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Optimal Cloud-Clearing for AIRS
Radiances Using MODIS

Jun Li, Chian-Yi Liu, Hung-Lung Huang, Timothy J. Schmit, Xuebao Wu, W. Paul Menzel, and James J. Gurka

Abstract—The Atmospheric Infrared Sounder (AIRS) onboard
the National Aeronautics and Space Administration’s Earth
Observing System’s (EOS) Aqua spacecraft, with its high spectral
resolution and radiometric accuracy, provides atmospheric ver-
tical temperature and moisture sounding information with high
vertical resolution and accuracy for numerical weather prediction
(NWP). Due to its relatively coarse spatial resolution (13.5 km
at nadir), the chance for an AIRS footprint to be completely
cloud free is small. However, the Moderate Resolution Imaging
Spectroradiometer (MODIS), also on the Aqua satellite, provides
colocated clear radiances at several spectrally broad infrared (IR)
bands with 1-km spatial resolution; many AIRS cloudy footprints
contain clear MODIS pixels. An optimal cloud-correction or
cloud-clearing (CC) algorithm, an extension of the traditional
single-band IN* technique, is developed. The technique retrieves
the hyperspectral infrared sounder clear column radiances from
the combined multiband imager IR clear radiance observations
with high spatial resolution and the hyperspectral IR sounder
cloudy radiances on a single-footprint basis. The concurrent AIRS
and MODIS data are used to verify the algorithm. The AIRS
cloud-removed or cloud-cleared radiance spectrum is convolved to
all the possible MODIS IR spectral bands with spectral response
functions (SRFs). The convoluted cloud-cleared brightness tem-
peratures (BTs) are compared with MODIS clear BT observations
within AIRS cloud-cleared footprints passing our quality tests.
The bias and the standard deviation between the convoluted BTs
and MODIS clear BT observations is less than 0.25 and 0.5 K, re-
spectively, over both water and land for most MODIS IR spectral
bands. The AIRS cloud-cleared BT spectrum is also compared
with its nearby clear BT spectrum, the difference, accounting
the effects due to scene nonuniformity, is reasonable according
to the analysis. The multiband optimal cloud-clearing is also
compared with the traditional single-band N* cloud-clearing; the
performance enhancement of the optimal cloud-clearing over the
single-band traditional IN* cloud-clearing is demonstrated and
discussed. It is found that more than 30% of the AIRS cloudy
(partly and overcast) footprints in this study have been successfully
cloud-cleared using the optimal cloud-clearing method, revealing
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the potential application of this method to the operational
processing of hyperspectral IR sounder cloudy radiance measure-
ments when the collocated imager IR data are available. The use
of a high spatial resolution imager, along with information from a
high spectral resolution sounder for cloud-clearing, is analogous
to instruments planned for the next-generation Geostationary
Operational Environmental Satellite (GOES-R) instruments—the
Advanced Baseline Imager and the Hyperspectral Environmental
Suite. Since no microwave instruments are being planned for
GOES-R, the cloud-clearing methodology demonstrated in this
paper will become the most practical approach for obtaining the
reliable clear-column radiances.

Index Terms—Atmospheric Infrared Sounder (AIRS), Geo-
stationary Operational Environmental Satellite (GOES)-R,
Moderate Resolution Imaging Spectroradiometer (MODIS), N *
cloud-clearing (CC), optimal cloud-clearing.

I. INTRODUCTION

HE Atmospheric Infrared Sounder (AIRS) (http://www-

airs.jpl.nasa.gov) [1] on National Aeronautics and Space
Administration’s Earth Observing System (EOS) Aqua satel-
lite is a high spectral resolution (v/Av = 1200, where v is
the wavenumber and Av is the full-width half maximum of a
channel) infrared (IR) sounder with 2378 channels. AIRS mea-
sures radiances in the IR region 3.74-15.4 pm, which can be
used to estimate the vertical profiles of atmospheric tempera-
ture and water profiles [2] from the earth’s surface to an altitude
of 40 km with a horizontal resolution of 13.5 km at nadir. Due
to its relatively poor spatial resolution, the chance for an AIRS
footprint to be completely clear is less than 10% statistically [3].
How to get soundings (temperature and moisture vertical pro-
files) under cloudy skies becomes very important. There are sev-
eral ways for handling clouds in the sounding retrieval process;
one of the most effective ways is to perform cloud-removal or
cloud-clearing (CC) on the AIRS cloudy radiance spectrum. The
cloud-clearing does not require modeling of clouds and is, there-
fore, a cost-effective method of handling cloudy infrared scenes.
For example, using microwave data for AIRS cloud-clearing
[2] is considered very robust. One of the important questions
is how to effectively perform cloud-removal or cloud-clearing
for the AIRS cloudy footprints, while still retaining the single-
footprint sounding gradient information for numerical weather
prediction (NWP). Smith et al. [4] combine Moderate Resolu-
tion Imaging Spectroradiometer (MODIS IR clear radiances and
AIRS cloudy radiances for cloud-clearing using the traditional
single-band N* approach [5]. In their approach, the N* is de-
termined from MODIS IR clear radiance at a single IR window
(11 pm) band along with the AIRS cloudy radiances. Once N*
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is determined, the AIRS cloud-cleared radiances (CCRs) can
be obtained by simply applying N* to the cloudy radiances
from the two adjacent AIRS footprints. In this paper, an op-
timal cloud-clearing method is developed to retrieve the AIRS
clear column radiances by combining the multiband MODIS IR
clear radiance observations and the AIRS cloudy radiances on
a single-footprint basis. The definition of N* [5] is used as the
basis in the optimal MODIS/AIRS cloud-clearing formulation.
However, instead of using a single MODIS IR window spectral
band for N* [4], nine IR spectral bands are used simultaneously
to determine N* with the optimal approach. These bands are in
the MODIS IR short-, middle- and longwave regions. The op-
timal cloud-clearing methodology is an extension of the tradi-
tional single-band cloud-clearing technique.

By combining collocated MODIS IR clear radiance obser-
vations and the AIRS cloudy radiance measurements, the clear
column radiances for all AIRS channels can be retrieved by
using the optimal cloud-clearing method. In order to make the
optimal MODIS/AIRS cloud-clearing effective, two adjacent
AIRS cloudy footprints (a pair) will be used to retrieve one AIRS
cloud-cleared radiance spectrum. For each partly cloudy AIRS
footprint (defined as principal footprint in the center of 3 x 3 pro-
cessing area), another adjacent AIRS cloudy footprint (defined
as supplementary footprint) will also be used to form a pair for
the optimal MODIS/AIRS cloud-clearing. The CCR spectrum
from the pair represents the clear column radiance spectrum of
the principal footprint since the quality control (QC) is based on
the comparison between the MODIS IR clear brightness temper-
ature (BT) observations and the convoluted AIRS cloud-cleared
BT spectrum with MODIS spectral response functions (SRFs)
within the principal footprint. Therefore, the principal footprint
must be partly cloudy to ensure that MODIS IR clear radiance
observations exist, while the supplementary footprint can be
either partly cloudy or overcast. Since the 3 X 3 box moves only
by single pixel, each cloudy footprint will have a chance to be
principal footprint in the cloud-clearing process.

A case from Hurricane Isabel is used for testing the algo-
rithm. The MODIS clear BT observations within all successful
cloud-cleared footprints are used for validating the AIRS cloud-
cleared BTs convoluted to all the MODIS IR spectral bands
with SRFs. The bias and the standard deviation between the
convoluted cloud-cleared BTs and the MODIS clear BT obser-
vations are calculated; the bias and standard deviation is less
than 0.25 and 0.5 K, respectively, for most MODIS IR spectral
bands. Comparing with the traditional single-band N* cloud-
cleared BTs, the standard deviation was significantly reduced
with optimal cloud-clearing for IR middlewave (water vapor
absorption) and shortwave spectral regions, indicating the ad-
vantange of the multiband algorithm over the single-band ap-
proach. This is expected since the clear radiance used for the
single N* algorithm comes from the longwave based. The AIRS
cloud-cleared BT spectrum is also compared with its nearby
clear BT spectrum; the difference is reasonable, considering the
effect of scene nonuniformity. It is found that approximately
more than 50% of AIRS partly cloudy footprints (or more than
30% of AIRS cloudy footprints including overcast cloudy foot-

1267

prints) in this study can be successfully cloud-cleared using
the optimal MODIS/AIRS cloud-clearing method. These pos-
itive results reveal the potential application of this method for
the operational processing of hyperspectral IR sounder cloudy
radiance measurements for atmospheric temperature, moisture
and ozone sounding retrieval when IR imager data are avail-
able, or real-time processing of the MODIS/AIRS data from di-
rect broadcast [6]. Note that the atmospheric sounding derived
from the CCRs represents the clear profile information near the
cloudy area. It cannot fully represent the profile within the ac-
tive cloudy region where nearly saturated conditions are very
common. Therefore, the use of the CCRs and their respective
sounding are potentially subject to clear-sky bias and should be
assimilated with caution.

Using MODIS to help AIRS subpixel cloud characterization
and cloud property retrieval has been investigated [7]-[9]. These
techniques that utilize AIRS and MODIS data are also appli-
cable to the processing of data from the future operational Ad-
vanced Baseline Imager (ABI) [10] and Hyperspectral Environ-
mental Suite (HES) systems [11], [12] on the next generation of
Geostationary Operational Environmental Satellite (GOES)-R
where no microwave sounding measurements are available.

Section II introduces the MODIS/AIRS collocation and
AIRS cloud masking using the operational MODIS cloud mask
with 1-km spatial resolution. Section III describes the method-
ology for optimal MODIS/AIRS cloud-clearing. Section IV
presents results and validation, and comparisons between the
optimal cloud-clearing and the traditional single band N*
cloud-clearing. A discussion of issues affecting MODIS/AIRS
cloud-clearing is given in Section V. Future extensions and
conclusions are summarized in Section VI.

II. MODIS/AIRS COLLOCATION AND AIRS
CLOUD MASKING FROM MODIS

A. Collocation Between MODIS and AIRS Measurements

AIRS spatial coverage is provided by the scan head assembly,
containing a cross-track rotary scan mirror and calibrators. The
scan mirror has two speed regimes. During the first 2 s, it ro-
tates at 49.5°/s, generating a scan line with 90 ground footprints,
each with a 1.1°/s, generating a scan line with 90 ground foot-
prints diameter field of view. During the remaining 0.667 s the
scan mirror finishes the remaining 261°/s, generating a scan line
with 90 ground footprints of a full revolution. The AIRS spa-
tial distribution is used in the collocation between the MODIS
and AIRS measurements, which is the first step for the optimal
MODIS/AIRS cloud-clearing. The MODIS pixels with 1-km
spatial resolution are collocated within an AIRS footprint. Sev-
eral collocation algorithms have been developed that are based
on the scanning geometry of two instruments flown on the same
satellite [13], [14]. With a set of AIRS earth-located observa-
tions, the footprint of each AIRS observation describes a figure
that is circular at nadir, quasi-ellipsoidal at intermediate scan
angles, and ovular at extreme scan angles. The diameter of the
AIRS footprint at nadir is approximately 13.5 km. Depending
on the angular difference between the AIRS and MODIS slant
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TABLE I
MODIS SPECTRAL BAND SPECIFICATION. THE NUMBERS IN THIS TABLE ARE CITED FROM http://modis.gsfc.nasa.gov/about/specs.html

Primary use Band Bandwidth! Spectral radiance? Required SNR3
Land/Cloud/Aerosols Boundary 1 620-670 21.8 128

2 841-876 24.7 201
Land/Cloud/Aerosols Properties 3 459-479 353 243

4 545-565 29.0 228

5 1230-1250 5.4 74

6 1628-1652 7.3 275

7 2105-2155 1.0 110
Ocean Color/Phytoplankton/Biogeochemistry 8 405-420 449 880

9 438-448 419 838

10 483-493 32.1 802

11 526-536 27.9 754

12 546-556 21.0 750

13 662-672 9.5 910

14 673-683 8.7 1087

15 743-753 10.2 586

16 862-877 6.2 516
Atmospheric Water Vapor 17 890-920 10.0 167

18 931-941 3.6 57

19 915-965 15.0 250
Primary use Band Bandwidth! Spectral radiance? Required NEAT4(K)
Surface Temperature 20 3.660-3.840 0.45 (300K) 0.05

21 3.929-3.989 2.38 (335K) 2.00

22 3.929-3.989 0.67 (300K) 0.07

23 4.020-4.080 0.79 (300K) 0.07
Temperature profile 24 4.433-4.498 0.17 (250K) 0.25

25 4.482-4.549 0.59 (275K) 0.25
Cirrus Clouds/water vapor 26 1.360-1.390 6.00 150 (SNR)

27 6.535-6.895 1.16 (240K) 0.25
Primary use Band Bandwidth! Spectral radiance? Required SNR3

28 7.175-7.475 2.18 (250K) 0.25

29 8.400-8.700 9.58 (300K) 0.05
Ozone 30 9.580-9.880 3.69 (250K) 0.25
Surface Temperature 31 10.780-11.280 9.55 (300K) 0.05

32 11.770-12.270 8.94 (300K) 0.05
Temperature profile 33 13.185-13.485 4.52 (260K) 0.25

34 13.485-13.785 3.76 (250K) 0.25

35 13.785-14.085 3.11 (240K) 0.25

36 14.085-14.385 2.08 (220K) 0.35

Bands 1 to 19 are in nm, and bands 20 to 36 are in um; 2 Spectral Radiance values are (W m2sr'um1); 3 SNR =

Signal-to-noise ratio; 4NEAT = Noise-equivalent temperature difference

range vectors, a weight (w) is assigned to each MODIS pixel eled correctly and the algorithm provides an accuracy better than
collocated to AIRS: 1 if the MODIS pixel lies at the center of 1 km, provided that the geometry information from both instru-
the AIRS oval, and 0 if at the outer edge. The collocationis mod- ments is accurate.



LI et al.: OPTIMAL CLOUD-CLEARING FOR AIRS RADIANCES USING MODIS

B. AIRS Cloud Masking Using MODIS

Once the MODIS pixels are collocated with the AIRS
fooprints, the cloud properties within the AIRS subpixel can
be characterized using the MODIS cloud mask, cloud phase
mask [15], [16], and the MODIS classification mask [17]. The
AIRS cloud mask, cloud phase mask, as well the cloud-layer
information mask, can be generated from MODIS products
with 1-km spatial resolution [7]. For each AIRS footprint, a
clear coverage (0-1) is created by accounting for the percentage
of MODIS pixels with confident clear and probably clear [18]
within the footprint. Only confident clear MODIS pixels within
the AIRS footprint are averaged for optimal MODIS/AIRS
cloud-clearing; the averaged MODIS clear radiance for a given
spectral band ¢ within an AIRS footprint is obtained by

X Irl
clr,
> ‘UlRMi
clr __ 1=1
Ry, = —— (D

D wi
=1

clr,l

where R}, is the radiance of confident clear pixel /, np is the
number of confident clear pixels within the AIRS footprint, and
wy is the weight of pixel  within the AIRS footprint as described
in Section II-A.

III. METHODOLOGY OF OPTIMAL MODIS/AIRS
CLOUD-CLEARING

Given that R} and R?2 are the AIRS cloudy radiance spectra
as a function of wavenumber v from two adjacent footprints
(footprint 1 is the principal, while footprint 2 is the supplemen-
tary), assume that the two adjacent footprints have: 1) the same
atmospheric temperature and moisture profiles: 2) the same sur-
face skin temperatures and surface IR emissivity spectrum; and
3) the same cloud-top height, while the only difference is the
effective cloud emissivity (/Ve., the product of the cloud emis-
sivity, €., and the fractional cloud coverage, N). The cloudy
radiance spectra of the two adjacent footprints can be expressed
as

Rl
R2

(1-N'e,.) R)"+ N'e) Ry )

vec

(1-N?¢.) R)" + N’c} Ry 3)

where subscript ¢ denotes the cloud, and RS and RSV are
the clear and overcast column radiance spectra, respectively, for
both footprints 1 and 2. Rewrite (1) and (2) as

Rlll _ R;lr :Nleyllc (Rgm‘ _ R;lr) (4)
R: — RI" =N?2_ (R - RJ"). (5)

From (4) and (5), we have

1 clr 1.1
RV B RV _ N €ve

R2 — Relr - N2g2 =N". (6)
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Equation (6) defines N*, which is independent of wavenumber
assuming 1. = €2, (i.e., the cloud properties are the same for
footprints 1 and 2). If N* is known or estimated, then the AIRS
CCR spectrum F;° can be retrieved by

R! — RZN*

RCC —
v 1- N~

(N
The key question is how to determine /N*. In order to deter-
mine N*, one needs to know the clear radiance at a certain
wavenumber with good accuracy. Smith er al. [4] used the
MODIS IR window spectral band (band 31, 11 pm) clear
radiance together with the convoluted AIRS cloudy radiances
with MODIS 11 pgm SRF within the two adjacent footprints to
determine N*, i.e.,

L (RY) - RS
Ja1 (R2) = RS

where f; is the SRF for MODIS IR band 7, and lef is the
averaged observed clear radiance for MODIS IR spectral band
1 for the two adjacent AIRS footprints [see (1)]. Once N* is
determined by (8), the AIRS clear column radiance spectrum for
this footprint pair then can be retrieved [see (7)]. Equation (8)
is the traditional way to estimate N* using a single IR window
spectral band.

The N* value determined from a single MODIS spectral
band, using different MODIS IR window spectral bands,
may result in different cloud-cleared spectra. The results are
also highly dependent on the quality control (QC) for the
single-band N* cloud-clearing. In order to obtain an optimal
N* value and make the cloud-clearing result dependent on an
objective quality control criterion based on all MODIS spectral
bands, an optimal cloud-clearing methodology is developed.
In the optimal MODIS/AIRS cloud-clearing, the definition of
N* in (6) is still adopted. However, the N* value is determined
by simultaneously minimizing the differences between the
MODIS IR clear radiance observations and the convoluted
AIRS CCR spectrum with SRFs for all nine MODIS IR spectral
bands within footprint 1 (the principal footprint).

The cost function for the optimal cloud-clearing is defined as

N

®)

TV = 30 (R — fi (R ©)

Since the CCR spectrum, R:°, is a function of N* [see (7)], (9)

becomes
J(N*) = Z ) [(Rz\/lfi —fi <W>] (10)

P K2

where o; is the radiance detector noise (NEdR) for MODIS band
1. Given that the SRF f; is a linear operator for MODIS IR spec-
tral band, (10) becomes

N ’
HN= 5 G (] o ) e )

b (11)
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Therefore, the first-order derivative of J(N*) with respect to
N* can be derived from (11) as

OJ(N*) 2 R 1 .

ON* ~ (1-N~) Z o? [RMi = fi ()
N*

1—

_|_

e ()] 1 (1) - 5 (82)]. a2

The solution of N* should minimize the cost function J(N*);
therefore

2IN*) _
I = 0. (13)
N* then can be analytically solved from (13) as
2oz i (B) = By ] [fi (By) = fi (R5)]
N* = < (14)

> L [ (72) - SEATD

Once N* is determined by (14), the cloud-cleared AIRS radi-
ance spectrum, arbitrarily located at the location of the principal
footprint, can be retrieved by applying N* to (7). In this study,
the 9 MODIS IR spectral bands 22, 24, 25, 28, 30, 31,32, 33, and
34 are used. Note that MODIS IR spectral bands 20, 23 and 27
are not used due to the convolution error introduced by the spec-
tral gaps in the AIRS measurements, MODIS IR spectral band
21 is not used due to the large detector noise, while MODIS IR
spectral IR bands 35 and 36 are not used due to their SRF cali-
bration error [19].

Table I lists the MODIS spectral band specification. Fig. 1
shows the MODIS SRFs overlayed with an AIRS BT spectrum.
Since AIRS does not have an 8.5 pum spectral region channel,
MODIS band 29 is excluded in the determination of N*. The
advantage of (14) is that the multiple MODIS spectral bands
are weighted in the N* calculation. There are two weighting
factors, the detector noise accounts for the observation error in
the N* calculation, while the radiance contrast between the two
adjacent footprints accounts for the cloud height effect in the
N* calculation. For example, if the pair contains low clouds,
the MODIS middle and upper level bands 33 and 34 will have
less weight because f;(RL) — fi(R2) is small; however, when
the pair contains high clouds, bands 33 and 34 will influence the
N* calculation. Besides the cloud height effect, cloud fraction
is another factor contributing to the spectral weighting that max-
imizes the information content of the optimal cloud-clearing
approach.

R§f]1fi (R

IV. APPLICATION OF OPTIMAL MODIS/AIRS
CLOUD-CLEARING

MODIS and AIRS data from Hurricane Isabel are used in
the study. The AIRS cloud mask is derived from the MODIS
cloud mask with 1-km spatial resolution. A fractional coverage
(0-1) is derived to represent clear (0) to cloudy (1) for a given
AIRS footprint. The AIRS footprints or fields of view then can
be classified as fully cloudy (overcast), partly cloudy, and clear.
Only AIRS footprints classified as partly cloudy are used for
cloud-clearing. The upper left panel of Fig. 2 shows the AIRS
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Fig. 1. MODIS SRFs overlayed with an AIRS BT spectrum. The units of the
abscissa and ordinate are wavenumber and brightness temperature, respectively.

BT image of channel 560 (833.206 cm~!) on September 17,
2003 (AIRS granule 184); the presence of cold clouds is indi-
cated by the blue (cold) colors. The lower left panel shows the
AIRS coverage of clear, partly cloudy and overcast cloudy foot-
prints derived from the MODIS cloud mask with 1-km spatial
resolution (see upper right panel). For comparison, the MODIS
cloud phase mask with 1-km spatial resolution is also included
(see lower right panel). It can be seen that most partly cloudy
footprints contain water clouds. Note that the color bars have
different definitions in the four panels.

Fig. 3 shows the diagram of the principal (center) footprint
and its 8 surrounding supplementary footprints. The steps of
optimal cloud-clearing are as follows.

Step 1) For each partly cloudy AIRS footprint (principal
footprint /), find its nearby cloudy footprint in any
direction (maximum eight nearby cloudy foot-
prints) k (k = 1,2,3,...,8).

Step2) For each pair (I, k), calculate N*(k), (k =
1,2,3,...,8) using (14).

Step 3) Calculate R°(k) (k= 1,2,3,...,8) from (7).

Step4) Calculate RES(k) = Y ,(1/e))(RS —
(B (R)))?.

Step 5) Find k,,, which makes RES(ky,) = min RES(k).

Step 6) Apply quality control to the selected RS (k) and

calculate

2

mmhﬁzmww%wwwMaﬁ

where I is the total number of MODIS spectral bands used
for QC, Tp; is the function that converts the radiance to
BT for MODIS spectral band ¢. The optimal cloud-clearing
is successful only when TBRMS < 0.5 K; otherwise the
cloud-clearing for this principal footprint is rejected. The same
9 MODIS IR spectral bands used for N* determination [see
(14)] are also used also for the QC.
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(Upper left panel) AIRS BT image of channel 560 (833.206 cm ™!, approximately 12 zzm on September 17, 2003, (upper right panel) the MODIS cloud

mask with 1-km spatial resolution, (lower left panel) the AIRS coverage of clear, partly cloudy, and overcast cloudy footprints, and (lower right panel) the MODIS

cloud phase mask with 1-km spatial resolution.

Fig. 3.
supplementary footprints in the optimal cloud-clearing procedure.

Diagram of the principal footprint and its eight surrounding

The CCR radiance spectrum RS¢(k,,) is the final clear
column radiance spectrum for the cloudy footprint [ (the
principal footprint). The footprint index [ starts from the first
footprint to the last footprint of the AIRS granule. In order
to make accurate CCRs, quality control must be applied to
R (k). If the root mean square (RMS) difference between
the MODIS IR clear BT observations and convoluted AIRS
cloud-cleared BTs (from RS¢(k,,)) with MODIS SRFs within
the principal footprint is greater than 0.5 K [as defined in (15)],
the CCR spectrum is then rejected.

The optimal cloud-clearing method is applied to all AIRS
footprints that are partly cloudy. The optimal cloud-clearing
will not be performed if the number of MODIS clear pixels
is less than 10% of the total number of MODIS pixels within
this partly cloudy AIRS footprint. Fig. 4 shows BT images of
MODIS band 28 (7.3 psm) convoluted from the AIRS clear foot-
prints (upper left panel) and the one convoluted from AIRS clear
plus successful cloud-cleared footprints (upper right panel); the
MODIS clear BT observations with 1-km spatial resolution are
also shown (lower right panel). It can be seen that cloud-cleared
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(Upper left panel) BT images of MODIS band 28 (7.3 ptm) convoluted from the AIRS clear footprints, (upper right panel) the one convoluted from

AIRS clear plus successful cloud-cleared footprints, (lower right panel) the MODIS clear BT observations with 1-km spatial resolution, and (lower left panel) the
percentages of clear AIRS footprints, AIRS footprints with optimal cloud-clearing successful (CC-S), AIRS footprints with optimal cloud-clearing fail (CC-F),

and the overcast AIRS footprints.

footprints fill many areas where clear AIRS radiances are not
available, especially over Florida and Cuba, which illustrates
that soundings are achieved over Florida and Cuba and their
nearby oceanic areas from AIRS cloudy radiance measurements
with help of high spatial resolution of MODIS. In addition, the
CCRs are also available over land areas within the states of Al-
abama and Tennessee. The lower left panel of Fig. 4 shows the
percentages of clear AIRS footprints, AIRS footprints with op-
timal cloud-clearing successful (CC-S) (pass the quality con-
trol), AIRS footprints with optimal cloud-clearing fail (CC-F),
and overcast AIRS footprints (cloud-clearing will not be per-

formed). It can be seen that 22.6% of AIRS footprints (each
AIRS granule contains 135 scan lines, each scan line has 90
footprints) are successfully cloud-cleared, or more than 30% of
AIRS cloudy footprints are successfully cloud-cleared. Since
only partly cloudy footprints are used for cloud-clearing at-
tempts, the success rate is more than 50% in this particular case.

The traditional single-band N* cloud-clearing method is also
applied; MODIS spectral band 31 (11 pm) is used for N* deter-
mination while the 9 MODIS IR spectral bands 22, 24, 25, 28,
30, 31, 32, 33, and 34 are used for quality control and a similar
success rate of optimal cloud-clearing is achieved. Fig. 5 shows
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Fig.5. Biasand standard deviation between the MODIS clear BT observations
and convoluted AIRS cloud-clearing BTs from all footprints with both the
optimal cloud-clearing and the single-band /N * cloud-clearing successful.

the bias and standard deviation between the MODIS clear BT
observations and convoluted AIRS cloud-clearing BTs from all
footprints with cloud-clearing successfully performed. Results
from traditional single-band N* cloud-clearing approach and
optimal cloud-clearing method are shown in the figure. For
optimal cloud-clearing method, the cloud-clearing bias for
MODIS bands 22, 23, 25, and 30 through 34 are very small
(Iess than 0.25 K); the bias for bands 24 and 28 are slightly
larger but still less than 0.5 K. However, bias for bands 20, 27,
35, and 36 are relatively large (greater than 1.0 K) due to the
convolution bias [19] mentioned above. The AIRS popping
channels and/or the AIRS channel gap in the spectral region
cause the convolution bias. MODIS bands 35 and 36 might
also have an SRF calibration bias. Those biases are removable
provided that the reliable estimates are available. The standard
deviation is very small (less than 0.5 K) for almost all the
MODIS IR spectral bands (only band 27 is slightly larger
than 0.5 K), which indicates the good agreement between
the MODIS clear BT observations and AIRS cloud-cleared
BTs. For the traditional single-band N* cloud-clearing ap-
proach, the bias between the MODIS clear BT observations
and AIRS cloud-cleared BTs is similar to that from the optimal
cloud-clearing method; however, the standard deviations for
MODIS shortwave bands 20 through 23 are worse than that
of the optimal cloud-clearing method. Traditional single-band
N* approach is better in longwave IR window region (11 pm)
than the optimal cloud-clearing method because it uses MODIS
11-pum spectral band for N* calculation. The two methods
have similar performance for the other middle- and longwave
spectral bands except for spectral band 32 for which the op-
timal approach performs better. Although the success rate of
cloud-clearing is similar between the two methods, optimal
cloud-clearing results are much closer to the MODIS clear
observations for MODIS shortwave spectral bands. In the tra-
ditional single-band N* cloud-clearing method, only band 31
(11 pm) is used for N* calculation, and IR shortwave spectral
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effects might not be fully accounted for in deriving N*. With
the optimal cloud-clearing method, 9 MODIS IR spectral bands
are used simultaneously to balance the N* spectrally, therefore,
cloud-clearing results should be optimal when compared with
the MODIS clear observations. W. L. Smith (personal commu-
nication) suggested using two N *s in cloud-clearing (e.g., one
N* from MODIS spectral bands 22, 24, and 25 for AIRS IR
shortwave, while the other N* from MODIS spectral bands 28,
30, 31, 32, 33, and 34 for AIRS IR middlewave and longwave).
Two N*s should minimize the effects of co-registration errors
and perform better than one N*.

Fig. 6 shows the scatterplot between the MODIS IR clear
BT observations and the convoluted AIRS cloud-cleared BTs
with the traditional single-band N* cloud-clearing approach
and the optimal cloud-clearing method for MODIS spectral
bands 22 (upper left), 25 (upper right), 27 (lower left), and 32
(lower right). Approximately 2400 AIRS partly cloudy foot-
prints are included in the plot. It can be seen that the optimal
cloud-clearing method creates less scatter and has a larger
correlation with MODIS IR clear observations for MODIS IR
spectral band 22 (3.95 pm).

Comparing the AIRS cloud-cleared BT spectrum and its
nearby clear footprint BT spectrum also helps to evaluate the
performance of cloud-clearing [3]. The upper and middle panels
of Fig. 7 show the bias and standard deviation between the
AIRS cloud-cleared BT spectra and their nearby clear footprint
BT spectra over water where the atmosphere and surface are as-
sumed homogenous between the two clear adjacent footprints.
It can be seen that the standard deviation of AIRS cloud-cleared
BTs is less than 1 K for most spectral regions. Part of the
standard deviation is due to the atmospheric nonhomogeneity
difference between the two adjacent footprints. The lower panel
of Fig. 7 shows the root mean square difference (RMSD) be-
tween the two-adjacent clear AIRS footprint pairs over water of
the entire granule. It can be seen that the BT difference can be
1 K in the shortwave spectral region due to the nonuniformity
of the atmospheric and surface between the two adjacent clear
AIRS footprints. Therefore, the actual standard deviation of
the AIRS cloud-cleared BT should be much smaller than that
shown in the middle panel of Fig. 7. Fig. 8 shows the MODIS
cloud mask with 1-km spatial resolution superimposed to the
AIRS footprints from a small area over Florida (see the box
on the upper left panel of Fig. 2), the footprints indicated by
arrows are the principal and its supplementary cloudy footprints
used for optimal cloud-clearing, and its nearby clear footprint
for comparison. The lower panel of Fig. 8 shows the optimal
cloud-cleared BT spectrum (red line) from the two adjacent
cloudy BT spectra (black and green lines), as well as the nearby
clear BT spectrum (blue line) (lower panel). It can be seen that
the optimal cloud-cleared AIRS BTs are much warmer than
those of the two adjacent cloudy footprints, indicating the suc-
cessful removal of cloud effects in the optimal cloud-clearing.
The cloud-cleared BT spectrum is also reasonably close to its
nearby clear BT spectrum, differences in window region might
be caused by the nonuniformity of surface skin temperature in
the two footprints.
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It should be noted that this paper focused on algorithm
improvement using the imager/sounder for cloud-clearing. We
have demonstrated the advantage of optimal cloud-clearing over
the traditional single-band N* cloud-clearing. Comparisons
between imager/sounder cloud-clearing and microwave/IR
sounder for cloud-clearing is beyond the scope of this paper.
Huang and Smith [3] have compared the traditional single-band
N* cloud-clearing approach with the operational Advanced
Microwave Sounding Unit (AMSU)/AIRS cloud-clearing
products. They found that MODIS is also very useful for the
quality control of the operational AMSU/AIRS cloud-cleared
BT spectrum. The imager/sounder cloud-clearing approach has
the advantage that the infrared surface spectral information
is implicitly being added to the calculation. If MODIS clear
detection fails then the microwave approach has the advantage
of not being susceptible to low uniform clouds.

V. DISCUSSION

Unlike using AMSU in AIRS cloud-clearing, an algorithm
for AIRS cloud-clearing using MODIS data is developed.
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MODIS cloud mask with 1-km spatial resolution superimposed to the AIRS footprints from a small area over Florida (see the box on the upper left panel

of Fig. 2), and (red line) the optimal cloud-cleared BT spectrum from(black and green lines) the two adjacent cloudy BT spectra, as well as (blue line) the nearby

clear BT spectrum (lower panel).

Since both the imager and sounder measure radiances at the
same IR spectral regions, a direct relationship between an
imager IR radiance and a sounder IR radiance spectrum for a
given imager spectral band provides unique advantages for im-
ager/sounder cloud-clearing. The advantages of imager/sounder
cloud-clearing are: 1) it is easy to find imager clear pixels within
the sounder footprint which is critical for the N* calculation
and the quality control on CCRs; 2) cloud-clearing can be
achieved on a single-footprint basis (hence maintaining the
spatial gradient information); and 3) imager IR clear radiances

provide tropospheric atmospheric information that enhances
the effectiveness of cloud-clearing for IR sounder cloudy radi-
ances. However, there are also limitations: 1) the cloud-clearing
can only be done with partly cloudy footprints; 2) N* has to
be constant for the whole IR spectrum; and 3) the surface and
the atmospheric profile must be homogeneous within the pair
of two adjacent footprints. The cloud-clearing might fail when
one of the above physical assumptions fails. For example,
in the presence of ice clouds, the cloud-clearing might give
spectrally inconsistent results due to N* not being constant in
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the IR spectral region. In addition, when the radiance contrasts
in the IR window region is too small, N* tends to be 1 and
the cloud-clearing can amplify noise rather than remove the
cloud effects on the measurements. However, all these failures
will be filtered by the quality control procedure [see (15)].
The quality control is very important to assure that the final
CCRs representing the clear part of the principal footprint fit
the MODIS IR clear radiance observations in all IR spectral
regions simultaneously.

Certain factors will also affect the cloud-clearing results.
The operational MODIS cloud mask with 1-km spatial res-
olution used for determining the MODIS clear IR radiances
within the principal footprint is critical for the success of the
cloud-clearing. Only confident clear MODIS pixels should
be selected to determine the MODIS IR clear radiances. The
daytime MODIS cloud mask should be more accurate than the
nighttime mask because of the use of visible and near-infrared
bands. MODIS/AIRS collocation is also very important to as-
sure the success of the cloud-clearing; mis-collocated MODIS
clear pixels with the AIRS footprint may result in additional
cloud-clearing errors. A reliable algorithm is necessary to
provide good imager/sounder collocation. The time difference
between the imager and sounder is an issue in cloud-clearing.
Since MODIS and AIRS are in the same spacecraft, the time
difference between MODIS and AIRS for a given AIRS
footprint is small enough to assure the same clouds and atmo-
spheric measurements are observed. The convolution error due
to the AIRS spectral gaps or bad channels that are excluded
in the calculation is another error source for MODIS/AIRS
cloud-clearing. Tobin et al. [19], [20] have estimated the bias
due to the AIRS spectral gaps or bad channels; they found that
window region bands 22, 31, and 32 have less bias, longwave
CO; bands 33 through 36 have mean biases increasing to 1 K
for band 36, and water vapor bands 28 and 27 have mean biases
of 0.48 and 1.05 K, respectively. Those biases have not been
taken into account yet when applying MODIS SRFs. The SRF
and gap issues could be mitigated if a forward model for both
instruments is used [20]. There are also other sources of error
for MODIS/AIRS cloud-clearing such as MODIS and AIRS
calibration errors that need to be considered when interpolating
and using the MODIS/AIRS CCRs.

VI. CONCLUSION AND FUTURE WORK

In this paper, optimal cloud-clearing for sounder cloudy
radiances using imager IR clear radiances has been success-
fully demonstrated by using AIRS and MODIS. About 30%
of AIRS cloudy footprints (or 50% of the partly cloudy foot-
prints) are successfully cloud-cleared with the help of MODIS
high spatial resolution data. In the optimal imager/sounder
cloud-clearing, the imager provides a cloud mask for sounder
footprints while the multispectral imager IR provides clear
radiance observations to synergistically determine N* and to
be used as quality control. The following conclusions can be
drawn from this study.
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1) Optimal imager/sounder cloud-clearing using multispec-
tral imager IR spectral bands has advantages over the tra-
ditional single-band N* cloud-clearing approach.

2) MODIS IR spectral bands 22, 24, 25, 28, and 30 through
34 are used to determine N* and quality control; more
than 30% cloudy footprints (or more than 50% of partly
cloudy footprints) are successfully cloud-cleared with the
help of MODIS. The success rate is above 50%.

3) The convoluted AIRS CCRs are compared with MODIS
IR clear radiance observations. The bias is less than
0.25 K for most MODIS IR spectral bands, while the
standard deviation is less than 0.5 K for almost all the
MODIS IR spectral bands.

4) CCRs are compared with their nearby clear AIRS ra-
diances. The standard deviation is within 1 K for most
AIRS channels. Part of the standard deviation is due to
the natural (atmospheric and surface) variability of the
two clear adjacent footprints.

This work is very effective for cloud-clearing the AIRS foot-
prints contaminated by water clouds. The approach could be
employed on GOES-R with HES sounder and ABI (e.g., ABI
3.9, 6.15, 7.0, 7.4, 8.5, 9.73, 10.35, 11.2, 12.3, and 13.3 pym
bands are critical for HES/ABI cloud-clearing). Future work
will focus on cloud-clearing for footprints with mulitlayer
clouds. For example, employing multilayer cloud-clearing ap-
proach developed by Susskind ef al. [2] and using MODIS clear
observations for high spatial resolution cloud-clearing could be
of great potential. Other schemes [21]-[24] will also be infused
into imager/sounder cloud-clearing. Impact of cloud-clearing
on the subsequent atmospheric sounding retrievals will be
investigated in near future.
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