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[1] A method of cirrus detection at nighttime is presented that utilizes 3.8 and 10.4 pm
infrared (IR) window brightness temperature differences (dBT) and total column
precipitable water (PW) measurements. This technique is applied to the Atmospheric
Infrared Sounder (AIRS) and Advanced Microwave Sounding Unit A (AMSU-A)
instrument suite on board EOS-Aqua, where dBT is determined from sets of carefully
selected AIRS window channels, while PW is derived from the synergistic AIRS and
AMSU-A water vapor retrievals. Simulated and observed dBT for a particular value of PW
are not constant; several physical factors impact dBT, including the variability in
temperature and relative humidity profiles, surface emissivity, instrument noise, and skin/
near-surface air temperature differences. We simulate clear-sky dBT over a realistic range
of PWs using 8350 radiosondes that have varying temperature and relative humidity
profiles. Thresholds between cloudy and uncertain sky conditions are derived once the
scatter in the clear-sky dBT is determined. Simulations of optically thin cirrus indicate
that this technique is most sensitive to cirrus optical depth in the 10 pum window of
0.1-0.15 or greater over the tropical and subtropical oceans, where surface emissivity and
skin/near-surface air temperature impacts on the IR radiances are minimal. The method
at present is generally valid over oceanic regions only, specifically, the tropics and
subtropics. The detection of thin cirrus, and other cloud types, is validated using
observations at the Atmospheric Radiation Measurement (ARM) program site located at
Manus Island in the tropical western Pacific for 89 coincident EOS-Aqua overpasses.
Even though the emphasis of this work is on the detection of thin cirrus at nighttime, this
technique is sensitive to a broad cloud morphology. The cloud detection technique agrees
with ARM-detected clouds 82—84% of the time, which include thin cirrus, as well as
other cloud types. Most of the disagreements are well explained by AIRS footprint-scale
heterogeneity compared to ARM point measurements, cirrus overlying lower-layer
water clouds, possible mixed phase microphysics in midlevel clouds, and significant IR

channel noise for cold BT scenes over deep convective towers.
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1. Introduction

[2] An extensive body of scientific literature reveals the
importance of the role that cirrus plays in regulating Earth’s
radiative balance [Liou, 1986; Stephens, 2002; Garrett et
al., 2003], the dehydration of the tropical transition layer
and lower stratosphere [Holton and Gettelman, 2001;
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Sherwood and Dessler, 2001; Jensen and Pfister, 2004],
the maintenance of the hydrological cycle [Webster, 1994],
and the interaction with upper tropospheric chemical
processes [Gao et al., 2003; Ziereis et al., 2004]. Accurate
global observations of cirrus at high spatial and temporal
resolution are necessary to improve our basic understand-
ing of these clouds. Such observations would include their
microphysical and bulk properties, spatial structure and
temporal distributions, as well as their interaction with the
atmospheric circulation through radiative and thermody-
namic effects [Stephens, 2002]. The synergistic use of the
voluminous spaceborne “A-train’ observations [Stephens et
al., 2002], along with surface-based lidar and cloud radar,
and airborne in situ measurements is a significant step in
expanding our knowledge and understanding of cirrus.
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[3] Some of the largest uncertainties in forecasting future
climate change based on numerical models are a direct
consequence of our inadequate knowledge about cloud
processes [Randall et al., 2003]. Comparisons of observed
and simulated cloud properties from several general circu-
lation models (GCMs) have shown mixed results. In a
comprehensive analysis, Potter and Cess [2004] showed
many GCMs used for climate analysis have significant
biases of net cloud radiative forcing (CRF) when simulating
the present-day climate. When regionally averaged net CRF
biases are small, further analysis shows the agreement is
often the result of compensating model errors in cloud
height, cloud fraction, and optical depth.

[4] The first step in retrieving cirrus properties is the
identification of cirrus within a given measurement. There
are numerous cirrus detection techniques applied to a wide
range of surface, airborne, and spaceborne instrument plat-
forms and geometries that use measurements at a large
assortment of wavelengths throughout the solar and terres-
trial spectra [Ackerman et al., 1998; Rolland et al., 2000;
Rolland and Liou, 2001; Ou et al., 2003]; different channel
combinations are sensitive to particular ranges in optical
depth, cloud height and thickness, effective radius (r.),
particle shape, habit, and orientation. Numerous surface-
based, in situ, and satellite observations have shown an
extensive amount of optically tenuous cirrus, especially in
the tropics [Prabhakara et al., 1988, 1993; Platt et al.,
1998; Wylie and Menzel, 1999; McFarquhar et al., 2000;
Comstock et al., 2002; Peter et al., 2003].

[5] By using a combination of the 10 pm IR split window
and 1.38 pm channels, Roskovensky and Liou [2003]
demonstrated that the Moderate Resolution Imaging Spec-
troradiometer (MODIS) [Platnick et al., 2003] is capable of
retrieving cirrus as tenuous as Tyig ~ 0.1. Dessler and Yang
[2003] suggested that the MODIS-Terra 1.38 pm band has the
capability to detect borderline subvisual cirrus with Ty;g >
0.02—-0.04 over water surfaces, as demonstrated in pixels
that have been flagged as cloud free by the MODIS cloud
mask at the 99% probability—clear level. Unfortunately, at
night the 1.38 pm band cannot be utilized because there is
no reflected solar radiation; thus the focus for nighttime
cirrus detection must remain on radiance in the thermal
emission spectrum. In this work, we will focus strictly on
thermal emission measurements made from the AIRS for
the purposes of cirrus detection at night, which compliments
the capabilities of the daytime 1.38 pm MODIS band.

[6] The traditional split window and trispectral techniques
(which use BT differences between two or three channels in
the 8—12 pm window region) for cloud identification and
categorization have been widely used for many years as
stand-alone methods, or combined with other channels, or
independent sources of data [e.g., Inoue, 1985; Strabala et
al., 1994]. However, there is a greater sensitivity in the IR
radiance spectrum between ““‘shortwave” (e.g., 3.7 pm) and
“longwave” (8—12 um) window channels over the more
traditional split window method for relatively thin cirrus
and other cloud types [Lutz et al., 2003]. For many years,
researchers have used shortwave and longwave channel
combinations for retrieving cirrus [Ou et al., 1995; Baran
et al., 1999], stratus [Lee et al., 1997], and multilayered
cloud properties containing both cirrus and stratus [Baum et
al., 2003].

KAHN ET AL.: NIGHTTIME CIRRUS DETECTION

D07203

[7] One of the fundamental problems in the identification
and retrieval of cirrus properties using a simple difference
(dBT) between two (or more) channels is the fact that the
dBT is a function of both the cirrus itself and other physical
factors. Kahn et al. [2004] show the thermal IR spectrum
has a similar sensitivity to changes in values of many cirrus
properties (IWP, cloud height and thickness, r., size distri-
bution), as well as atmospheric temperature and humidity
profiles. Other studies have shown that distinct spectral
shapes on mid IR radiances can result from volcanic aerosol
[Ackerman and Strabala, 1994; Baran and Foot, 1994] and
mineral dust [Pierangelo et al., 2004] loading. One way to
constrain the “parameter space” is by using independent
observations of the total water vapor path [Saunders and
Kriebel, 1988; Hutchison et al., 1995; Hutchison and
Hardy, 1995; Platt et al., 1998].

[8] In this work, we developed a thin cirrus detection
technique on the basis of a number of carefully selected 3.8
and 10.4 pm window channels in the Atmospheric Infrared
Sounder (AIRS) spectrum and the PW determined from the
combined use of the Advanced Microwave Sounding Unit
A (AMSU-A) and AIRS, colocated onboard EOS-Aqua
[Aumann et al., 2003]. AIRS is an IR spectrometer spanning
the thermal emission spectrum from 3.7—15.4 pm that
scans +48.95° of nadir. The spectral resolution is nominally
NAX = 1200, with a footprint diameter of 13.5 km at nadir
view. AMSU-A is primarily a temperature sounder, but is
capable of deriving total column PW [Lambrigtsen, 2003].
AMSU-A and AIRS are used synergistically to retrieve
temperature and humidity profiles [Susskind et al., 2003];
the total column PW is derived from the sum of the vertical
layers in the retrieved humidity profile. Despite the coarser
spatial resolution of AIRS compared to platforms such as
the advanced very high resolution radiometer (AVHRR)
and MODIS, the spectral resolution is much higher for
AIRS; window channels in between absorption lines are
easily selected, and as a result, the effect of the water vapor
continuum can be isolated from the absorption lines. The
colocation of AMSU-A and AIRS aboard EOS-Aqua
makes this method a practical nighttime cirrus detection
technique for operational purposes.

2. Methodology

[9] The AIRS channels selected in this work met the
following criteria: (1) there is a minimum of contamination
from gaseous absorption lines, (2) there is a minimum of
noise equivalent delta temperature (NEdT), and (3) one
channel must be located in the shortwave 3.7-3.9 pm
region and the other somewhere in the 8—12 pm window
to maximize the spectral signature of cirrus over that of a
traditional split window difference. The reasoning behind
criterion 1 is that gases including H,O, CO,, O3, CHy, and
N,O may cause a reduction in the upwelling transmittance,
more so in particular spectral regions than others. The
absorption lines can be accounted for in the simulations;
however, this requires accurate gas and temperature profile
information, which is not available for every AIRS mea-
surement. Thus avoiding these channels is the easiest way
of circumventing this problem, and we are left with
accounting for the H,O continuum. After consideration
of these points, we selected an average of channels 902
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Figure 1. Simulated scatter at the nadir view for total
column PW versus 2616960 cm~' dBT over an ocean
surface with a wind speed of 10 m s™', following Wu and
Smith [1997]. Simulations (a) without IR channel noise and
(b) with channel noise, a function of channel and scene BT.
The gray contours indicate the thresholds between cloudy
and uncertain sky. The dashed black line is the threshold
function developed by Hutchison et al. [1995].

and 903 (960.664 and 961.060 cm™', abbreviated to
“960” cm '), and channel 2333 (2616.383 cm™", abbrevi-
ated to “2616” cm™"); the channel numbering is based on
the full set of 2378 channels. The dBT is defined as 2616—
960 cm ™. Channels 902 and 903 are located just to the side
of the 9.6 pm O3 fundamental, and in between some weak
H,O and CO, absorption lines, in a spectral region of
relatively high transmittance. Channel 2333 is the cleanest
window channel in the entire AIRS spectrum [Aumann et
al., 2004]; it is located in between a few CH, and H,O
absorption lines, and has a much smaller H,O vapor
continuum contribution than the 960 cm ™' region.

[10] In this section, we describe the general approach to
cloud detection using total column PW estimates to define
the range of cloudy sky dBT between multiple channels in
the IR spectrum. Clear-sky simulations are used to develop

KAHN ET AL.: NIGHTTIME CIRRUS DETECTION

D07203

thresholds between combinations of dBT and PW values to
ascertain whether a given measurement contains cloud or
not. Generally speaking, cirrus tend to have dBT > 0; on the
other hand, uniform stratus fields that exist over the sub-
tropical oceanic upwelling regions often have dBT < 0 [Lee
et al., 1997]. However, observations of shallow cumulus,
deep convection, midlevel clouds, cirrus overlying lower
water cloud, and even some very thin cirrus sometimes have
dBT identical to clear-sky observations of dBT. Thus this
method is best used as complimentary to existing methods.
Its strength lies in the detection of thin cirrus at nighttime,
which will be the focal point of this work. Clear-sky
simulations are used to define the boundaries between
“cloudy” and “uncertain” sky conditions; the uncertain
category contains the clear footprints and some of the
cloudy footprints. This results from the fact that some cloud
types can have the same dBT as clear sky.

[11] To define the clear-sky range of dBT = dBT(PW), we
simulate the dBT between 2616 and 960 cm™' using the
AIRS radiative transfer algorithm (AIRS-RTA), a computa-
tionally efficient model designed for the AIRS physical
retrievals [Strow et al., 2003]. Top-of-atmosphere (TOA)
clear-sky radiances are simulated using 8350 soundings
over the entire course of the year 2003; a total of 13 coastal
and island radiosonde sites were chosen that span tropical to
polar latitudes in both hemispheres. For a fixed column
value of PW, the temperature and humidity profiles vary
with spatial location and time. To apply this technique over
as wide a spatial region as possible, soundings were chosen
that span a large geographical and temporal space in order
to reduce the biases that result from site-specific tendencies
in dBT. Soundings were manually inspected for spurious
values of temperature and humidity; corrupted sounding
data can lead to significant errors in the simulated dBT.

[12] The results of the simulations for the nadir view
angle are presented in Figure 1. Figure la (Figure 1b)
presents simulations without (with) the inclusion of channel
and BT-dependent noise equivalent delta temperature
(NEdT). Each point represents the simulation of dBT for
clear sky using one radiosonde observation. There are three
general features to note for the simulations without channel
noise: (1) dBT increases nonlinearly with PW unlike the
clear/cloudy threshold developed by Hutchison et al.
[1995], (2) there is a somewhat well-contained range of
scatter in dBT for clear sky, and (3) the degree of scatter in
dBT increases with PW.

[13] In Figure la, the width of scatter in dBT at a fixed
PW is strictly the result of temperature and humidity profile
variability in the radiosondes. In Figure 1b, notice the width
of scatter in dBT increases considerably for the lowest
values of PW due to the inclusion of channel noise. Channel
noise increases with colder scene BT; thus, in the drier (and
colder) geographical locations (e.g., polar latitudes), the
channel noise becomes more important in defining the
envelope of scatter than in the more moist (and warmer)
locations. The two curves bounding the scatter are the
thresholds used in this method to define the difference
between cloudy and uncertain sky. The variance (c°) in
the scatter of dBT is calculated for PW bins in 1 mm
increments. These (arbitrary) curves approximately repre-
sent the 2 x o2 value either side of the mean of the scatter,
plus an additional 5 mm of PW added (subtracted) from the
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Table 1. Coefficients for the Sixth-Order Polynomial Fits of the Cloudy/Uncertain Thresholds®

ea 65 ap ajp ar az a4 as
Uncertain Sky Lower Bound Coefficients
0 0 8.97E-2 —4.24E-2 441E-3 —1.27E-4 2.03E-6 —1.19E-8
13.48 15 9.31E-2 —431E-2 4.51E-3 —131E-4 2.11E-6 —1.24E-8
22.37 25 1.01E-1 —4.42E-2 4.71E-3 —1.39E-4 2.26E-6 —1.34E-8
26.76 30 1.09E—-1 —4.47E-2 4.84E-3 —1.45E-4 2.38E-6 —1.41E-8
31.09 35 1.23E-1 —4.52E-2 4.99E-3 —1.53E-4 2.54E-6 —1.51E-8
35.36 40 1.47E-1 —4.53E-2 5.16E-3 —1.62E-4 2.74E-6 —1.65E-8
39.54 45 1.87E—1 —4.45E-2 5.31E-3 —1.74E-4 3.00E-6 —1.82E-8
43.61 50 2.53E-1 —4.20E-2 SA41E-3 —1.88E—4 3.35E-6 —2.06E-8
47.52 55 3.63E—1 —3.65E-2 5.39E-3 —2.05E—4 3.82E-6 —2.39E-8
Uncertain Sky Upper Bound Coefficients
0 0 —1.54E-2 1.71E-2 3.73E-3 —9.50E-5 1.33E-6 —7.66E-9
13.48 15 —1.20E-2 1.79E-2 3.87E-3 —9.87E-5 1.37E-6 —7.84E-9
22.37 25 —3.58E-3 1.93E-2 4.14E-3 —1.06E—4 1.45E-6 —8.17E-9
26.76 30 6.42E-3 2.04E-2 4.33E-3 —1.10E-4 1.50E-6 —8.37E-9
31.09 35 242E-2 2.19E-2 4.56E-3 —1.16E—4 1.55E-6 —8.55E-9
35.36 40 5.54E-2 2.39E-2 4.82E-3 —1.22E-4 1.60E-6 —8.64E-9
39.54 45 1.09E—-1 2.66E-2 5.10E-3 —1.28E—4 1.63E-6 —8.53E-9
43.61 50 2.01E-1 3.02E-2 5.38E-3 —1.32E-4 1.59E-6 —7.98E-9
47.52 55 3.54E-1 3.51E-2 5.58E-3 —1.30E-4 1.44E-6 —6.54E-9

“The lower (upper) bound indicates the lower (higher) value of dBT for the uncertain sky designation. The lower (upper) bound
appears as the threshold on the left (right) in Figure 1. If the AIRS dBT falls outside of the two bounds, “cloud” is detected. The
instrument scan angle (0,) and surface emission angle (6;) are listed for reference. A linear interpolation of the threshold between
the different scan angles is suggested and used in this work. The optimal range the thresholds are designed for is 10 < PW (mm)
< 65; regions of PW outside of this range should be treated with caution. The form of the best fit equation is BTpqry = ao +

_1as X", where x is_the total column PW in mm and BTyqy is the lower or upper boundary of the uncertain sky. Read

n -2
8.97E-2 as 8.97 x 10 ~.

2 x o value, to yield the left-hand (right-hand) curves
shown in Figure 1. A sixth-order polynomial was used for
the curve fitting; the coefficients for the best fit are listed in
Table 1. The fitted curves are valid for 10 < PW (mm) < 65,
and should be used with caution outside of this range.
Application of this dynamic threshold technique to AIRS/
AMSU data sets is computationally very efficient; about
5 seconds are needed to process an entire AIRS granule
on a Macintosh Powerbook G4.

[14] Inorder to determine the “width” of the uncertain sky
boundaries in terms of cirrus T (extinction optical depth at
10.4 um), a series of simulations were performed where Tig
was varied in a standard tropical atmosphere discussed above.
Because of the difficulty in retrieving accurate and verifiable
profiles of temperature and humidity on a global basis, it is
necessary to consider the fundamental vertical variability of
these profiles, which cause a certain degree of scatter in dBT =
dBT(PW), as shown in Figures la and 1b. Thus we must
understand the range of dBT in terms of T in the uncertain
range to determine the sensitivity of this technique to the
optically thinnest cirrus.

[15] In Figure 2, the dBT difference between that of a
cloudy and clear sky is related to T as a function of ice
scattering model. All simulated cirrus dBT values shown in
Figure 2 use the Standard Tropical atmospheric profile as
input, and a single layer of cirrus is simulated from 11 to
12 km. To investigate the ice habit effect on the simulation,
we used the following shapes: spheres, cylindrical aggre-
gates, and hexagonal cylinders, as a first approximation. As
discussed below, the single-scattering properties for these
shapes are readily available for direct radiative transfer
calculations. The approximate width of the cloudy sky
thresholds in dBT space (from Figure 1) for the Standard
U.S. (column PW =~ 20 mm; dBT =~ 0.9 K) and Tropical

(column PW = 40 mm; dBT = 1.8 K) atmospheres are
marked with the horizontal gray bars. These gray bars
highlight the approximate range in T for the estimated
“worst-case scenario” minimum detection threshold of
cirrus. This does not correspond to the lowest detectable
Tir for any given cirrus cloud, but it is the estimate of Tig
above which nearly all cirrus is detected.

[16] The worst-case scenario of Tr for detected thin
cirrus is on the order of 0.1-0.15 in the Standard Tropical
atmosphere, and is around 0.05-0.1 in the Standard U.S.
atmosphere; the small range of values are a result of the
different modeled particle habits and sizes. Cirrus with
much lower Tjg can be detected than Figure 2 implies, but
not all cirrus with T less than the values given will be
detected. The temperature and humidity profiles determine
to a large degree the “detectability” of a given cirrus cloud.
Also, there is a strong sensitivity to the assumed cloud
height that is employed in the model. As a rule of thumb,
the T thresholds increase (decrease) for lower (higher)
cirrus altitudes. For cirrus at 8—9 km, the Tz thresholds are
approximately 1.5 times greater than those for cirrus at 11—
12 km (not shown). Caveats to the minimum Tr threshold
are elaborated on in section 4.

[17] We have used the single-scattering properties for
spheres, cylindrical aggregates, and hexagonal cylinders in
the 10 pm window readily available from Mishchenko and
Travis [1998], Baran [2003], and Baran et al. [2002],
respectively, in conjunction with simulations of the radia-
tive properties of cirrus by the Code for High-resolution
Accelerated Radiative Transfer with Scattering (CHARTS)
[Moncet and Clough, 1997]. As discussed by Baran [2003]
and Baran et al. [2002], some of their results have been
verified with the single-scattering properties of ice particles
computed from the combination of a modified geometric
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Figure 2. (a) IR optical depth versus cloudy—clear-sky

dBT5¢16_960 for cylindrical aggregates [Baran, 2003] and
spheres [Mishchenko and Travis, 1998]. (b) As in Figure 2a
except for hexagonal cylinders [Baran et al., 2002]. All
clear-sky and cloudy sky simulations were calculated using
a Standard Tropical atmosphere. In the cloudy simulations,
a cloud height of 11-12 km was used. For the U.S.
Standard atmosphere, the results are nearly identical and
thus are not shown. The gray lines represent the
approximate dBT value in between the two thresholds
shown in Figure 1, for the Standard Tropical (dBT = 1.8 K)
and Standard U.S. (0.9 K) atmospheres.

optics approach and the finite difference time domain
method developed by Yang and Liou [1996] and Yang et
al. [2000]. For the spherical ice particles, we assumed a
power law size distribution with an effective variance of
0.25. The r. is defined as the ratio of the integrated volume
over the particle size distribution to the integrated geometric
cross-sectional area over the same distribution [Mishchenko
and Travis, 1998]. The effective diameter (D.) of the
cylindrical aggregates and hexagonal cylinders are similarly
defined [Baran et al., 2002; Baran, 2003]. Details of the
microphysical characteristics of cirrus leads to a consider-
able effect on simulated radiances; this has been demon-
strated by Liou et al. [2000] and Rolland et al. [2001] and
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more recently by Baran [2004], Huang et al. [2004], Rddel
et al. [2003], and Wei et al. [2004]. Thus the simulations
presented herein are complementary to these efforts and
should be viewed as approximate, and not representative of
all cirrus types and atmospheric configurations.

[18] Some important assumptions were made for the
simulated clear-sky radiances. First, the skin temperature
(Ty) is set equal to the temperature at the lowest atmospheric
level in the sounding (T,). This assumption is most valid
over the tropical and subtropical oceans, and breaks down
over the higher latitude oceans, especially downwind of
continents in the winter hemisphere, where advection of
cold continental air over the ocean leads to T,_, > 0. When
Ts_. exceeds a few kelvins, the dBT is significantly
affected. Figure 3 shows the same simulations as in
Figure la, except T,_, is set to +10, +5, —5, and —10.
Notice that the departures of T,_, have the least (greatest)
sensitivity reflected in dBT for the dry (moist) soundings.
Thus there are two competing influences for T;_, departures
from zero: the sensitivity is greatest (least) in the moist (dry)
atmospheres, but the largest departures tend to occur where
the atmosphere is drier and colder, with T,_, > 0.

[19] Second, we assume the surface emissivity follows for
an oceanic surface with a wind speed of 10 m s~ after Wu
and Smith [1997]; scan angle effects are included in the
simulations (not shown). Initially, application of this
method is limited to oceanic surfaces where these assump-
tions usually hold. However, this technique is only limited
by the potential accuracy of Ts_, and surface emissivity
retrievals; emissivity is highly variable over land, especially
over barren mineral surfaces, which can greatly impact the
spectral dependence in radiance for a clear-sky simulation
[Fishbein et al., 2003]. Figure 4 shows the same clear-sky
simulations presented in Figure la, except the surface
emissivity is representative of conifer and deciduous forest,
tundra, and quartz. In Figure 4, note that the quartz and
deciduous forest surfaces lead to substantially different
results compared to a typical oceanic surface, as shown in
Figure 1 but that conifer forest and tundra are not very
different from typical oceanic surfaces. The thresholds
obtained from Figure la are superimposed on Figure 4 to
show the degree to which the scatter remains within the
thresholds when changing surface type. Improvements in
retrievals of T,_, and surface emissivity from spaceborne
measurements will inevitably lead to a greater geographical
applicability of this method.

3. Observations
3.1. AIRS/AMSU Suite

[20] Each day over 2.9 million IR spectra are taken by
AIRS, with 9 AIRS footprints colocated within a single
AMSU-A footprint. Both AIRS and AMSU-A measure-
ments are used synergistically to retrieve the myriad of
atmospheric and surface products, including temperature
and humidity profiles [Susskind et al., 2003]; these retriev-
als are performed over the scale of the AMSU-A footprint,
yielding 324,000 retrievals per day. Validation of the
retrieved products is ongoing [Fetzer et al., 2003, 2004;
Gettelman et al., 2004].

[21] Figure 5a presents a typical granule within the
tropics; a potpourri of cloud activity abounds, including
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Figure 3. Simulated scatter diagrams with adjusted AT = Tg, — Tair 7 0. Thresholds between cloudy
and uncertain sky cover from Figure 1 are superimposed. All other physical quantities used in the
simulations are as described for Figure 1a; no IR channel noise is included in these simulations.

deep convection, cirrus, altocumulus and altostratus, as well
as stratus and scattered cumulus clouds, which often occur
simultaneously in multiple layers within a single footprint
[Baum et al., 2003]. This is based on studying the ARM
cloud boundaries for numerous coincident AIRS footprints,
to be discussed in section 3.2. Figure 5b shows the total
column PW for the same scene. Despite the expected high
amounts of PW over the entire region, a significant amount
of variability exists, with higher levels of PW coinciding
with the more extensive cloud masses. Figure 5c shows
dBT; comparisons with split window differences limited to
the mid IR windows (not shown) indicates a much greater
sensitivity of cirrus using SW — LW differences, as
indicated by Lutz et al. [2003].

[22] After applying the cloud detection method discussed
in section 2, the cloud detection “map” is presented in
Figure 5d. The color scale is the same as Figure 5c, except
regions of uncertain sky are denoted as white and cloudy
regions remain colored. The circled regions indicate partic-

ular clouds of interest. In the upper right in and around an
area of deep convection, the speckled pattern over the
convective towers is a result of the cold BT values. NEdT
values at 2616 cm ™' increase substantially for BT < 215 K,
but much less so for 960 cm™'; thus the speckled pattern is a
result of the high level of noise at 2616 cm™'. Just to the
right, notice the region of dBT > 20 K; this is a common
feature seen in anvil regions surrounding areas of cumulo-
nimbus, in the tropics and elsewhere, because of the
preponderance of small ice particles [Kahn et al., 2003].
[23] The highlighted region in the middle left of the
granule around an area of midlevel cloudiness indicates a
“ring” of uncertain sky surrounding the midlevel clouds.
There is a transition of cloud that is detected outside of the
right boundary in Figure 1, to cloud detected outside of the
left boundary. This feature is seen on occasion, and may
imply a transition in cloud microphysics; the spectral
features of mixed phase cloud can change significantly
from water or ice cloud alone [Yang et al., 2003], even
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Figure 4. Simulated nadir view of dBT for four different land types. Cloud detection thresholds (for an
ocean surface) from Figure 1 superimposed for comparison purposes. (a) Conifer forest with emissivity of
0.9897 and 0.9889 at 960 and 2616 cm ™', respectively, (b) quartz (0.860 and 0.925), (c) deciduous forest
(0.976 and 0.983), and (d) tundra (0.989 and 0.969). Emissivity values are taken from land types

presented by Fishbein et al. [2003].

over the horizontal scale of meters [Chylek and Borel,
2004]. Another possibility is cirrus overlying lower-level
water cloud [Nasiri and Baum, 2004]. In the lower right,
another area of cloud is detected outside of the left boundary
in Figure 1. The area of cloudiness appears to be low-level,
stratiform cloudiness (judging from the very high BTog),
much like the coastal stratus near oceanic upwelling regions
on the west side of the subtropical continents [e.g., Lee et
al., 1997]. Inspection of granules in these geographical
regions confirms that low-level stratiform regions can
produce significant negative values of dBT (not shown).
[24] Similar maps as shown in Figure 5 have been
manually inspected for hundreds of AIRS granules spanning
all latitudes, seasons, and surface types. The limitations
imposed by our assumptions for T, _, and surface emissivity
hinder the applicability of this method over land and for
high latitude oceans; manual inspection of cloud detection
maps for these geographical regions show this to be the
case. To validate the results of the cloud detection procedure

in a typical tropical setting, we use some of the ground-
based measurements of clouds conducted at the ARM
Tropical Western Pacific (TWP) site located at Manus
Island (2°S 147.5°E). The instrumentation lies just to the
east of Manus Island on a small adjacent island only a few
kilometers in width; the main body of Manus Island is
approximately 90 km long in the W-E direction and 30 km
wide in the N-S direction, large enough to fill several AIRS
footprints completely with land. On a number of occasions
the approximate shape of Manus Island is noted in the AIRS
thermal IR imagery. Since the ARM site is located just to
the east of the main body of Manus Island, it is expected
that T;_, and surface emissivity effects on dBT will be
minimal in most cases.

3.2. Manus Island ARM Site

[25] There are numerous passive and active remote sens-
ing instruments at the ARM TWP sites that are sensitive to
cloudiness. To validate the new method of cloud detection,
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Figure 5. Case study for the nighttime AIRS granule taken on 20 June 2003. The blue cross denotes the
location of the ARM instrument site on Manus Island. (a) BTyg, (b) total column PW in mm, (¢) SW —
LW (2616-960 cm™") BT difference, and (d) cloud detection map. For Figure 5d, all of the colored
pixels are as in Figure 5c¢, where the white areas indicate regions of uncertain sky as determined by the
combined AIRS/AMSU method. The footprint size in Figures 5S¢ and 5d is reduced to highlight the areas
of uncertain sky cover surrounding particular cloud masses.

we use the value-added product that combines the capa-
bilities of several active sensors: a laser ceilometer, a
micropulse lidar, and a millimeter wave cloud radar
[Clothiaux et al., 2000]. Each instrument has particular
capabilities and limitations that are related in part to cloud
height, cloud optical depth, and hydrometeor size, among
others. The instruments are combined in a synergistic
fashion for a comprehensive cloud boundary detection
tool; see Clothiaux et al. [2000, and references therein]
for further details.

[26] A total of 89 AIRS granules that coincide with
Manus Island in which the ARM value-added product is
available are used to validate the cloud detection method.
These cases span a very large range of sky conditions: clear,
partly overcast, overcast, and precipitating skies. The
observed clouds range from fair weather cumulus to deep
convection, and from optically thin to thick cirrus, among

others. We present results for all 89 of the coincident
measurements, and inspect every case to understand why
the techniques compare favorably or not.

[27] A cloud, as defined by the technique presented in the
Methodology, is a combination of PW and dBT that falls
outside of the uncertain sky boundaries as in Figure 1. As
discussed previously, some clouds may fall within the
uncertain sky boundaries, especially low cumuliform
clouds, those near cold convective cores, some midlevel
clouds, cirrus overlying water cloud, and even some very
optically thin cirrus. The strength of this technique lies in
the detection of cirrus above Tjg > 0.1, although it can be
problematic to discern cirrus from other cloud types by this
technique alone.

[28] A cloud, as defined by the value-added product
[Clothiaux et al., 2000], is simply an observation that
contains at least one cloud top and base. Comparing a
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Table 2. Comparison of Manus Island ARM Site Value-Added
Product and the Proposed Cloud Detection Technique®

ARM Cloud 1° ARM Cloud 2° ARM Clear
AIRS cloud 52 (59) 52 (57) 6 (3)
AIRS uncertain 21 (23) 6 (10) 10 (4)

See Clothiaux et al. [2000] for the value-added product. The first value
of each entry indicates the total number of cases in which the two
techniques “agree” or “disagree” if the ARM cloud observation is defined
as the 6 min window beginning and ending with the time of the coincident
AIRS granule. The value in parentheses is defined as the 6 min window
+24 min, for a total of 54 min; any cloud within this time period makes
the ARM measurement “cloudy.” Comparison of ARM Cloud 2 and
ARM clear shows that the AIRS and ARM detection techniques agree
84% (82%) of the time for the 6 min (54 min) window.

"Inclusion of all 89 coincidences of ARM measurements and AIRS
overpasses.

“Same as ARM cloud 1, except the 15 ARM site observations for shallow
cumulus only are removed. AIRS dBT is relatively insensitive to shallow,
tropical cumulus; thus the ARM Cloud 2 and ARM clear values more
appropriate sets of observations for comparison.

measurement from a satellite platform that spans a horizon-
tal scale of 13.5—-20 km with a point measurement from the
surface is a difficult task; individual cloud elements do not
simply advect around with the mean wind. They are
constantly evolving (generating or dissipating) over the
timescale of minutes or less. To make the comparison
between AIRS and the ARM site, we use two methods of
defining when cloud has been detected by the ARM site: if
cloud boundaries are detected anytime within the 6 min
period defined by the beginning and end time of the
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coincident AIRS granule, or if cloud boundaries are
detected anytime within £24 min either side of the granule,
for a total of 54 min. Inevitably, there is some sensitivity to
this choice, and this will be discussed further as the results
are presented. Thus the ARM site indicates whether the sky
is either clear or cloudy; this proposed method indicates
whether the sky is of uncertain cover or cloudy.

[20] Comparison of detected clouds by both methods is
summarized in Table 2. Upon first view of the results, one
sees that AIRS and ARM agree in 82—84% of the cases
when shallow cumulus cases are not considered, with the
percentage depending on the time window definition of an
ARM cloudy observation. Manus Island is characterized by
frequently cloudy skies; clouds are observed 82% of the
time over the 6 min window, which increases to 92% over
the 54 min window, implying very few AIRS footprints are
completely clear near Manus Island at nighttime.

[30] In Figure 6 each case is partitioned into a cloud
category, in order to understand more about why particular
cases agree or disagree. Upon further inspection of the cases
in which there is disagreement (“ARM cloudy/AIRS un-
certain” or “ARM clear/AIRS cloudy”), a majority of the
cases disagree because ARM detects shallow cumulus
clouds in which AIRS dBT is insensitive. Two cases
disagree because the cold BTs over convection produce
substantial noise at the 2616 cm ™' channel, allowing the
dBT to fall within the uncertain category. A few other cases
are in disagreement in regions of midlevel cloudiness,
possibly consistent with spectral signatures of mixed phase
[Yang et al., 2003] or multilayer [Nasiri and Baum, 2004]

ARM Cloud’ ARM Clear
9(7) 93N _ _
17 {18) 17 2D _ _
AIRS Cloud e - - 6
4(8 22
AIRS (8 2 _ _
) 1513 _ _ 10 (4)
Uncertain

" Representative of 1st column in Table 2.

Figure 6. Comparison of Manus Island ARM value-added product [Clothiaux et al., 2000] and the
proposed cloud detection technique, with cloud types broken into categories. Summation of all cases
equals the totals presented in Table 2. Each of the four possible AIRS and ARM site combinations are
broken into six subcategories: (1) uniform single or multilayered cirrus (top left), (2) uniform single or
multilayered cirrus with underlying midlevel clouds (top right), (3) patchy single or multilayered cirrus
alone, or with midlevel clouds (middle left), (4) deep, precipitating cumulus or cumulonimbus (middle
right), (5) shallow cumulus with tops less than 5 km (bottom left), and (6) clear skies (bottom right). All
cloud categories are defined by the ARM site sky observations. Clouds are identified as “cirrus” if cloud
bases are 10 km or higher, “midlevel” clouds have bases and tops located between 5 and 10 km, and
shallow cumulus clouds have tops below 5 km. The 5 and 10 km levels roughly correspond to the 0°C
and —40°C levels in a tropical atmosphere, which can be expected to be the approximate bounds of liquid
water, mixed liquid and ice, and ice only clouds. In categories 1—4, we allow observations of low-level
cumulus clouds to coexist, as they have a minimal impact on dBT.
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Figure 7. The 2 May 2003 1506 UTC granule to compare
AIRS subfootprint-scale BT variability using MODIS 5 km
pixels (solid gray scale circles). The center of the AIRS
footprint is noted with the small open circle in the center.
The squares are the four corner latitude/longitude pairs that
mark the approximate location of the AIRS footprint. The
ARM Manus Island site is indicated with the triangle; note
that its location is on the edge of the AIRS footprint. At
high scan angles, AIRS footprints become more elongated
[Aumann et al., 2003].

cloudiness. The ARM site is located just outside of the
AIRS footprint for a couple of cases, and in a few others the
AIRS footprint is located such that a portion of it is
positioned over the main body of Manus Island to the west
of the ARM site, especially for the elongated footprints at a
high scan angle. Because a significant portion of the
footprint is located over land, this could somewhat violate
the assumptions about T, , and surface emissivity for the
Manus Island ARM site. The impact on dBT may be
enough to shift the footprint from the uncertain category
to the “cloudy” category, or vice versa, in a borderline case.

[31] A majority of the remaining cases in disagreement
appears to be related to the discrepancy between the scale of
the AIRS footprint and the very small field of view of the
ARM site measurements. A small patch of cloud over the
ARM site might be surrounded by clear sky, or the ARM
site may observe a small patch of clear sky within a
widespread cloud field. Areas of optically thin and thick
cloud may produce a similar effect. For the cases in
disagreement, we have inspected radiances and BTs in the
atmospheric window using MODIS channels to investigate
the AIRS subfootprint variability at the 1 and 5 km scales.
The smaller spatial scale variability of BT (at 5 km) allows
us to explain several of the cases that disagree; if the ARM
site observes cloudy (clear) skies and AIRS observes
uncertain (cloudy) skies, the MODIS pixel closest to the
ARM site has a lower (higher) BT than those averaged over
the AIRS footprint. Other potential reasons for disagree-
ment should be explored in the future, including geolocation
errors of AIRS footprints [Gregorich and Aumann, 2003].
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[32] Figure 7 shows a case in which the two cloud
detection methods disagree, and the disagreement is con-
sistent with AIRS subfootprint-scale cloud variability; the
ARM site indicates clear sky, and the proposed cloud
detection method indicates cloud. The MODIS BT pixel
size shown is 5 km, and represents the nighttime overpass
on 5 May 2003. MODIS 1 km radiances for channel 31
were also investigated, indicating a very similar result.
Notice the elongated nature of the AIRS footprint; at high
scan angles it is far from circular in shape, and is on the
order of 20 km in length. The ARM Manus Island site is
located at the edge of the AIRS footprint. The closest
MODIS pixel to the ARM site is 291.8 K; in contrast, the
average MODIS BT over the entire AIRS footprint is
287.8 K. The coldest MODIS pixel within the AIRS
footprint is 270.7 K, while the warmest is 292.3 K. In
this case, the ARM site was free of cloud cover at the time
of the AIRS measurement, so this implies the AIRS
footprint contained enough cloud cover to allow dBT to
exceed the uncertain sky boundaries.

4. Discussion

[33] The thresholds which define cloudy and uncertain
sky cover developed in the Methodology and presented in
Table 1 are somewhat arbitrary and are based on some
assumptions that do not hold globally; T_, is assumed to be
zero, and surface emissivity is representative of an oceanic
surface with wind speeds of 10 m s~'. The vertical
variability in temperature and humidity leads to a substan-
tial variability in dBT, increasing with larger PW amounts.
The PW values used are those from the combined AIRS/
AMSU retrievals [Susskind et al., 2003], and are represen-
tative of AMSU-A fields of view, about 45 km at nadir
view. Subfootprint AMSU-A variability in PW values can
be significant enough to impact some borderline uncertain
and cloudy sky decisions, which is especially true for the
most tenuous cirrus clouds. Instrument noise in the IR
channels leads to an uncertainty in dBT, although it is
minimal at high BTs; over cold scenes, such as those in
polar latitudes or over deep convection, noise plays a much
bigger role.

[34] When making intercomparisons of cloud observa-
tions between the ARM site and the AIRS footprint scale
(~15 km), numerous challenges present themselves. If the
cloud is not homogeneous over the entire AIRS footprint,
the ARM measurement may observe different cloud prop-
erties than those averaged over the AIRS pixel. The ARM
site observation might be within the AIRS footprint, or just
outside of it. If a time series of ARM observations is used
along with a mean wind speed to estimate the time neces-
sary to reproduce the horizontal scale of the AIRS footprint,
clouds can dissipate and generate on the scale of minutes or
less, further complicating the picture. Also, there could be
vertical wind shear, with different layers of clouds moving
at different wind speeds and directions, complicating the
picture even more. The ARM observation may be on the
edge of a cloud, while the AIRS footprint may be partially
located over a clear scene. As shown in section 3, this can
lead to a discrepancy between cloud detection techniques,
specifically, one that is surface based, and the other satellite
based.

10 of 13



D07203

-IIIIIIIII|IIII|IIII|IIII|I!II|IIBII|IIII-

70

60

50

40

30

Total Column PW (mm)

20

10 Lot
0

2 4
dBT 2616-960 cm" (K)

(o]

Figure 8. Scatter diagram of simulated dBT as in Figure 1.
The gray scale indicates the pressure level where approxi-
mately 50% of the total column PW is located above and
below it, ranging from 700 mbar (dark gray) to 950 mbar

(light gray).

[35] Despite these numerous difficulties, it has been
shown that using total column PW measurements to con-
strain dBT signatures for the purpose of identifying cloud,
specifically optically thin cirrus, is encouraging, especially
in the tropical oceanic regions where thin cirrus plays an
important role in regulating Earth’s radiative balance
[Prabhakara et al., 1993].

[36] A more accurate retrieval of several physical quan-
tities will lead to a lower T detectability limit, or a more
wide-ranging global applicability of this method. These
include retrievals of T,_,, as well as surface emissivity,
which strongly depends on surface type. Both of these
quantities are much more highly variable over land when
compared to oceanic surfaces. Retrievals of total column
PW at the scale of the AIRS footprint capture the small-
scale PW variability more accurately. However, the in-
creased accuracy in retrieved temperature and humidity
profiles will inevitably lead toward reducing the range of
uncertain sky dBT, as these quantities work in synergy to
produce the scatter in dBT shown in Figure 1. The humidity
profiles alone likely will not lead to a reduction in the Tg
detectability limit. Figure 8 shows a scatter diagram of PW
versus dBT, as in Figure 1, except the overlying gray scale
is an indication of the vertical distribution of PW. The gray
scale indicates the approximate altitude of the PW vertical
distribution where 50% of the PW is located above and
below. Unfortunately, this altitude appears to be a function
of the PW value, and not dBT.

[37] This suggests that a reduction in the Tr detectability
limit needs to be attempted using improved soundings
of temperature and humidity simultaneously, instead of
humidity alone. Using the AIRS-RTA in synergy with the
retrieved AIRS temperature and humidity profiles may help
to reduce the uncertainty of the clear-sky dBT and, hence,
to reduce the width of the uncertain sky dBT thresholds.
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This will require a thorough comparison of retrieved AIRS
temperature and humidity profiles with those from radio-
sondes in both clear and cloudy scenes; this subject is a
topic of ongoing work [Fetzer et al., 2003, 2004; Gettelman
et al., 2004].

5. Conclusions

[38] A computationally efficient method of cloud detec-
tion is presented that combines the total column precipitable
water (PW) with radiances in the IR window channels,
using the colocated measurements of the Advance Micro-
wave Sounding Unit A (AMSU-A) and the Atmospheric
Infrared Sounder (AIRS), residing on EOS-Aqua. The basic
principle involves the constraint imposed by the effect of
the water vapor column on the BT difference between 3.8
and 10.4 pm (2616—960 cm™") (dBT). The range of dBT
for “clear” sky is produced by simulating radiances with
the AIRS radiative transfer algorithm (AIRS-RTA) [Strow et
al., 2003]. Clouds are detected when the observed dBT falls
outside of the defined dBT threshold. The clear-sky simu-
lations are interpreted as uncertain sky cover for the
purposes of cloud detection as many clouds have identical
dBT as clear-sky dBT.

[39] A total of 8350 soundings launched around the globe
near ocean basins and from islands are used to initialize the
atmospheric temperature and humidity profiles in the AIRS-
RTA. Because of the natural variability in temperature and
humidity profiles, the dBT for a particular value of PW is
not a constant value. Instrument noise in the IR channels is
considered in the simulated dBT, in addition to the scan
angle dependence in dBT. Surface emissivity for an oceanic
surface with a wind speed of 10 m s~ is assumed for all
simulations, and the impact of variable land surfaces on the
results was shown to be significant; the thresholds presented
in this work will not generally be applicable over land.
Lastly, the skin temperature (T;) and air temperature at the
lowest atmospheric level (T,) were assumed equal. The
combination of these assumptions prevent a global applica-
bility of this cloud detection method; however, better
estimates of Ts_, and surface emissivity will inevitably lead
to an applicability over a larger geographical range. Current
limitations make this method most applicable over the
tropical and subtropical oceans, and perhaps the midlatitude
oceans during the summertime; these are locations where
the assumptions generally hold. Highly variable emissivity
and T,_, # 0 at nighttime over land make this method
somewhat ineffective, especially for the optically thinnest
cirrus.

[40] Comparisons between this method and the ARM
value-added product are made [Clothiaux et al., 2000].
Out of a total of 89 coincident measurements over the
ARM TWP Manus Island site, both are in agreement for
82-84% of the cases. However, closer inspection of the
cases in which there is disagreement shows that a few are
due to cold cumulonimbus scenes, which can lead to a dBT
that falls within the uncertain sky boundaries. A few cases
are associated with midlevel and multilayered cloudiness,
which has been shown to have spectral characteristics
significantly different from water or ice phase clouds. Most
of the other cases are associated with sub-AIRS-scale
footprint cloud variability.
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[41] Simulated thin cirrus radiances for ice spheres,
hexagonal cylinders, and cylindrical aggregates were made
in two different atmospheres: the U.S. standard atmosphere,
and a standard tropical atmosphere. The worst-case scenario
of Tir for detected thin cirrus is on the order of 0.1-0.15 in
the tropical atmosphere, and is near 0.05—0.1 in the drier
and cooler standard atmosphere. The Tz values are repre-
sentative of the width in the range of dBT for the two
respective atmospheres. Some cirrus with much lower Tg
can be detected, but nearly all single-layer cirrus with T
greater than the values given will be detected.

[42] As incremental improvements in retrieved values are
achieved for some or all of the aforementioned physical
quantities, even thinner cirrus will be detected, applicable
over an increasingly large geographical region of the globe.
Improved cirrus detection will lead to an improved global
cloud climatology, which in turn will lead to improvements
in climate and numerical weather prediction models through
intercomparisons of data and model results, and improve-
ments in model representations of clouds.
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