozone
Mapping Spectrometer (TOMS) series of instruments, which
began operation with the Nimbus-7 TOMS in 1978 [24],
[25], the Global Ozone Monitoring Experiment 2 (GOME-2)
instrument, which continues the GOME instrument [2], the
SCanning Imaging Absorption spectroMeter for Atmospheric
CHartographY [2], the Ozone Monitoring Instrument (aboard
Aura) [39], and the Ozone Mapping and Profiler Suite [aboard
the Suomi National Polar-orbiting Partnership (Suomi NPP)
satellite] [13]. High-resolution thermal infrared measurements
have been made by the Interferometric Monitor for Greenhouse
Gases (aboard ADEOS) [8], the Atmospheric Infrared Sounder
(aboard AQUA) [10], the Tropospheric Emission Spectrome-
ter (aboard EOS-AURA) [29], [38], the Infrared Atmospheric
Sounding Interferometer (aboard MetOp-A) [3], [7], and the
Cross-track Infrared Sounder (CrIS, aboard Suomi NPP). Both
types of satellite-based observations can capture ozone vari-
ability and are weakly sensitive to the lowermost tropospheric
ozone content. In the UV, the measurement sensitivity to the
lowermost troposphere is low because of the Rayleigh backscat-
ter of the incoming solar radiation as the air density increases
in the lower troposphere, whereas in the TIR, measurement
sensitivity to the lowermost troposphere requires high thermal
contrast between the Earth’s surface and the near-surface (tens
to hundreds of meters above surface) atmosphere. However,
TIR measurements will always provide information in the free
troposphere in cloud-free conditions [30].

In this paper, we present a detailed study on the development
of an algorithm for retrieving ozone profiles from the CrIS.

0196-2892 © 2016 IEEE. Personal use is permitted, but republication/redistribution requires IEEE permission.
See http://www.ieee.org/publications_standards/publications/rights/index.html for more information.


mailto: mpf136@163.com
mailto: yzh_4_2002@sina.com
mailto: zshyytt@126.com
mailto: zshyytt@126.com
mailto: li.qing@mep.gov.cn
mailto: lfchen@radi.ac.cn
mailto: taomh@radi.ac.cn
mailto: wangzf@radi.ac.cn
mailto: wangzf@radi.ac.cn

3986

290

N
3
0
e
}ﬁ J
b 2
%_;
2 __3
e
T o

\ CO2

Brightness Temperature [K]
N
g

N
@
S

T

L

210
600 800 1000 1200 1400 1600 1800

Wave Nurmbers [crm™]

2000 2200 2400 2600

Fig. 1. CiIS observations above the Broadmeadows (March 3, 2012) site.

This study is important for us to improve the accuracy of ozone
satellite remote sensing retrievals in future studies. The CrIS
instrument is described in the next section. Section III explains
the retrieval method and the characterization and error analysis.
In Section IV, results from the different comparisons are shown
and discussed. Finally, this paper is summarized in Section V.

II. CRIS INSTRUMENT

The CrIS, which is a Fourier transform spectrometer, was
designed to produce high-resolution 3-D temperature, pressure,
and moisture profiles to enhance weather forecast models for
both short-term and long-term weather forecasting. Over longer
timescales, these measurements will help improve our under-
standing of climate phenomena (http://npp.gsfc.nasa.gov/cris.
html). The CrIS, which is aboard NASA’s Suomi NPP satellite,
was launched on October 28, 201 1. It provides soundings of the
atmosphere via 1305 spectral channels over three wavelength
ranges: Long-wavelength infrared (LWIR) (9.14-15.38 pm),
Mid-wavelength infrared (MWIR) (5.71-8.26 pm), and Short-
wavelength infrared (SWIR) (3.92-4.64 pm), with unapodized
spectral resolutions of 0.625, 1.25, and 2.5 cm— 1, respectively.
The CrIS swath is 2200 km wide with 30 fields-of-regard
(FORs) per scan line. Each FOR contains nine fields of view,
each of which has a 14-km diameter at nadir (see Fig. 2) [14].
Fig. 1 shows the measured CrIS brightness temperature spectra
(see Fig. 2 for the CrIS footprint).

III. INVERSE METHOD DESCRIPTION
A. Forward Model

For any remote measurement, the measured quantity y is
some vector valued function f of the unknown state vector x
and other parameters b that have an impact on the measurement
[32]. The general forward model can be written as

Y = F(X,b) +e. (1)

In this paper, the state vector X is the ozone profile that
will be retrieved, € is the measurement noise, and F' is the
forward model. The vector b consists of surface parameters
(emissivity and temperature) and atmospheric parameters (e.g.,
atmospheric profiles and clouds). In this paper, the k-matrix
model of the Community Radiative Transfer Model (CRTM)
[15] is used to simulate the CrIS radiances and their derivatives
to the surface/atmospheric parameters in the retrieval state.
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Fig. 2. CrIS footprint.

B. Retrieval Method

Our retrieval algorithm combines previous knowledge of the
atmospheric state and new information obtained from measured
spectral radiances. Because the retrieval problem is ill posed
and has no unique and stable solution, regularization techniques
must be utilized to find the best representation of the true state
[22]. In this paper, we used an optimal estimation method to
derive ozone profiles.

1) Optimal Estimation Method: The retrieval  is the result
of the retrieval method R, and the scheme has been described
in detail [32],i.e.,

i=R (F(m, b) + e, b, xa, Sa) )

where x, is an a priori profile (in this study, the a priori ozone
profile is obtained using an eigenvector regression technique;
see Section III-B2), b is the best estimate of the forward
function parameter b, and S, is the a priori covariance matrix.
Since the forward model is usually a nonlinear function of the
atmospheric state vector, an iterative method is needed to find
the minimum of the cost function J, i.e.,

J=(X-X)"-51 (X - X.)
+(F(X)=Y)T - S (F(X)=Y). ()

The differences between the measured (Y') and simulated
(F(X)) radiances and between the retrieved (X) and a priori
(z,) state vectors, constrained with the measurement error
covariance matrix (S, ) and the a priori covariance matrix (S, ),
are calculated in each iteration with the solution

Xip1 = X, + (KFS'K, + 8,1 KPS,
Y = F(X;)) - Ki(Xa — X3)] @)


http://npp.gsfc.nasa.gov/cris.html
http://npp.gsfc.nasa.gov/cris.html
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where X;;1 and X are the current and previous state vectors,
respectively. In our retrieval scheme, the first guess X is
chosen equal to the a priori profile X,. K = 0Y/0X, which is
the weighting function, or the Jacobian matrix. The following a
priori covariance matrix was used (see [32] and [18]):

(Su)y = (02 o0 (<157 )

where (03, );; is the standard deviation of the climatology, and
his the length scale. The measurement error covariance matrix Se
is a diagonal matrix; the nondiagonal elements are set to zero.

Retrievals were only performed for cloud-free scenes, which
were identified using a basic cloud filtering system based on
the brightness temperatures at 11 and 12 ym and on their com-
parison with the European Centre for Medium-Range Weather
Forecasts (ECMWF) analyses of the surface skin temperature
[3]. The surface emissivity used over land is provided by an
emissivity database [5], and the sea surface emissivity model is
the Nalli model [28]. The temperature and water vapor profiles
used in the inversion process are bilinear interpolations of the
ECMWEF temperature and specific humidity fields on the CrIS
observation pixels. The state vector in the iterative retrieval
includes only ozone profiles.

2) A Priori Profile: For ill-posed problems, other informa-
tion in addition to the measurements is needed to constrain the
solution and to choose a reasonable profile from the infinite
number of mathematically possible profiles [11]. In the opti-
mal estimation retrieval technique, this information generally
takes the form of a priori profile, which is regarded as a
very important prior restriction in order to obtain a stabilized
and regularized solution [6], [23]. We evaluated three possible
alternative a priori profiles, namely, the ECMWF profiles, the
regression algorithm results, and the ozone climatology, and
then chose a more accurate profile as the first guess profile.

ERA-Interim is the latest global atmospheric reanalysis pro-
duced by the ECMWE, for the period after January 1, 1989.
It is a 12-h 4D-Var assimilation system, which assimilates
TOMS total ozone, SBUV and SBUV/2 (on NOAA-14) ozone
profiles, and GOME ozone profiles that are produced by the
Rutherford Appleton Laboratory [9]. We used the ozone data
on a horizontal grid of 1° in latitude by 1° in longitude with
37 pressure levels between the surface and 0.1 hPa.

The regression method provides a stable retrieval with a finer
grid from 0.005 to 1100 hPa. In the regression algorithm, the
channel radiances are first simulated for the global profiles of
temperature, moisture, and ozone and surface temperatures from
the SeeBorV5.0 profile database [1], which consists of 15704
global profiles of temperature, moisture, and ozone at 101 pres-
sure levels (between 1100 and 0.005 hPa) for clear-sky condi-
tions. Using the simulated radiances y (we selected the first 1245
channels), the inverse solution can be written [35], [36] as

(6)

where the vector x contains the atmospheric profiles of the
temperature, water vapor, and ozone. C' is the best fit operator
matrix obtained using a linear least square method, i.e.,

C=xyT(yy? +EET)!

z=C-y

(N
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where (YYT) is the covariance of the simulated radiance,
(XYT) is the covariance of the training profile with the simu-
lated radiance, and (EET) is a statistical covariance of spectral
radiance noise.

The ozone climatology that consists of monthly average
ozone profiles for 10° latitude zones covering altitudes from
0 to 65 km was taken from [26] and is based on data from
the Aura Microwave Limb Sounder (MLS; 2004-2010) and
balloon sondes (1988-2010). The MLS instrument on Aura
has much better latitude coverage than the SAGE II data that
have been previously used and measures ozone daily from the
upper troposphere to the lower mesosphere. The additional
balloon data provided a much more accurate tropospheric ozone
climatology [27].

We compare the ECMWE, regression, and climatological
profiles with the ozonesonde data in Fig. 3. The colors of the
profiles are as follows: regression in blue, ECMWEF in green,
climatology in red, and interpolated sonde in black. The colors
of the relative differences are as follows: (regression—sonde)/
sonde in blue, (climatology—sonde)/sonde in red, and (ECMWF—-
sonde)/sonde in green. All of the data were interpolated to the
regression pressure grid. The comparison indicates that both the
ECMWEF and regression profiles are in good agreement with
the sondes in the stratosphere, but are in relatively poor agree-
ment in the troposphere, particularly at the bottom of the tro-
posphere. In contrast, the ozone climatology provides a much
more accurate tropospheric profile in most cases, particularly
in the Southern Hemisphere. We therefore used the ozone
climatology as the a priori profile.

3) Channel Selection: Ozone has an absorption band in
the TIR spectrum at 9.6 pm, and we used the CrIS LWIR
(650-1095 cm™') spectrum for the perturbation testing. We
evaluated the brightness temperature (BT) response to the per-
turbation of each atmospheric constituent separately: 1 K for
temperature (T), 10% for humidity (q), 10% for ozone (O3), and
10% for carbon dioxide (CO,). We perturbed these quantities at
all the grid levels, and all the perturbations are positive. The
brightness temperature response ABT is represented by the
difference between the CRTM simulation with the perturbed
profile and the reference profile. These BT differences indicate
the sensitivity of each channel to each specific atmospheric
species. Fig. 4 shows a plot of the differences. After this prelim-
inary screening, we closely study the ozone weighting functions
associated with the selected channels. Since the weighting
function is the derivative of the transmittance profile, it will
peak higher in the atmosphere for the frequency at which the
absorption is stronger; one-peaked channels and the channels
with the sharpest weighting functions are selected. Based on
this, we selected the spectral region 990-1070 cm~! for the
ozone profile retrieval. Fig. 5 shows the absolute values of the
ozone Jacobian matrix at selected channels for a tropical air
mass (reference profile).

4) Retrieval Characterization and Inversion Error Analysis:
The characterization and error analysis of profiles that are
retrieved via remote sensing of the atmosphere are important
for evaluating retrieval algorithms and the design of sounding
systems and for guiding their calibration [31]. The retrieval sen-
sitivity is characterized by the averaging kernel (AK) matrix A,
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which represents the sensitivity of the retrieved Z state to the
true state x, i.e.,

di
A= i - 0K (8)
where G is the gain matrix, which is defined as
o7 , R
G = 8—9; = (KTS'K + 8,1 T KTS = SKTSE (9)

where S is the solution error covariance matrix. The retrieved
state can be related to the true state through

T—2,=G[K(x—2,)+¢e]=A(x —24)+Ge. (10)

H=136075 D¢=4.7549 H=105483 Dg=4.0267 H=7.7451 D4=2.9901
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Fig. 6. Examples of AKs for the measurements over HILO, UCCLE, and
Ny-Aalesund.

The degrees of freedom for a signal ds and the Shannon
information content H can be used to characterize the change
in the knowledge of the state as a result of making a measure-
ment. The parameter d, represents the number of independent
parameters that define the improvement of the retrieved profile
over the a priori, and H is an overall measure of the signal-to-
noise ratio relative to the a priori [32]. They are given by

1

H:§Xi:1n(1+)\§) (11)
X

=2 1+ A2 (12)

%

where )\; is a singular value of K = SE_I/QKS;/Q.

There are four types of errors: smoothing error S, forward
model parameter error Sj, forward model error Sy, and retrieval
random noise error S,,. The sum of S,,, and S; is S, as shown
in (9). The total error covariance Sioia1 iS the sum of the four
error sources [32]. Thus

Sy =(A-1)S,(A-T)" (13)
S, =GKySy K] GT (14)
S;=G-AF (15)
S =GS.GT (16)
Siotal = Ss + Sm + Sp + Sy (17)
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IV. RESULTS AND DISCUSSION

A. Characterization and Error Analysis of Retrievals

Fig. 6 shows the sample AK matrices for the CrIS obser-
vations over HILO, UCCLE, and Ny-Aalesund. AK matrices
characterize the sensitivity of the retrieved profiles relative to
the true state of the atmosphere. These three measurements
show different sensitivities to the ozone vertical distribution.
The analysis reveals that the CrIS sensitivity to the ozone profile
is greatest in the stratosphere (100-10 hPa). The information
content and the degree of freedom are low (H = 7.7451,
ds = 2.9901), medium (H = 10.5483, d; = 4.0267), and high
(H =13.6075, ds = 4.7549).

The error analyses in Fig. 7 show that the smoothing error
exceeds the measurement error. The errors resulting from the
simultaneous retrievals of surface properties (temperature and
emissivity) and constituent concentrations such as H,O and
CO, are weak and are not shown. The total error varies from
0% to 30% for each individually retrieved level of the profile,
and the total error is lower in the high latitudes and higher in the
middle and low latitudes. The errors are highest in the surface
to 400-hPa section because of tropopause variability.

B. Comparison With Ozonesonde Observations

The retrievals were validated with ozonesonde observations
that were measured using electrochemical concentration cells
(ECCs) that rely on the oxidation of a potassium iodide (KI)
solution by the ozone in the ambient air. There retrievals are
available from the World Ozone and Ultraviolet Data Center
(WOUDC, http://www.woudc.org) archive. The accuracy of the
ECC sondes is estimated to be approximately +(5-10)% up to
an altitude of 30 km, and the precision is estimated to be better
than +(3-5)%.

TABLE 1
SUMMARY OF THE SOUNDING STATIONS USED IN THIS STUDY
. Latitude Longitude Altitude Number of L
Ozonesonde Station N E m Sonde Data Coincidences
SYOWA -69.0 39.58 22.0 2 32
MACQUARIE ISLAND -54.5 158.967 6.0 3 28
SAMOA -14.25 -170.56 82.0 3 41
HILO 19.5735 -155.0485 11.0 3 37
WALLOPS 37.898 -75.483 13.0 4 48
Broadmeadows -37.69 144.95 110.0 3 33
UCCLE 50.8 435 100.0 5 62
Ny-Aalesund 78.933 11.883 242.5 2 20
5 ? -Aalesund _ s
o S fe S e
e T Gt
60° TE i
45° ? \W& UCCLE “‘“\;ﬁ(\j L7
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Fig. 8. Locations of the WOUDC stations used in this study.

The ozonesondes were matched to the CrIS retrievals using
the following quality screening criteria: 1) within 100 km;
2) within 12 h; and 3) the CrIS measurement should involve
a cloudless sky. Sample data sets between May 2012 and
July 2013 were selected at eight stations ranging from the trop-
ics to the polar regions. The stations are summarized in Table I,
and the locations are shown in Fig. 8.

The sonde measurements provide vertical profiles between
the surface and approximately 30-35 km. Because they have
very high vertical resolutions, the profiles need to be smoothed
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Fig. 9. Retrieved ozone profiles in number density units: (a) high latitudes, (b) middle latitudes, and (c) tropics. The relative differences were calculated with
respect to the smoothed profile.
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Fig. 9. (Continued) Retrieved ozone profiles in number density units: (a) high latitudes, (b) middle latitudes, and (c) tropics. The relative differences were

calculated with respect to the smoothed profile.

according to the AK matrix of the CrIS retrievals in order to
take into account the different vertical resolutions and to allow
meaningful comparisons with the retrieved ozone profiles. We
obtained the smoothed ozonesonde profiles using

Ts = Axsonde + (I - A)xa (18)

where [ is the identity matrix, and Zgonde 1S the measured
ozonesonde profile. In the ideal case, A would be an identity
matrix, and z is the smoothed ozonesonde profile.

Fig. 9(a)—~(c) shows the retrieval results for the high lat-
itudes (Ny-Aalesund and SYOWA), midlatitudes (UCCLE,
WALLOPS, MACQUARIE ISLAND, and Broadmeadows),
and tropics (HILO and SAMOA) in the northern and Southern
Hemispheres, respectively. The relative differences were calcu-
lated with respect to the smoothed profile. The colors of the
profiles are as follows: a priori in red, retrieved CrIS profiles
in blue, interpolated sonde in black, and AK-smoothed sonde
in green. The colors of the relative differences are as follows:
(a priori—smoothed sonde)/smoothed in red and (retrieval—
smoothed sonde)/smoothed sonde in blue.

We plotted all of the match points at the Ny-Aalesund
[STN89; see Fig. 9(a), left] site and then averaged all of
the retrievals for comparison with the smoothed ozonesonde
profile. At the other sites, we used the closest retrieval for the
comparison. The retrieval results show good agreement with
the smoothed profile. The precision is generally good in the
stratosphere (better than 10% above 100 hPa), but is poor in
the midlatitudes, where it reaches 20%. In the troposphere, the
highest precision was 5% between the surface and 300 hPa,
whereas in the 100- to 300-hPa layer, the precision was poor
and reached 30%. The value of the AKs from the surface to
400 hPa is close to zero, and the calculated profiles, according
to (18) are pulled toward the a priori profile below 400 hPa.

From the overall results, we found that the difference in the
inversion precision between the hemispheres was not large and
was better in the middle and high latitudes and poorer in the
low latitudes. This pattern is due to the convolution. We do not

have all of the information from the satellite, and we should
therefore consider the negative side effects of convolution by
the AKs, which can artificially improve the comparison [19].

V. SUMMARY

In this paper, ozone vertical profile retrievals from a set
of CrIS spectra between May 2012 and July 2013 have been
presented. The retrieval algorithm was based on an optimal
estimation technique, and the ozone climatology profile was
used to construct the a priori state.

We compared the retrieved ozone profiles with coincident
smoothed and convolved ozonesonde data at eight stations,
and the retrieval results captured the ozone temporal and
spatial variations well and showed good agreement with the
smoothed profiles. The inversion errors were less than 10%
in the stratosphere and less than 5% at the bottom of the
troposphere, whereas large errors were present in the middle
troposphere (30%). We also found that the information in the
retrieved profiles was primarily from the a priori profile below
400 hPa.

This is the first step to an operational ozone product, and
the results should be regarded as encouraging but preliminary.
A radiative transfer model with high accuracy and better knowl-
edge of the Earth’s surface temperature, local emissivity, at-
mospheric temperature, and humidity profiles are also needed.
Such improvements would improve the accuracy of the ozone
satellite remote sensing retrievals, particularly for nadir viewing
thermal sounding instruments. A future paper will look at how
to improve the accuracy of those parameters by the eigenvector
regression method.
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