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ABSTRACT

Two additional narrowband channels of the Scanner of Radiation Budget (ScaRaB) instrument should improve
the Earth Radiation Budget Experiment (ERBE) cloud scene identification. Applying the origina International
Satellite Cloud Climatology Project (ISCCP) algorithms to the ScaRaB narrowband data gives a clear-sky
frequency that is about 5% lower than that given by quasi-simultaneous |SCCP data, an indication that the
ISCCP cloud detection is very stable. However, one would expect about 10%—-20% smaller clear-sky occurrence
for the larger ScaRaB pixels. Adapting the | SCCP algorithms to the ScaRaB spatial resolution and to the different
time sampling of the ScaRaB data leads to a reduction of residual cloud contamination. A sensitivity study with
time—space-collocated ScaRaB and ISCCP data shows that the clear-sky identification method has a greater
effect on the clear-sky frequency and therefore on the statistics than on the zonal mean values of the clear-sky
fluxes. The zonal outgoing longwave (LW) fluxes corresponding to ERBE clear sky are in general about 2-10
W m~2 higher than those from the ScaRaB-adapted | SCCP clear-sky identifications. The latter are close to fluxes
corresponding to clear-sky regions from ISCCP data, whereas ScaRaB clear-sky LW fluxes obtained with the
original I SCCP identification lie about 1-2 W m~2 below. Especially in the Tropics, where water vapor abundance
ishigh, the ERBE clear-sky LW fluxes seem to be systematically overestimated by about 4 W m~2, and shortwave
(SW) fluxes are lower by about 5-10 W m~2. However, another source of uncertainty in the monthly mean
zonal cloud radiative effects comes from the low frequency of clear-sky occurrence, when averaging over regions
that correspond to the spatial resolution of general circulation models. An additional systematic sampling bias
in the clear-sky fluxes appears because the clear-sky regions selected by the different algorithms occur in different
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The Role of Clear-Sky Identification in the Study of Cloud Radiative Effects:

geographic regions with different cloud properties.

1. Introduction

Clouds have an important impact on the energy dis-
tribution in the atmosphere mainly through two mech-
anisms: on one hand they cool the earth (mostly the
surface) by reflecting solar radiation, and on the other
hand they warm the earth (mostly the atmosphere) by
partially capturing emitted thermal radiation. A first es-
timation of the importance of these effects was deter-
mined by comparing incoming and outgoing fluxes at
the top of the atmosphere (TOA) between all situations
and monthly averaged clear-sky situations in the same
regions (Charlock and Ramanathan 1985). The Earth
Radiation Budget Experiment (ERBE; Barkstrom et al.
1989) has shown that, in the global annual mean, clouds
cool the earth by about 20 W m~2 (Harrison et al. 1990).
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However, regional and seasonal radiative effects of
clouds can be quite different, depending on their phys-
ical properties (cf. Stephens and Greenwald 1991; Ock-
ert-Bell and Hartmann 1992; Stubenrauch et al. 1999;
Chen et al. 2000). As the geographical and temporal
distributions of the radiative fluxes at TOA are directly
linked to the global circulation of the atmosphere and
oceans, the difference between clear-sky and cloudy
fluxes has been widely used to test the realism of climate
models (cf. Cess and Potter 1987; Harshvardhan et al.
1989; Ridout et al. 1994). Therefore, a reliable identi-
fication of clear-sky situations is important. Several
studies (Hartmann and Doelling 1991; Rossow and
Zhang 1995; Collins and Inamder 1995; Stubenrauch et
al. 1997; Chen et al. 2000) suggest that ERBE clear-
sky longwave (LW) fluxes tend to be biased high, es-
pecially in tropical regions where atmospheric water
vapor is abundant.

The Scanner of Radiation Budget (ScaRaB) radi-
ometer on board the Russian Meteor-3/07 satellite pro-
vided measurements of reflected solar radiation and
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emitted thermal radiation at TOA from March 1994 to
February 1995 with ERBE-like broadband LW and
shortwave (SW) channels (Viollier et a. 1995; Kandel
et al. 1998). The inclination of the orbit (82.6°) is such
that all local hours are observed within 104 days. Mea-
sured broadband radiances are currently converted into
radiative fluxes by the ERBE inversion algorithm (Smith
et al. 1986). Scene-dependent angular corrections play
an important part in this inversion. A reliable scene
identification is not only important for the angular de-
pendence models (ADMs), but also for studying cloud
radiative effects, as explained above. Two additional
ScaRaB narrowband channels, centered on the 11.5-um
infrared (IR) atmospheric window and on the 0.6-um
visible (VIS) band, should allow an improvement of the
cloud scene identification because the contrast between
cloudsand clear sky islarger for these narrowband chan-
nels than for the broadband channels.

A regional study (Stubenrauch et al. 1996) has already
shown that the ScaRaB narrowband channels make it
possible, even at the relatively low ScaRaB spatial res-
olution of about 60 km (at nadir), to establish a more
detailed cloud-field identification than with the ERBE
method. On the other hand, in order to obtain a cloud-
scene identification, which is reliable over the whole
globe it is better to start from already developed cloud
detection algorithms that are functioning globally.

The International Satellite Cloud Climatology Project
(ISCCP) method for cloud detection and determination
of cloud and surface properties makes use of the same
narrowband channels as ScaRaB, but is applied to a
collection of measurements at a better spatial resolution
of about 5 km, from geostationary and polar orbiting
satellites around the globe (Rossow and Schiffer 1991,
1999). Evenif theinitial spatial resolution of these mea-
surements is much better, the ISCCP cloud detection
method isagood starting point for an improved ScaRaB
scene identification. Therefore, this method was applied
to the ScaRaB VIS and IR radiances for cloud detection
and for the determination of their properties.

Four different clear-sky identification methods are de-
scribed in section 2. In sections 2a and 2b, respectively,
the original ERBE and ISCCP clear-sky identifications
are briefly recalled. The thresholds of the original |SCCP
algorithm are then adjusted to account for the ScaRaB
reduced spatial resolution (section 2c). In section 2d we
present an algorithm that also takes into account the dif-
ferent time sampling of the ScaRaB data. In this algo-
rithm clear-sky reference radiances are determined from
regional statistics of the same geotype instead of using
time statistics from the same location as in the ISCCP
algorithm. Section 3 compares results on clear-sky fre-
guencies and clear-sky LW fluxes at TOA obtained with
these four clear-sky identification methods. A sensitivity
study with time-space-collocated ScaRaB and |SCCP
data evaluates the effects of clear-sky identification meth-
od and of statistical averaging on clear-sky frequency and
on clear-sky fluxes at TOA. Section 4 discusses the effect
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of clear-sky statistics on cloud radiative effects. Conclu-
sions are given in section 5.

2. Clear-sky identification methods
a. ERBE scene identification

The ERBE scene identification (Wielicki and Green
1989) isbased on amaximum likelihood method applied
to the broadband LW and SW radiances. Scenes are
grouped into four different classes depending on cloud
cover: from clear sky, which isdescribed by the warmest
and darkest scenes; over partly cloudy and mostly
cloudy to overcast, which is described by the coldest
and brightest scenes. Kernels that vary with latitude and
season for these scenes have been predetermined for
five different background geotypes (ocean, land, desert,
coast, and snow); see Hartmann and Doelling (1991)
for a discussion about the effects of kernels that are
constant for whole seasons. This cloud scene identifi-
cation is used to choose the angular dependence models
for the conversion of radiances into fluxes. The ERBE
clear-sky identification has also been extensively used
for the study of cloud radiative effects.

b. ISCCP cloud detection

I SCCP cloud detection and classification is based on
aseriesof variable threshold tests applied to narrowband
IR and VIS radiances. These narrowband radiances ex-
hibit a larger contrast between clouds and clear sky and
are therefore better-suited for cloud detection than
broadband radiances (cf. Rossow et al. 1989).

The ISCCP dataset gathers data from geostationary
and polar satellites with an initial pixel resolution of
about 4 to 7 km. Polar satellite data from the Advanced
Very High Resolution Radiometer (AVHRR) are dis-
tributed in the Global Area Coverage (GAC) format, the
initial spatial resolution of 1 km reduced to about 1 km
X 4 km by averaging four pixelsin aline and sampling
every fifth line. These pixels are then sampled to a spa-
tial interval of about 25 km. Clouds are detected through
a final IR-VIS threshold test comparing the measured
radiances to reference clear-sky radiancesthat have been
determined from pixels that exhibit low IR spatial and
temporal variability (Rossow and Garder 1993a). There-
fore, the main part of the algorithm consists of the de-
termination of reference clear-sky radiances (called
‘“clear-sky composite’’ radiances in the ISCCP algo-
rithm) for each pixel. In afirst step, one determines the
locally warmest pixels (within threshold A1 of 8 K over
land and 3.5 K over ocean) over areas, which are about
100 km X 100 km over land (3 X 3 grid boxes) and
vary over ocean from about 450 km X 450 km (15 X
15 grid boxes) in the Tropics to 270 km (latitude) X
750 km (longitude) (9 X 25 grid boxes) in the midlat-
itudes, in order to take into account the meridional sur-
face temperature gradient. A second criterion for clear
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TaBLE 1. Modifications of thresholds in the different steps of the ISCCP cloud detection in order to adapt it for the ScaRaB spatial
resolution. The temporal variability thresholds A2 and A3 decide whether the pixel is clear or cloudy/undetermined.

Algorithm part Threshold Original value Value for ScaRab
Land Ocean Land Ocean

Temporal variability test A2 (K) 2.0 1.0 0.8 0.4
A3 (K) 8.0 35 3.0 1.0

IR composite logic Short term—A2 (K) 5.0 2.0 33 13
Long term—A3 (K) 8.0 25 5.3 27

VIS composite logic Short term—A2 (%) 6.0 3.0 4.0 2.0
Long term—A3 (%) 35 1.5 2.3 1.0

Final thresholds IR (K) 4.0 25 15 1.0
VIS (%) 6.0 3.0 4.0 2.0

sky isasimilar temperature (within threshold A2 of 2.0
K over land and 1.0 K over ocean) in comparison with
values at the same location on the previous and the
following day at the same time of day. The spatial var-
iability threshold A1 labels a pixel either cloudy or un-
determined, whereas the temporal variability thresholds
A2 and A3 label a pixel either clear or cloudy/undeter-
mined. In a next step, short- and long-term clear-sky
statistics are collected respectively over 5 and 15 days
for land areas and over 15 and 30 days for ocean areas.
These results are then analyzed by taking into account
the geotype variability characteristics to determine the
clear-sky composite radiances. The final scene identi-
fication depends on a comparison of each measured ra-
diance to its clear sky composite value. The different
thresholds are summarized in Table 1.

Whereas the ERBE scene identification is applied to
pixels with a size of about 60 km, the ISCCP agorithm
has been developed for pixels with a size of about 4—7
km and sampled to intervals of 25 km. One ScaRaB pixel
can be represented by about four | SCCP pixels, assuming
that the sampling of the latter represents the character-
istics of the whole region of 60 km X 60 km (Séze and
Rossow 1991). Differencesin pixel size and in sampling
between ScaRaB and the I1SCCP data are illustrated in
Fig. 1. These differences will particularly influence the
spatiotemporal statistics used for the determination of
clear-sky composites in the | SCCP algorithm, which will
be studied in more detail in section 2c.

ScaRaB ISCCP
|
£ s 1 .
S (e}
©
5 km

Fic. 1. Schematic view of a ScaRaB pixel and of sampled ISCCP
pixels over an area corresponding to the size of a ScaRaB pixel to
illustrate spatial resolution and sampling. Both datasets are space—
time collocated at a spatial resolution of 1° (outer right scheme). The
sampling of ISCCP can miss small clouds that occur between the
measurements.

The original | SCCP algorithm has been applied to the
whole ScaRaB dataset. The pixel data have been put
onto a grid with a spatial resolution of 0.33°, corre-
sponding to 1.33 times the initial spatial resolution of
ISCCP data. ISCCP cloud detection and determination
of cloud properties are then carried out the same way
as for data from a polar orbiting satellite.

c. ISCCP cloud detection adapted to ScaRaB spatial
resolution

For the following study, we match I SCCP pixel-level
datafrom the NOAA-12 AVHRR datain the GAC format
to ScaRaB data. For the second half of March 1994, the
observation time of both satellites was quite similar.
From 24 to 26 March 1994 the crossing time at the
equator was within a few minutes of 0730 LST. The
observation time coincidence is best at low latitudes
(<30°), because the two satellites, Meteor-3/07 and
NOAA-12, are orbiting the earth in opposite directions.

An increase of pixel size from 5 to 60 km leads to
an increase of surface and cloud variability that is coun-
teracted by effects of averaging over the larger pixel
area. However, both effects serve to reduce the radiance
contrast between cloudy and clear scenes, producing
more cloud contamination in 60 km pixels labeled as
clear than in 5 km pixels |abeled as clear. Thistendency
is reinforced by an increasing probability for mixtures
of cloud and clear scenesto occur withinthelarger pixel,
especially for low-level clouds (cf. Wielicki and Parker
1992). To illustrate these effects for ocean areas, wefirst
compare in Fig. 2 the IR brightness temperature distri-
butions from the ISCCP data and from ScaRaB pixels
of all scenes and of scenes identified as clear-sky. For
a better comparison, each distribution has been nor-
malized to its peak value. The standard deviation for all
AVHRR pixels (Fig. 2a) is slightly higher than for
ScaRaB pixels (Fig. 2c), by about 1.3 K, indicating that
the averaging effect dominates the increased variability
over this particular range of spatial scales. The mean
values are, as expected, nearly the same. However, when
considering only the clear-sky scenes, the standard de-
viation of ScaRaB clear-sky scenes (Fig. 2d) is slightly
higher (by about 1.3 K) and the mean value slightly
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Fic. 2. Brightness temperature (T;) distributions over ocean for
(a) all ISCCP data, (b) only ISCCP clear-sky scenes from ISCCP
data, (c) al ScaRaB data, and (d) only ISCCP clear-sky scenes from
ScaRaB data. The distributions are shown in arbitrary units and have
been normalized to the peak value. Mean values and std dev are also
given.

lower (by about 1.2 K), indicating a small additional
cloud contamination of the ScaRaB pixels, which have
been identified as clear-sky by the original ISCCP al-
gorithm.

Since the absolute values of the clear-sky brightness
temperature and reflectance also depend on the clear-
sky statistics of different geographical regions, we com-
pare the relative brightness temperatures and reflectance
distributions, obtained by subtraction of the clear-sky
composite values. The distribution of clear-sky bright-
ness temperatures around the clear-sky compositein Fig.
3 should represent the spatial and temporal variability
of the surface (Rossow and Garder 1993ab). If one
compares, in Figs. 3a and 3b, the distributions of the
ISCCP data and of simulated ScaRaB pixels (by an
accumulation of four adjacent ISCCP gridboxes, see
Fig. 1), one can clearly see the expected decrease in
surface variability of about 0.7 K due to averaging over
the larger pixel size. Yet, one observes, in Fig. 3c, a
larger standard deviation (by 0.2 K) of the distribution
of ISCCP-detected clear sky over ScaRaB pixels than
for the ISCCP data, reflecting increased cloud contam-
ination.

The thresholds in the ISCCP cloud detection have to
be adjusted so that the relative clear-sky brightnesstem-
perature distribution looks similar to the one for the
simulated ScaRaB pixelsin Fig. 3b. The algorithm ad-
justment must take into account that the spatial and
temporal variability of the surface characteristics is
smaller for the larger ScaRaB pixels. Therefore, thresh-
olds used in the space-time variability test (thefirst part
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Fic. 3. Distributions of differences between clear-sky brightness
temperatures and clear-sky composite brightness temperatures over
ocean (@) for ISCCP data, (b) for simulated ScaRaB data (using four
adjacent | SCCP grid boxes), (c) for ScaRaB data on which the original
ISCCP cloud detection was applied, and (d) for ScaRaB data using
spatial resolution—adapted thresholds for the clear-sky composite de-
termination. The distributions are shown in arbitrary units and have
been normalized to the peak value. Mean values and std dev are also
given.

of the ISCCP agorithm) must be reduced. Since the test
on spatial variability results only in a distinction be-
tween a cloudy and undetermined scene (Rossow and
Garder 1993a) and since the behavior of spatial vari-
ability cannot be easily estimated, because the regions
covering the same number of pixelsarelarger and there-
fore offset the decreasein variability, only thethresholds
used in the temporal variability test are altered. These
have been reduced to about 1/2 of their original values
(Table 1).

The second part of the algorithm to be modified is
the clear-sky composite radiance determination. There-
lation between the extremes and the average clear-sky
radiances, specific to each geotype, depends again on
the spatial resolution, either for short- or long-term sta-
tistics (Seze and Rossow 1991; Rossow and Garder
1993a). Table 1 summarizes the new thresholds, which
have been reduced to approximately 2/3 of their original
values.

With these modifications a new distribution of clear-
sky brightness temperatures around the clear-sky com-
posite values is obtained, shown in Fig. 3d. The right
side of the distribution, corresponding to the warmest
pixels, now looks similar to the one for simulated
ScaRaB pixelsin Fig. 3b. This indicates that the clear-
sky composite radiances are now adequate asareference
for scene identification. In the case of the visible ra-
diances, the adjustment is more difficult because the
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TaBLE 2. Geotypes used to determine clear-sky compositeradiances
in a cloud detection adapted to the ScaRaB temporal sampling and
their link to CERES/SARB scene types.

Geotype CERES/SARB geotype

Evergreen forest 1,2
Deciduous forest 35
Bushland 6,7
Savanna 8,9
Grasslands 10-14
Tundra 18
Desert 16

Partial snow/ice ISCCP partial snow
Total snow/ice 15 and ISCCP total snow
Ocean 17

viewing geometry is not exactly the same because of
the opposite orbits. Therefore, the adjustment of VIS
thresholds is made by the same amount as the IR ra-
diances, as shown in Table 1. After the final IR-VIS
threshol ds have been adjusted the entire distribution (not
shown) now looks like the one for the four merged
|SCCP gridboxes.

d. Cloud detection adapted to ScaRaB local time
sampling

Another difference between the ISCCP data and
ScaRaB dataisthetemporal sampling. The SCCP cloud
detection was initially developed for measurements on
satellites that observe a given location at the same time
of the day, allowing for precise statistics for the clear-
sky composites (Rossow and Garder 1993b). Since the
observation time of the Meteor-3/07 satellite shifts by
about 4 h over a month, the longer-term statistics of
clear-sky composites could be more difficult to estab-
lish, especially for geographical regions (like deserts)
where the diurna cycle has a large amplitude. The
ScaRaB observation time is explicitly presented for ev-
ery month in Capderou (1995). During the month of
March 1994, the observation time at the equator shifts
from about 1030 LST to 0630 LST.
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In order to take this time shift properly into account,
anew algorithm has been developed in which clear-sky
composite radiances are now determined from regional
statistics of the same geotype instead of using time sta-
tistics (during 15 and 30 days, respectively, for short-
and long-term statistics) for the same location.

1) DETERMINATION OF CLEAR-SKY COMPOSITES

The first step consists of defining a more detailed
geotype classification than used by the original 1SCCP
algorithm, since for the determination of the clear-sky
composite radiances it is necessary to compare the
brightness temperatures and reflectances over regions
for which one would expect asimilar clear-sky behavior.
On the other hand, the population of samples over the
region must be large enough in order to assure the pres-
ence of a pixel with clear sky. Starting from the Cloud
and the Earth’s Radiant Energy System/Surface and At-
mospheric Radiation Budget (CERES/SARB) geotype
classification (Rutan and Charlock 1997), which in-
cludes 18 geotypes at a spatial resolution of 0.166°, we
merge these into nine geotypes over land, presented in
Table 2. Note that for the identification of snow- and
ice-covered scenes, the ISCCP information is directly
used in order to take into account seasonal variations.
The geotype *‘ocean” is split into 12 30° longitude
bands, leading to oceanic regionswith similar airmasses.
The final classification, consisting of 21 land and ocean
types at a spatial resolution of 1°, represents a compro-
mise between the sample size requirement and climatic
homogeneity.

For each geotype, the clear-sky composites are de-
termined asafunction of latitudefor IR and asafunction
of viewing geometry for VIS radiances. The reference
values (maximum IR and minimum VIS radiances) will
be determined over a short time period in order to elim-
inate effects due to the shift of the observation time.

First we study the importance of sample population
for establishing stable reference clear-sky brightness
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Fic. 4. Clear-sky reference brightness temperatures, obtained from different temporal statistics, as a function of latitude in Mar 1994 (a)
for evergreen forest and (b) for ocean between 210° and 240° lon.
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Fic. 5. Clear-sky reference brightness temperature as a function of latitude for four time periods corresponding to different observation
times in Mar 1994 (a) for evergreen forest and (b) for ocean between 210° and 240° lon.

temperatures (or clear sky composites). If the sample
size is not large enough, there is arisk that thereis no
clear-sky scene over the observed geotype. In this case,
the maximum brightness temperature T will corre-
spond to a cloudy scene and be biased low. On the other
hand, if the chosen geotype covers a region that is too
large, Ti' corresponds just to the warmest subregion (for
example caused by a marine current). In this case, the
colder clear-sky scenes in the rest of the region would
be considered cloudy. In the following, the effects of
the width of the latitude band and of the length of the
time period on the determination of the clear-sky IR
composites are examined.

Figure 4 compares reference clear-sky brightnesstem-
peratures Ti' as a function of latitude obtained from
statistics over a latitude band corresponding to three
ScaRaB pixels (1°) over a time period of 1 day and 3
days. As an example, results are shown for evergreen
forest and one ocean region. The maximum brightness
temperature isonly kept as Ts' if it came from asample
of more than nine values in order to reduce the prob-
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Fic. 6. Clear-sky reference brightness temperature as a function of
latitude in Mar 1994 for four different lon bands of ocean.

ability of cloud contamination. Then, Tg' is smoothed
and interpolated as a function of latitude for each geo-
type in order to eliminate values too far from the mean
and to fill in the missing values.

The variation of T due to the observation time shift
of the Meteor-3/07 satellite orbit isillustrated in Fig. 5,
which shows T as function of latitude for the same
geotypes as in Fig. 4 at different time periods during
March 1994. Statistics are collocated at each time over
3 days. One can see a decrease of T of about 5-10 K
within 15 days from 5 March (observation at 1000 L ST)
to 20 March 1994 (observation at 0730 LST).

From Figs. 4 and 5, one concludes that statistics over
three days seems to be reasonable, because on the one
hand in regions with freguent cloudiness, especially in
the Tropics, Tgf could be easily underestimated by up
to 5 K by using statistics of only 1 day, and on the other
hand the observation time shift within 5 days can pro-
duce a change of 5 K in certain regions. The necessity
of a more detailed ocean classification scheme into re-
gions of restricted longitude isreveaed in Fig. 6, show-
ing zonal mean T for 4 of the 12 ocean regions: At
some latitudes, T can vary by up to 10 K from one
ocean region to the other.

In order to determine the VIS clear-sky composite
radiances for each geotype, the minimum, within inter-
vals of solar zenith angle, viewing zenith angles, and
relative azimuth angles, is kept as the reference if it is
obtained from a sample of more than nine values, and
then the values are smoothed as in the case of the bright-
ness temperatures but according to the different view-
ing/illumination angles instead of latitude.

2) DETERMINATION OF FINAL |IR-VIS THRESHOLDS

Clear sky isidentified by comparing 1) the measured
brightness temperature T, with the loca maximum
brightness temperature T2* over nine adjacent ScaRaB
pixels and to Tg' (as function of latitude and geotype)
and 2) the measured reflectance R,,s with the local min-
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thelocal minimum. Gray squares correspond to clear-sky scenesiden-
tified by the ScaRaB spatial resolution adapted |SCCP cloud detec-
tion. Scene type is evergreen forest.

(RVIS l'ef'RVIS )/ R

imum reflectance R¥ over nine adjacent ScaRaB pixels
and with the reference reflectance Rgls (as function of
observation geometry and geotype). Step 2 can be applied
only to daytime measurements. As an example, Fig. 7
shows scatterplots of these variables: (a) (TgPx — Tg)/
T and (Tg' — Tg)/T', and (b) (R#E — Ry,5)/RPE and
(Rels — R,s)/R for the geotype evergreen forest. Pixels
identified as clear-sky by the spatial resolution—adapted
ISCCP agorithm described in section 2c have been
marked as gray. These clear-sky scenes are well concen-
trated at low values of these four variables, whereas the
cloudy pixels populate the space with larger values.
The relative thresholds are then determined for each
geotype by comparing the distributions of these four
variables to the distributions of the clear-sky scenes ob-
tained from the adapted |SCCP algorithm. By setting
the thresholds to the mean plus one standard deviation
of these ISCCP clear-sky distributions, the agreement
between both clear-sky identifications is about 85%
(90% over the ocean). Agreement varies from 70% for
bushland to 94% for evergreen forest. Even if we use
the spatial resolution—adapted | SCCP clear-sky identi-
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Fic. 10. Zonally averaged clear-sky frequency at ScaRaB pixel resolution from ERBE identification (ScaRaB—ERBE), original |SCCP
(ScaRaB-I1SCCP), ScaRaB spatial resolution—adapted | SCCP identification (ScaRaB—I SCCP-spat.), and ScaRaB local time sampling—adapted
method (ScaRaB-temp.) (a) over ocean and (b) over land, with differences resulting from the first three methods and method 4 (c) over
ocean and (d) over land. Statistics are from daytime measurements in Mar 1994.

fication as the basis for the time sampling—adapted
I SCCP clear-sky identification, these two methods are
quite independent, because the latter uses time statistics
whereas the former uses regional statistics of the same
geotype for the determination of the clear-sky compos-
ites. This new clear-sky identification method is then
applied to the ScaRaB data of March 1994 and results
are shown in the following sections.

3. Clear-sky frequencies and clear sky TOA LW
fluxes

a. Clear-sky frequencies and LW fluxes at pixel
resolution

To get afirst impression of the original |SCCP clear-
sky identification over ScaRaB pixels, we compare in
Fig. 8 the resulting zonal mean clear-sky frequencies
(ScaRaB—ISCCP) with those obtained by the ERBE in-
version (ScaRaB—ERBE) and with clear-sky frequencies
from ISCCP data (AVHRR—-ISCCP). For this study we
use quasi-simultaneous ScaRaB and AVHRR data cov-

ering the period from 24 to 26 March 1994 (see section
20).

From Fig. 8 one notices first that the ERBE clear-sky
frequency is systematically the smallest: especialy in
the Tropics the difference between ERBE and ISCCP
reaches 20%. The difficulty of finding clear sky in the
tropical regions with the ERBE algorithm can be ex-
plained by the fact that the broadband channels are also
sensitive to water vapor, which is interpreted as thin
cloud. On the other hand, the clear-sky frequency found
with the ISCCP algorithm applied to the ScaRaB pixels
isquite closeto that observed over the sampled AVHRR
pixels (section 2b), varying from 35% in the Tropics to
55% in the desert regions. The average clear-sky fre-
guencies for ScaRaB—I SCCP are only about 5% smaller
than for AVHRR—I SCCP, even though the ScaRaB pixel
sizeismuch larger than the area covered by the AVHRR
pixels sampled to a 0.25° grid.

The clear-sky frequency expected over a region of
the size of ScaRaB pixels can be estimated by simulating
the ScaRaB pixels by an accumulation of four adjacent
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Fic. 11. Same as Fig. 10, but for zonally averaged clear-sky LW fluxes at TOA.

ISCCP grid boxes (Fig. 1). A composite of adjacent
gridboxes will be declared clear only if all AVHRR
pixels are clear. Since the AVHRR pixels are sampled
and small clouds hide just in the regions between the
sampled AVHRR pixels, as illustrated in Fig. 1, the
simulated ScaRaB clear-sky frequency could be slightly
overestimated. The evolution of clear-sky frequency
with increasing region of observation (increasing num-
ber of merged ISCCP grid boxes) is presented in Fig.
9. From this figure, one concludes that the clear-sky
frequency over ScaRaB pixels should be on average
about 15% smaller than the clear-sky frequency over
one ISCCP gridbox. One notices that this evolution
varies strongly with the observed region: in regionswith
clouds of large extent, like in the deep convection zone
over Indonesia (‘“Warm Pool’’), the difference is only
10%; whereas in regions with small stratocumulus
clouds (**St”’), one finds a decrease of clear-sky fre-
guency of about 20%. The fact that only a 5% smaller
clear-sky frequency is observed in Fig. 8 shows, on one
hand, a certain stability of the ISCCP cloud detection
with spatial resolution, because the general cloud
amount is about the same, regardless of which mea-

surement is used. On the other hand, this stability im-
plies more cloud contamination of the clear radiances.
For a clear-sky identification without cloud contami-
nation over ScaRaB pixels, as for the study of cloud
radiative effects or for the development of ADMs, the
test parameter valuesused at several placesinthel SCCP
algorithm have to be adjusted to the spatial resolution
of the ScaRaB pixels as in section 2c.

Clear-sky frequencies, obtained from all four methods
described in section 2, are compared for daytime mea-
surements during the whole month of March 1994 in
Fig. 10, separately for ocean and land. In order to fa-
cilitate the comparison, differences are also shown be-
tween the first three methods and the fourth method. By
adapting the I SCCP method to the spatial resolution of
the ScaRaB pixels, the clear-sky frequency has been
reduced in general by about 5%—20%, in agreement with
the simulation shown in Fig. 9. The clear-sky identifi-
cation method developed for the temporal sampling of
ScaRaB gives results similar to the ISCCP method
adapted to the spatial resolution of the ScaRaB pixels.
This indicates that the consideration of seasonal shifts
of clear-sky temperaturesincluded in the original ISCCP
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Fic. 12. Same as Fig. 11, but for nighttime measurements in Mar 1994.

algorithm also works well for the tempora shift at
ScaRaB scale. Neverthel ess, the clear-sky frequency has
been dlightly increased in regions with a strong diurna
cycle (subtropical land). The ERBE identification still
yields the smallest clear-sky frequency over ocean, es-
pecialy in the Tropics, where the water-vapor abun-
dance is high. Over land the situation is different, be-
cause ERBE detects about 20% more clear sky in the
subtropics where most of the deserts are. The other clear
sky identifications, which are based more on spatial and
temporal variability than on the warmest and darkest
scenes, detect less clear sky in these regions. Theresults
for nighttime measurements (not shown) are similar,
with an even lower ERBE clear-sky frequency over
ocean, which leadsto adifferencein the Tropics of 20%.

On the other hand, the clear-sky LW fluxes (Fig. 11
for day and Fig. 12 for nighttime measurements), ob-
tained from all four methods described in section 2, are
more similar. The original ISCCP clear-sky identifica-
tion yields the lowest LW fluxes, and ERBE the highest
LW fluxes. The difference in genera is around 5 W
m~2. In the Tropics and during night, however, the dif-
ference can exceed 10 W m~2, indicating that the use

of the narrowband channels probably leads to a more
reliable scene identification. Note that the oceanic clear-
sky fluxes are not expected to change much from day
to night (but the ERBE method yields higher nighttime
clear-sky fluxes); whereas, clear-sky fluxes in the dry
subtropical zonesare 10—15 W m~2 smaller during night
than during daytime. Over subtropical land in the South-
ern Hemisphere, the ERBE algorithm identifies deserts
as nearly always cloud-free and yet producesa’5 W m—2
lower clear-sky LW flux than the method that accounts
for the different ScaRaB temporal sampling. From Fig.
11 and Fig. 12 we aso deduce that the adjustment of
the ISCCP cloud detection to ScaRaB spatial resolution
has a smaller effect on the clear-sky LW fluxes than on
the clear-sky frequency. Even if the clear-sky frequency
has been reduced by 10%—20%, taking out most scenes
with residual cloud contamination, the clear-sky fluxes
increase by only 2 W m~2 over ocean and up to 8 W
m~2 over tropical land. Note that over ocean the method
that accounts for the different ScaRaB temporal sam-
pling gives nearly identical results to the spatial reso-
lution—adapted |SCCP method, whereas differences
over land are about 3 W m~2. Standard deviations of
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Fic. 13. Same as Fig. 10, but at GCM spatial resolution, compared with collocated |SCCP clear-sky scenes (ISCCP). The clear-sky
frequency corresponds to the fraction of 4° X 5° regions, which have clear sky extending over at least a 1° X 1° region. Differences between
the four methods applied to ScaRaB and collocated | SCCP clear-sky are also shown (c) for ocean and (d) for land.

the zonally averaged clear-sky fluxes are around 10-15
W m~2 over land and less than 10 W m~2 over ocean,
slightly smaller for the newly developed method.

b. Clear-sky frequencies and LW fluxes at general
circulation model (GCM) spatial resolution

For a further evaluation of the cloud detection meth-
ods described in section 2, the ScaRaB data have been
combined with simultaneous (within 15 min) observa-
tions from the ISCCP data. The ISCCP data are orga-
nized on agrid of 0.25°, as compared with 0.33° for the
ScaRaB data. Therefore, for the collocation, each dataset
has been degraded to 1°. Since the coordinates of the
ScaRaB pixels are given, as for ERBE pixels, at TOA,
they had to be transformed to the surface coordinates
used by ISCCP The coordinate transformation, which
depends on the viewing zenith angle, affects the in-
stantaneous LW fluxes by up to 2 W m~-2 and the SW
fluxes by up to 10 W m~2 (Stubenrauch et al. 1999).
Fluxes have been averaged over the 1° X 1° grid, where-

as cloud and surface properties have been respectively
averaged over cloudy and clear-sky pixels. A 1° X 1°
grid is declared as clear-sky when all pixels are clear.
Another difficulty in the collocation process is that the
exact observation time is not kept in the ISCCP cli-
matology. For this reason we could collocate only day-
time measurements, because the solar zenith angle could
be used as a measure of observation time. This collo-
cated dataset was created for the development of SW
ADMs (Briand 2000).

The probability of clear sky extending over aregion
of 1° X 1° is only about two-thirds as high as over 60
km X 60 km regions (Fig. 9) and thus the problem of
low sample populations is aggravated. On the other
hand, clear sky over larger regions consisting of several
pixels detected as clear-sky is probably more reliable
than regions of one pixel. A sensitivity analysis can be
done by first averaging the 1° clear-sky fluxes over re-
gions of 4° X 5° (the spatial resolution of many climate
GCMs) and then calculating the zonal means. In this
way, the weight between regions of low cloudiness and
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Fic. 14. Same as Fig. 13, but for clear-sky outgoing LW fluxes at TOA. One-degree clear-sky fluxes are first averaged over regions of 4°
X 5°. Clear-sky flux differences between the four methods applied to ScaRaB and ScaRaB fluxes from collocated | SCCP clear sky are also

shown (c) for ocean and (d) for land.

regions of high cloudiness will be more equal. This
should give more stable results, especially in regions
with low clear-sky frequencies. In addition, these results
can be more directly compared with resultsfrom GCMs,
since these quantities can be computed in the same man-
ner. The clear-sky frequency then corresponds to the
fraction of 4° X 5° regions that have clear sky extending
over at least one 1° X 1° region.

Figure 13 presents the frequency of 4° X 5° regions
with clear sky extending over at least 1° X 1°, deter-
mined from ScaRaB data using the four cloud detection
methods described in section 2, in comparison with re-
sults from the time—space-collocated | SCCP data. Re-
sults are shown for daytime measurements in March
1994, separately for ocean and land. Again, differences
are also shown for easier comparison.

Considering ocean, the largest clear-sky frequency is
found by the original ISCCP cloud detection applied to
ScaRaB data, indicating aresidual cloud contamination.
The clear-sky frequency from the ISCCP data is about
5%-10% lower, but note that because of the sampling

some clouds could be hidden, so this clear-sky frequency
estimate should be an upper limit for the comparison with
clear sky for ScaRaB pixels. The frequencies from the
spatial resolution—adapted ISCCP cloud detection and
from the ERBE agorithm are close and 5%—-10% |lower
than the result from 1SCCP data, with alarger difference
in the Tropicswhere clear-sky regionsare probably small-
er. Note that this time the lowest clear sky frequencies
come from the newly developed ScaRaB cloud detection,
which determines clear-sky composites from regional sta-
tistics. The comparison of Fig. 13 and Fig. 10 indicates
that this method yields smaller clear-sky regions over
ocean than the ERBE method.

Over land, the tendencies are the same, with the ex-
ception of the desert zones where ERBE finds the most
clear sky and the difference between origina 1SCCP
and the ScaRaB-adapted cloud detections are larger due
to broken cloudiness. Note that the clear-sky frequency
of the newly developed ScaRaB cloud detectionis much
closer again to the ISCCP threshold-adapted method
than over ocean.
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Fic. 15. Same as Fig. 14, but for cloud radiative warming.

Figure 14 shows the zonal mean LW fluxes from 1°
X 1° clear-sky regions and averaged over 4° X 5° re-
gions, together with differences. In the case of ISCCP
data, the ScaRaB LW fluxes are associated with col-
located 1° X 1° clear-sky scenes detected in the ISCCP
data. Over ocean, zonal LW fluxes corresponding to
ERBE clear sky are in general about 5 W m~2 higher
than those obtained from the original 1SCCP identifi-
cation, the latter close to fluxes corresponding to clear-
sky regions from ISCCP data. The algorithms adjusted
to ScaRaB spatial and temporal resolution identify clear
sky that is less contaminated with clouds and therefore
produce slightly larger LW fluxes (by about 2-3 W
m~2). The situation over land looks similar to that in
Fig. 11. Note that at Northern Hemisphere midlatitudes
the zonal mean clear sky LW flux is 5-10 W m~2 higher
for ERBE than for ScaRaB. In these regions, the sun is
just rising, the mean solar zenith angle is larger than
63°, and the ERBE clear sky frequencies are also small.
The difference between Figs. 14 and 11 could be ex-
plained by these effects.

4. Cloud radiative effects
a. Cloud radiative warming

As mentioned in section 1, a first estimate of the
radiative warming effect of clouds can be obtained by
analyzing the difference between the monthly averaged
clear-sky LW flux and the total LW flux for each region
at TOA. This global cloud radiative warming effect
takes into account the occurrence of clouds as well as
variations of their physical propertieslike physical size,
thickness and height. Since with observations one can
only sample clear sky when clouds do not occur (Cess
and Potter 1987; Harshvardan et al. 1989), changes in
the atmospheric state that are correlated with cloud oc-
currence are included in the determination of *‘cloud”
radiative effects from satellite observations. In this sec-
tion we are interested in results that can be directly
compared to GCMs. Therefore we use, asin section 3b,
statistics over regions of 4° X 5°. Only regions are used
for this analysis, which have at least one 1° X 1° grid
completely filled with clear-sky pixels. Figure 15 pre-
sents the cloud radiative warming as obtained from
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Fic. 16. Same as Fig. 14, but for cloud radiative cooling.

ScaRaB data for March 1994 during daytime (morning
satellite pass), separately over land and ocean. Only
results using statistics of more than 10 points are shown.
Asin section 3, results from the different clear-sky iden-
tifications are compared. During March 1994 the
ScaRaB observation time shifts from 1030 L ST to 0630
LST. The cloud radiative warming is the highest over
tropical land, where it reaches 30 W m—2, and 23 W
m~2 over tropical ocean. The intertropical convergence
zone, with its frequent occurrence of high opague
clouds, is responsible for this effect. In the subtropics
where clouds occur less often and are lower and thinner,
the cloud radiative warming is only about 10 W m~2
over land, but 15 W m~2 over ocean where there are
more persistent stratocumulus regions.

Since, in Fig. 14 over ocean, the ERBE clear-sky LW
fluxes are systematically higher than the ones obtained
from the 1SCCP cloud detection, one would expect a
slight overestimation of the cloud radiative warming
effect when determined by using the ERBE clear-sky
identification. However, if one compares Fig. 15 with
Fig. 14, the correlation is not straightforward, since an
additional uncertainty comes from the different clear-

sky sampling, especially in regionswhere clear sky does
not appear often. The difference between clear-sky flux
and total flux can only be determined for regions where
there was at least one clear-sky occurrence during the
month of March. If these regions are not the same within
one latitude zone when using different clear-sky iden-
tifications, such a difference in sampling adds another
uncertainty in determining the cloud radiative effects.
Around the equator, where the ERBE clear-sky fluxes
are about 4 W m~2 higher, the cloud warming can be
lower or equal to the one found in combination with
ISCCP data. This can only be explained by the fact that
the clear-sky scenes found by ERBE are preferentially
located in regions where there is less cloudiness. It is
interesting to note that the two methods developed for
ScaRaB (described in sections 2c and 2d) lead to very
similar clear-sky fluxes over ocean (Fig. 14), but show
systematic differences of cloud warming of about 3 W
m~2. The cloud radiative warming is stronger when clear
sky is found by the ScaRaB spatial resolution—adapted
I SCCP cloud detection. Thisindicatesthat, by replacing
the time statistics with space statistics (within the same
geotype) over a smaller time period, clear sky is found
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FiG. 17. Outgoing clear-sky fluxes in the Tropics (lat band from 14°N to 14°S) as a function of ScaRaB observation month, (a) LW and
(b) SW. Clear sky over a ScaRaB pixel is identified by ERBE (ScaRaB—ERBE), original ISCCP (ScaRaB—ISCCP), compared with fluxes
for collocated ISCCP clear-sky scenes (ISCCP). Statistics from regions of 4° X 5° are considered during daytime.

more often in regions with smaller cloud amounts. Over
land, this effect can be seen in the Southern Hemisphere,
where the last method estimatesa5 W m~2 smaller cloud

warming than all other methods.

b. Cloud radiative cooling

Cloud radiative cooling is also examined. Since the
SW fluxes depend strongly on the sun elevation and the
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ScaRaB observation time changes considerably over 1
month, the SW cooling effect is more difficult to ana-
lyze. Clear sky SW albedos (not shown) are between
11% and 17% over ocean and between 15% and 25%
over land. Similar effects, asfor the clear-sky LW fluxes,
are produced by the different clear-sky detection meth-
ods. Over ocean, the ERBE clear-sky albedo is system-
atically the lowest, whereas it is highest in the desert
regions and over tropical land. Again, the ScaRaB-
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Fic. 18. Same as Fig. 17, but for (a) cloud radiative warming and (b) cloud radiative cooling.
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adapted clear-sky identifications yield scenes with less
cloud contamination (lowest clear-sky albedo). The ra-
diative cloud cooling in the morning, which is the dif-
ference between clear-sky SW flux and total SW flux,
is presented in Fig. 16. The mean observation time in-
creases slightly from the Northern Hemisphere (mean
solar zenith angle 65° at 45°N) to the Southern Hemi-
sphere (mean solar zenith angle 55° at 45°S). The stron-
gest radiative cooling effect of about 90 W m~2is seen
in the Tropics over land (al so with the strongest warming
effect), indicating that the intertropical convergence
zone (ITCZ) is situated mostly over land in March. An-
other region of strong cloud cooling can be observed
over Southern Hemisphere midlatitude oceans, indicat-
ing frequent storms and thick low-level clouds. The ef-
fect of sampling statisticsdueto different clear-sky iden-
tification plays a much smaller role over ocean (differ-
ences of about 5 W m~2 with the exception of Northern
Hemisphere subtropics where differences range up to
20 W m~2) than over land. The ERBE-like analysis
gives a 20 W m~2 stronger cloud cooling over tropical
land than all other clear-sky identifications. This shows
again that clear-sky statistics are an important uncer-
tainty factor in determining cloud radiative effects.

c¢. Cloud radiative effects in the Tropics

To finalize our sensitivity study, we show in Fig. 17
tropical (latitude band between 14°N and 14°S) outgoing
LW and SW fluxes for clear-sky determined by the orig-
inal ISCCP and ERBE agorithms applied to ScaRaB
dataand from the ISCCP datafor 6 months of collocated
ScaRaB—I SCCP daytime data. The tropical differences
between ERBE clear-sky identification and the newly
developed ScaRaB methods using the narrow-band
channels have been identified in section 3 asthe largest,
because the Tropics have the highest water-vapor abun-
dance. Asmentioned in theintroduction, the observation
time of the Meteor satellite changes during the months:
daytime observations were taken around 0800 LST in
March, 1700 LST in April, 1400 LST in May, 1100
LST in June, 0800 LST and 1800 L ST in July, and 1500
LST in August. Sun zenith viewing anglesvary between
60° (in July) and 35° (in May and June). Since the sea-
sonal variation of clear-sky temperature in the Tropics
is small, the variation of the clear-sky fluxes as a func-
tion of observation month are most probably caused by
diurnal variation. From Figs. 17aand 17b one concludes
that, at all these observation times, the ERBE clear-sky
LW fluxes are systematically 4 W m~2 higher and the
SW fluxes 5-10 W m~2 lower than the ones obtained
from ISCCP clear sky. On the other hand, as seen in
the sections before, the clear-sky identification from the
original | SCCP algorithms on the ScaRaB datais slight-
ly cloud contaminated leading to about 1 W m~2 [ower
LW fluxes and to 5-10 W m~2 higher SW fluxes than
those from ISCCP clear sky. Assuming the same total
fluxes, one would obtain the strongest cloud warming
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effect and strongest cloud cooling effect using the ERBE
clear-sky identification. By investigating the tropical
cloud radiative effects in Figs. 18a and 18b, one ob-
serves again that this conclusion is not generally ap-
plicable. It is only true in the first 3 months, whereas
the effect is the opposite in the second 2 months where
fewer cloudy regions have been picked out to represent
clear-sky statistics. This means that on a monthly basis
the uncertainty due to different clear-sky statistics adds
another 4-W m~2 uncertainty for the cloud warming and
5 W m~2 for the cloud cooling effect.

5. Conclusions

Different cloud detection methods making use of the
narrowband channels of the ScaRaB radiometer allow
for a sensitivity study on zonally averaged clear-sky
fluxes at TOA and on cloud radiative effects compared
to results using the ERBE clear-sky identification. We
have seen that the ERBE method produces systemati-
cally higher clear-sky LW fluxes (2-10 W m~2) than
the ISCCP clear-sky identification adapted to ScaRaB
spatial resolution and to temporal sampling. The latter
are close to (about 1 W m~2 higher) fluxes correspond-
ing to clear-sky regions from |SCCP data. Employing
the original ISCCP cloud detection on the ScaRaB data
shows already that the narrowband channels are very
useful for cloud detection, but residual cloud contam-
ination leads to 1-2 W m~2 lower clear-sky LW fluxes
than those corresponding to ISCCP clear sky. Especially
in the Tropics where water vapor is abundant, the ERBE
clear-sky fluxes seem to be systematically overestimated
by about 4 W m~—2, and SW fluxes are lower by about
5-10 W m~—2. However, the determination of cloud ra-
diative effects from flux observations in this manner
depends not only on the value of clear-sky fluxes but
also on clear-sky sampling statistics. Whereas clear-sky
fluxes of the two ScaRaB-adapted clear-sky identifica-
tions are very close, their cloud radiative warming and
cooling can still differ by 5 and 10 W m~2, respectively.
On average, the uncertainty due to different clear-sky
statistics increases the cloud warming and cloud cooling
uncertainties by another 4 and 5 W m~2, respectively.
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