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ABSTRACT

A set of system simulations has been performed to evaluate candidate scanner designs for an Earth Radiation
Budget Instrument (ERBI) for the Earth Observing System (EOS) of the late 1990s. Five different instruments
are considered: 1) the Active Cavity Array {ACA), 2) the Clouds and Earth’s Radiant Energy System-Instrument
(CERES-1), 3) the Conically Scanning Radiometer (CSR), (4) the Earth Radiation Budget Experiment Cross-
Track Scanner (ERBE), and 5) the Nimbus-7 Biaxial Scanncr {(N7). Errors in instantaneous, top-of-thc-at-
mosphere (TOA) satellite flux estimates are assumed to arise from two measurement problems: the sampling
of space over a given geographic domain, and sampling in angle about a given spatial location. In the limit
where angular sampling errors vanish [due to the application of correct angular dependence models (ADMSs)
during inversion], the accuracy of each scanner design is determined by the instrument’s ability to map the
TOA radiance field in a uniform manner. In this regard, the instruments containing a cross-track scanning
component (CERES-1 and ERBE) do best. As errors in ADMs are encountered, cross-track instruments incur
angular sampling errors more rapidly than biaxial instruments (N7, ACA, and CSR) and eventually overtake
the biaxial designs in their total crror amounts. A latitude bias (north-south error gradient) in the ADM error
of cross-track instruments also exists. This would be objectionable when ADM errors are systematic over large
arcas of the globe. For instantancous crrors, however, cross-track scanners outperform biaxial or conical scanners
for 2.5° latitude X 2.5° longitude target areas, providing that the ADM error is less than or equal to 30%.

A key issue is the amount of systematic ADM error {departures from the mean models) that is present at
the 2.5° resolution of the ERBE target arcas. If this error is less than 30%, then the CERES-I, ERBE, and CSR,
in order of increasing crror, provide the most accurate instantaneous flux estimates, within 2-3 W m™2 of each
other in reflected shortwave flux, The magnitudc of this error is near the 10 W m™2 accuracy requirement of
the user community. Longwave flux crrors have been found to have the same space and time characteristics as
errors in shortwave radiation, but only about 25% as large.

1. Introduction longer time scales, perturb the equilibrium between
the two components of the earth’s radiation budget
(ERB): 1) the heat earth absorbs from the sun and 2)
the heat earth emits to space. This leads to changes in
global and regional climate. Thus, with a long, unin-
terrupted time record of stable ERB measurements, it
may be possible to detect climate change associated
with increases in trace gas concentrations.

Regional and global measurements of ERB have

The exchange of radiative energy between sun, earth,
and space affects the earth’s climate and also is affected
by the earth’s climate. Theoretical models (Ramana-
than 1987) indicate that increascs in man-made green-
house gases, such as carbon dioxide, over decadal and
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been collected since the advent of satellites. The Na-
tional Aeronautics and Space Administration (NASA)
led the experimental development of instruments spe-
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cifically designed to measure the total flux of radiation
from the sun and earth with so-called “broadband”
(total spectrum) instruments. The most recent in the
series, the Earth Radiation Budget Experiment
(ERBE), will end with the imminent deactivation of
the NOAA-9 and NOAA-10 operational satellites. A
two-scanner system, the Clouds and Earth’s Radiant
Energy System-Instrument (CERES-I), has been
funded by NASA for the Earth Observing System
(EOS) of the late 1990s. Ther¢ is also a Franco-Soviet
program, Scanners for Radiation Budget (ScaRaB), to
measure broadband ERB components in the mid-
1990s with a scanning instrument. Currently, the cli-
mate community is left with, at best, a 15-yr record
of relatively homogeneous, low spatial resolution
(2000 km)?, broadband, wide-field-of-view, nonscan-
ner measurements that started with the ERB experi-
ment on the Nimbus-6 satellite in 1975.

The paucity of high spatial resolution (250 km)?,
broadband datasets for past years, and the clear need
for such data for future years, are of grave concern to
the international meteorological and climatological
scientific communities and organizations. The National
Environmental Satellite, Data, and Information Service
(NESDIS) of the National Oceanic and Atmospheric
Administration (NOAA) may include an Earth Ra-
diation Budget Instrument (ERBI) in future opera-
tional payloads. To initiate planning for ERBI, NOAA
organized an international workshop entitled “The
Earth Radiation Budget Requirements Review—1987”
(Stowe 1988). One of the many recommendations to
come from the workshop was that a computer simu-
lation of the total system (earth’s radiation, instrument,
data processing ) should be developed to guide decisions
on system design options and to estimate the overall
measurement error.

In response to this recommendation, NOAA NES-
DIS has undertaken the development and application
of computer software to simulate the ERB measure-
ment process for five ERBI scanner designs. The in-
strument designs are unique and represent radiometers
that have been either flown or considered for space
missions. They include: 1) the Active Cavity Array
(ACA), 2) the CERES-I, 3) the Conically Scanning
Radiometer (CSR), 4) the ERBE Cross-Track Scanner
(ERBE), and 5) the Nimbus-7 (N7) Biaxial Scanner.
Briefly, the simulation process is: scanner fields-of-view
(FOV) are located on the earth; ERB fluxes derived
from 6-day sets of 3-h Geosynchronous Operational
Environmental Satellite (GOES) data [International
Satellite Cloud Climatology Project (ISCCP) Bl1] are
used to generate simulated measurements for each in-
strument; after reduction to the top of the atmosphere
(TOA), the measurements contain errors induced by
instrument angular and spatial sampling patterns, FOV
size, and angular model errors in the retrieval system,
all of which are evaluated through comparisons to the
GOES reference flux fields.
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The simulation research has been divided into three
parts. Part I considers the simulation of instantaneous
sampling of longwave (LW) and shortwave (SW) fluxes
at the TOA. As the accuracy of all space- and time-
scale ERB products depends upon the accuracy of in-
stantaneous fluxes, we chose this as the basis for our
ERBI comparisons. The results of this study identify
the observing accuracies and error characteristics for
each candidate design, aiding the selection of a design
best suited for the mission. More information may be
found in Stowe et al. (1991), from which this paper
was condensed.

Part II begins with a baseline design for the instru-
ment selected from this study, CERES-I. Additional
simulations are performed to support improvements
in its design. Results of these trade-off studies lead to
a design that lowers random and systematic errors and
simultaneously increases expected scanner lifetime. In
Part III, simulations are performed with the optimally
designed CERES-I from Part II to consider sampling
errors over 24-h (diurnal) periods. The accuracy of
daily averaged ERB measurements for several different
satellite orbital configurations are studied, and the im-
portance of multiple observing platforms is confirmed.
Parts II and III will be documented in subsequent pa-
pers.

The CERES instrument has been selected for NASA
EOS (Moore et al. 1991), based in part on results from
these simulations. Both morning and afternoon sun-
synchronous NASA platforms, as well as an asynchro-
nous, 35° inclination Tropical Rainfall Measuring
Mission (TRMM ) platform, have been chosen for the
CERES instrument. The sun-synchronous orbiters in-
clude dual scanners, one dedicated to ERB measure-
ments, the other to building improved ADMs. These
platforms will provide 15 years of observations through
a series of three overlapping 5-yr flights. The present
launch scenario calls for the launch of TRMM in 1997,
followed by the launch of the morning polar-orbiting
instrument cluster in mid-1998, and the PM cluster
launched some 20 months later (late 2000). The
CERES is considered by NOAA to be an operational
prototype instrument, and plans are underway to gain
real-time access to CERES data for operational pro-
duction of radiation budget products. Space is being
provided on NOAA’s OPQ series of satellites to allow
incorporation of CERES when feasible.

2. Technical approach
a. Earth simulation

Reference fields of instantaneous TOA longwave
(LW) and shortwave (SW) fluxes, and their hemi-
spherical radiances, are required on a spatial scale that
is small compared to the minimum scanner footprint
size to be studied. The summary description of the five
candidate radiometers given in Table 1 shows that the
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TABLE 1. Summary description of five prototype scanners.

Footprint size

On earth [equivalent Scan
Radiometer Scan type sampling rate (s™1)* FOV type circular diameter at nadir (km)] period(s)
ACA Fixed array of multiple 90 Variable 150 3**
zenith/azimuth angles
CERES-I Two scanners: one cross track, 50 Fixed 40 3
one azimuth slew
CSR Conical scan at multiple 35 Fixed 50 17
zenith angles
ERBE Cross track 14 Fixed 52 4
Nimbus-7 Biaxial 7 Variable 80 224

* Number of samples per scan cycle/time of scan cycle.
** Sampling repeat cycle.

smallest projected FOV size at the TOA is the 40-km
nadir footprint of the CERES-I and, thus, sub-40-km
truth fields are required. These are derived from
GOES-5 8-km (FOV at nadir) visible (VIS) and in-
frared (IR) narrowband counts, centered about 0.6 um
and 11.5 um, respectively, and provided at 3-h synoptic
intervals by the ISCCP B1 data (Rossow et al. 1985).
The GOES FOVs are navigated to the earth’s surface
and, after a series of calibration, classification, and
conversion steps, counts are transformed to broadband
radiances and then to TOA reflected (SW) and emitted
{(LW) flux pairs. An associated bispectral (SW and LW)
cloud amount estimate is also obtained through ap-
plication of the maximum-likelihood estimation
(MLE) scene identification method of Wielicki and
Green (1989). Redistribution of the fluxes into up-
welling radiances is achieved using the ERBE angular
dependence models (ADMs), referred to throughout
this report as thc “reference” models (Suttles et al.
1988; Suttles et al. 1989), and normalized variations
of them (section 2a.3). The result is a unique TOA
radiation field at each 3-h synoptic time that, although
derived from “narrowband” data, is representative of
the spatial and temporal variability of the earth’s ra-
diation budget on a 10-km scale. Comparison scanner
data to be presented in section 3 are given for six days
of orbital simulations in July 1983 (on 15, 17, 18, 19,
20, and 21) and January 1984 (on 25-30) for local
morning (1500 UTC) and afternoon (2100 UTC) im-
age times.

1) NAVIGATION, QUALITY CONTROL, AND
INTERPOLATION

GOES data are navigated to earth locations by means
of an algorithm produced at the University of Wiscon-
sin’s Space Science and Engineering Center (Smith and
Phillips 1972) and mapped onto a 740 X 640 element
0.1° latitude-longitude resolution grid, hereafter called
the M1 grid. Only the last data value to fall within a
grid element is retained. The collocation of concurrent
VIS and IR images is checked by cross-correlation
analysis and, if displaced, a shift in the IR image is

made. Typical displacements are within two grid points
indicating that the images are well registered. Near the
GOES-5 subsatellite point (at the equator), the ISCCP
Bl data have their highest resolution (8 km) and the
M1 grid has its lowest resolution (approximately 11
km). Toward the boundaries of the M1 domain, es-
pecially the northern edge, the grid resolution becomes
higher than the data resolution. In this region, the lack
of available B1 data results in a characteristic missing-
value pattern that is most dense in the northwest corner
of the domain, farthest from the GOES-5 subsatellite
point. This is illustrated in Fig. 1a, where missing values
in the 1800 UTC VIS image of 29 January 1984 are
seen to extend across the length of the northern
boundary and southward from the northwest corner
to a latitude of about 20°N. Additional missing values
are introduced during quality control checks on the
gridded Bl counts, where data spikes at pixel resolution
and bad scan lines are eliminated from further pro-
cessing. Missing pixel values are adequately replaced
using linear interpolation in counts squared (propor-
tional to radiance). Figure 1b shows the same field
used in Fig. la but after interpolation across missing
grid values.

2) NARROWBAND-TO-BROADBAND RADIANCE
CONVERSION

The transformation of VIS counts (8 bits) to broad-
band radiances is accomplished using a three-step pro-
cedure that begins with division by 4 to obtain
GOES-5 6-bit counts. These have to be related to
GOES-2 data through the calibration equation of the
instruments in the form (Muench 1981)

r=K2C? - C3) (1)

so that they can be converted into broadband radiances
using GOES-2 N7, narrow to broadband regression
equations ( Minnis and Harrison 1984a). In Eq. (1),
r is a reflectance factor, K is a sensitivity constant, C
1s measured counts, and C, is offset counts corre-
sponding to a zero level of reflectance. Using Eq. (1)
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FIG. 1. A 512-line X S512-pixel image subset of the 640-line X 740-pixel reference field of
GOES-5 visible counts. The upper left-hand corner of the image is located at the northwest corner
of the study domain (47°N, 122°W). Visible counts are shown both (a) prior to and (b) after
interpolation in space to fill missing values.
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for equal values of r, a relationship between GOES-2
(C>) and GOES-5 (Cs) counts is obtained and given
by

2

Gi-ch=(Z) -Gy @
Ks

where subscripts 2 and 5 refer to GOES-2 and
GOES-5, respectively. Due to an error that was un-
covered only late in this study, the approximate
expression
— Cos) (3)
was used in place of Eq. (2). Equation (3) gives rise
to underestimates in SW radiance of about 20% on
average. As a result, scanner sampling errors (to be
reported in section 3) are also underestimated by about
20% on average. However, sensitivity tests using the
correct calibration of Eq. (2) indicate that the accuracy
of the various scanner designs, relative to one another,
is probably not impacted by this error (see Appendix ).
"T'his calibration error has been removed from Parts 11
and 111, studies that are to be reported separately.

The conversion of GOES-5 IR counts to broadband
radiances begins with the application of a counts-to-
blackbody temperature lookup table (provided by
ISCCP). Spectral radiances are derived from temper-
atures by evaluation of the Planck function at 11.5
wm. They are adjusted from GOES-5 viewing gecometry
to nadir using the narrowband limb-darkening model
of Minnis and Harrison ( 1984b). Broadband radiances
are obtained by regression using the GOES-2 N7 mod-
¢ls of Minnis and Harrison (1984b), also applicable
here because the spectral filters of GOES-2 and
GOES-5 are nearly identical. They are readjusted back
to GOES-5 geometry using the limb-darkening models
of Raschke et al. (1973).

3) SCENE IDENTIFICATION AND THE DERIVATION
OF A TOA RADIATION FIELD

Scenes are classified, according to the ERBE system
(Wielicki and Green 1989), as combinations of surface
type (ocean, land, and descrt) and cloud amount cat-
egory (clear, partly cloudy, mostly cloudy, and over-
cast). ERBE snow and coastal surface types are not
considered in this study. A high-resolution (0.1°) land-
ocean map defines continental boundaries and M1 grid
elements straddling coastlines are taken as land. Snow
scenes are usually classified as cloudy because of the
strong similarity of broadband radiation fields for
clouds and snow. Continental geography type (land
and desert) is obtained from the land use dataset pub-
lished by Matthews (1985), and cloud amount iden-
tification is performed using MLE. For each M1 grid
element, TOA fluxes, Fi, are obtained from GOES-
derived radiances, Rgogs, Dy rearranging the aniso-
tropic factor expression ( Taylor and Stowe 1984)

ET AL. 813

TRGoES
F, ref = 3

Pref

(4)

where p.r is the ERBE anisotropic factor for the
scene and angular geometry (between earth, sun, and
GOES-5) at the GOES time of observation. When av-
eraged into 2.5° target areas, the flux of Eq. (4) rep-
resents the “true” or “reference” ERB parameter that
our simulated satellite system is trying to measure.

To simulate the effects of ADM vanability, perturbed
models, p’, are introduced that are related to the ref-
erence models by (Green 1980)

p'— 1
Pres — 1

= N. (5)

Notice that the isotropic value of 1 is removed from
both p' and p,s in forming their ratio and that N,
therefore, is an anisotropic scale factor that may be
systematically and/or randomly greater than, less than,
or equal to unity. It is easy to verify that the perturbed
models satisfy the normalization condition

1
—f p' cosfdQ =1,
27

™

(6)

since the reference models, p.s, are already normalized.
Here 4 is the local zenith angle at a target on the earth
and dQ is an element of solid angle of the outgoing
hemisphere.

The perturbed anisotropic models, together with the
flux of Eq. (4), are used to describe a complete radiance
field at the TOA for selected values of N. These ex-
periments involve a redistribution of the total flux into
the upwelling hemisphere, but because of the normal-
ization condition, do not affect the magnitude of the
flux itself. For any given N experiment, reference ra-
diances are determined from the reference flux and
perturbed anisotropic models as

Rref = 71'_l/),Irl'ef, (7)
where p’ depends on the N value selected according to
Eq. (5).

b. Measurement simulation

Orbits of a polar platform are generated across the
M1 grid in a series of experiments designed to test the
sensitivity of the five scanners to varying conditions of
solar illumination and ADM variability. [llumination
conditions along the subsatellite track are determined,
in part, by the choice of orbital ascending node (AN)
equator-crossing times. ADM variability is simulated
through random and systematic selection of anisotropic
scale factors. Instrument noise has not been incorpo-
rated into the results of this study, nor have the effects
of a rotating earth.
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1) SIMULATION OF SPACECRAFT MOTION

The sun-synchronous satellite is placed at an altitude
of 824 km above mean sea level, in a retrograde orbit
of inclination 98.7°, and with an orbital period of 100.7
min. Orbital trajectories through the study domain
(50°=120°W) and crossing the equator at 63°, 86°,
and 109°W were constructed. Results for the center
trajectory (86°W) are reported here. At 1500 UTC,
local morning conditions exist for this orbit, and the
AN equator-crossing time is 0945; at 2100 UTC, af-
ternoon conditions prevail and the AN equator-cross-
ing time is 1515 LST.

2) SIMULATION OF SCANNER OPERATION

Distinguishing characteristics of each of the five
scanners are summarized in Table 1. The sampling
patterns they produce are illustrated in Figs. 2b-f. All
of the instruments, except the cross-track ERBE
(Barkstrom 1984), employ some means of effectively
viewing in two directions about an axis through the
spacecraft nadir. The ACA (Hoffman 1989), counting
its innermost cap, samples in 12 concentric rings about
nadir with 271 detectors, each having approximately
the same projected area on earth. The CSR (Wirth et
al. 1986) similarly observes local targets at multiple
satellite zenith angles ahead and behind the satellite,
but unlike the ACA, it uses only a single detector rap-
idly scanning through six angular rings. The biaxial N7
scanner [in scan mode 5 (Jacobowitz et al. 1984)]
sweeps both ahead and behind the satellite to beyond
the horizon and back; and to the sides, but not to the
horizon. It was designed primarily for the collection of
multiangular data for the development of scene-de-
pendent ADMs. Finally, the CERES-I (design speci-
fications from CERES Team, February 1988) consists
of two scanners: one is a simple cross-track plane scan-
ner (CTPS) like ERBE but with higher spatial reso-
lution; the other, a rotating azimuth plane scanner
(RAPS), is identical to the first, except that the scan
plane rotates at 5° s™!. Because of its “biaxial” scan-
ning capability, CERES-I would be used not only for
mapping the radiation budget, but also for the devel-
opment of improved ADMs. Additional details of these
instruments are given in Stowe et al. (1991).

3) SIMULATION OF A RADIOMETER
MEASUREMENT

Throughout the orbital simulations, an effort is made
to portray the candidate radiometers in a form that
closely resembles their conceptual designs. Scanning
patterns and data rates are rigidly adhered to and the
projected earth location of the radiometer optical axis
is used to define the position of individual observations.
Footprint shapes, while not exactly reproduced in our
simulation, are represented by FOVs that remain fixed
or variable, according to the basic prototype design,
and match the solid angle of the IFOV.
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Scanner observations are modeled as an integral over
the radiometer FOV expressed as

f Ris GdQ
FOV
Rmeas =T >

GdQ
FOV

where R is the measured radiance at the satellite,
R..s is radiance at the TOA, G is the instrument point
spread function (incorporating the time and angular
responses of the detector), and dQ is an element of
solid angle at the satellite. As this angle is less than 5°
for the FOV apertures studied, G is hereafter set to
unity for all scanners. Equation (8) is evaluated nu-
merically as a discrete sum over all 10-km M1 grid
elements whose midpoints fall within the boundary of
the instantaneous radiometer footprint (Fig. 3). In
convolving radiances over the shaded area in Fig. 3,
instead of within the exact footprint boundary, a quan-
tization error in the measurement integral is made.
For the ERBE instrument, this error is typically 8% for
nadir observations. When occurring randomly in the
90 or more ERBE observations within 2.5° target areas,
it leads to about a 1% error in the computed regional
mean satellite flux.

(8)

¢. Top-of-the-atmosphere measurement inversion

The procedures for inversion of observed radiances
to fluxes at the TOA, and subsequent space averaging,
closely follow ERBE methods (Smith et al. 1986; Wie-
licki and Green 1989). Longwave and shortwave sat-
ellite radiance pairs are classified into scene types using
MLE. The transformation to TOA fluxes utilizes the
expression

T Rmeas

F, meas = (9)
Pref

where Rpe.s is the measured satellite radiance and p,r
is the ERBE model anisotropic factor for the scene.
Note that while R..s may be generated using the per-
turbed anisotropic models of Eq. (5), the radiance-to-
flux conversion is carried out using the ERBE mean
models. Thus, although TOA departures from the ref-
erence ADMs may exist in the simulated earth scene
(N # 1), the ERBE retrieval does not account for them.
Each retrieved satellite flux is sorted into 2.5° target
areas according to the coordinates of the FOV mid-
point. It is excluded from further processing if its solar
zenith angle is greater than 86°, its satellite zenith angle
is greater than 70°, or its SW reference anisotropic fac-
tor is-greater than 2, as done during ERBE processing.
The flux measurements remaining in the target areas
are arithmetically averaged and represent the regional,

instantaneous satellite flux estimates.

d. Error analysis

Discrepancies between satellite-derived and actual
values of instantaneous regional flux estimates at the
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FIG. 2. The study domain and representative scan patterns for each of the five study instruments. In panel (a) the study domain is shown,
excluding a surrounding 2° buffer zone, with superimposed 2.5° target areas. The scan patterns are (b) ERBE, (c) CSR, (d) Nimbus-7, (¢)

ACA, and (f) CERES-L.

TOA are a result of two fundamentally diffcrent op-
erational problems. One is spatial sampling over a given
geographic domain; the other is angular sampling of a
fixed earth location. During computer simulations,
these error sources are considered separately.

1) SPATIAL SAMPLING AND SIMULATION OF
ERRORS

Spatial sampling errors result from the nonuniform
viewing of a target area by the radiometer design and
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FI1G. 3. lllustration of the integration over the field of view of a single Nimbus-7 ERB scanner IFOV at
the top of the atmosphere. For this observation, about 70 ( 10 km)? elements participate in the measurement

integral.

the contamination of edge observations with radiances
from outside the target area. The latter effect is most
important at high satellite zenith angles where footprint
sizes increase and overlap with target boundaries occurs

10-KM SAMPLING PROBABILITY DISTRIBUTION
AT THE EQUATOR FOR ONE ORBITAL PASS

Qg
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FIG. 4. The M1 grid element sampling frequency probability curves
for the five ERBI study designs: ACA (inset), CERES-I (solid
squares), CSR (pluses), ERBE (asterisks), and Nimbus-7 (empty
squares).

more frequently. The in-target sampling characteristics
of the five radiometer designs are displayed in Fig. 4
where the probability of observing an individual M1
grid element in a 2.5° target area a given number of
times is shown. Because the probability curve varies
with distance from the suborbital track, an average
curve for the 12 or so target areas lying east to west
across a scan swath between the equator and 2.5°S is
illustrated. Under ideal conditions, the probability dis-
tribution would be a single spike (at a nonzero fre-
quency) so that every truth field element was sampled
an equal number of times at many different viewing
angles. Zero sampling frequency indicates that there
are portions of target areas that are not observed by
the particular radiometer.

In the case of N7, much of the domain is not sam-
pled, but when an element is viewed, it can contribute
to as many as six measurements. The CSR has a broad
sampling distribution because its multiple overlapping
rings of observations do not yield an even mapping
pattern. As a result, the TOA flux field enters the sat-
ellite 2.5° box average nonuniformly, especially near
nadir where numerous multiangular overlapping foot-
prints occur. The ACA covers the greatest and broadest
range of sampling frequencies because the radiometer
footprints are large (Table 1) and, like the CSR, they
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are arranged in multiple rings about nadir, The large
footprints permit a given radiometer to view the same
carth location over many measurement cycles and the
multiple rings of radiometers assure that it is viewed
from many look angles. The ERBE cross-track scanner
has a tight imaging pattern. Each element is utilized
about 3 = 1 times, and practically all elements are
viewed. This approaches the ideal sampling distribu-
tion. The CERES-I pattern arises because the obser-
vations of the RAPS are grouped with those of the
CTPS for mapping TOA fluxes. This disrupts the or-
ganized array of half-overlapping footprints from the
CTPS by superimposing the irregular, multisized dis-
tribution of RAPS footprints. The current design pro-
duces a sampling frequency of zero with a 6% proba-
bility. Unsampled M1 elements occur at the edge of
the scan swath where observations beyond 70° of sat-
ellite zenith are rejected (toward the outer edge of the
targets). This does not happen with ERBE because of
its larger footprint size and lower sampling rate (cf.
Table 1).

Regional errors in satellite flux estimates are defined
by

E = Fygas — Frer, (10)

where Frgr is the regional reference flux given by av-
eraging the flux from all 625 elements of a target area.
Here Fueas 18 the satellite flux estimate obtained by
averaging over the number n of observations falling
within the target. A satellite flux estimate Fieas; is Ob-
tained from Eq. (9). Using successive substitutions of
Lqgs. (8) and (7) in Eq. (9) and with G set to unity,
Fincas.; may be written

(11)

}'meas,i = (
Oref

=

p _

_) Fregs,
i

where p’ is the flux- and solid angle-weighted mean
(over the M1 elements in the FOV') perturbed aniso-
tropic factor and Fry; is the solid angie-weighted mean
reference flux for the ith FOV. Then Eq. (10) becomes

L2 (0 = .
E==2>|—| Fret: — Frer. (12)
Aoy \Pref /;

In Eq. (12), angular sampling errors are manifested
through the ratio p'/ p,r. Regional spatial sampling er-
ror is defined as the discrepancy between satellite~-de-
rived TOA flux estimates and the underlying truth field
when no uncertainty exists in the application of ADMs
to the TOA reduction of the satellite observations, that
iS, p' = prer- Equation (12) becomes

EgpatiaL = (13)

n
z Fref,i - FREF-
i=1

N |-

In Eq. (13), the spatial sampling errors involve the
radiometer FOV configuration, through the F;’s, and
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the scanning pattern design, through the set of obser-
vations i = 1, n; but no perturbed ADMs are involved.
This can be simulated by using an isotropic radiance
field at the TOA and isotropic ADMs for inversion of
satellite measurements, that is, both the p’ and p..r are
set to unity (subsequently referred to as an “N = 0”
experiment).

2) ANGULAR SAMPLING AND SIMULATION OF
ERRORS

Angular sampling error is defined as the residual in
Eq. (12) after removal of the spatial error component
from the left-hand side. Subtracting Eq. (13) from (12),
EancuLar is given by

1
EancuLar = E — EspatiaL = ;

» (ﬁ) s, (14)

i=t \Pref /;
where

(15)

As indicated by Eq. (14), an error is incurred at every
observation for which Ap # 0.

In contrast to spatial sampling error, angular sam-
pling error arises only at the »n observation positions
within a target area. This error component is simulated
using reduced radiometer footprint sizes, equal in area
to the resolution of the M1 grid, and regional reference
fluxes averaged only over this set of observed M1 grid
elements. From Eq. (13), with F; reducing to Fi;,
spatial sampling error vanishes when Frgr 1S replaced
by the observed reference flux. Under these conditions,
regional measurement error contains only an angular

component given by
Ap,
Z ( ) F, ref,i

1
n i=1 \ Pref

A‘pi = P; ~ Prefi-

(16)

EanGuLar =

where Ap, is similar to the Ap of Eq. (15) except that
now p' is replaced by p’ at the center of the FOV (at
an M1 grid element).

Comparing Eq. (16) to (14) for a full-FOV experi-
ment, we find that they differ only in the replacement
of the FOV average terms, p’ and Fy; of Eq. (14),
with their FOV values (at the M1 grid point) in Eq.
(16). Thus, Eq. (16) simulates the angular sampling
error of the various radiometer measurements, and is
used to determine the sensitivity of each scanner design
to systematic and /or random ADM errors, and to the
magnitude of &V, the anisotropic scale factor.

3) COMPUTATION OF SAMPLING ERRORS OVER
AN ORBITAL PASS

Root-mean-square (rms) error r over an orbital pass,
is given in terms of regional error E; by

lM 1/2
r=<A—42EJZ) ,

=1

(17)
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TABLE 2. Summary of spatial, angular, and total rms sampling
errors (W m™2) for five prototype instruments. The observed total
error is compared to a computed total based on the assumption that
the angular and spatial sampling errors are uncorrelated. Sampling
period: 1800 UTC 29 January 1984; anisotropic source model: N
= 1.3.

Spatial Angular  Observed Computed
Radiometer  sampling® sampling® total® total"
SW rms errors
ACA 14.30 3.05 14.37 14.62
CERES-1 9.77 7.34 12.01 12.22
CSR 13.09 2.98 13.54 13.42
ERBE 9.79 9.48 13.04 13.63
Nimbus-7 26.99 6.87 27.15 27.85
LW rms errors
ACA 2.89 1.03 3.06 3.07
CERES-1 1.80 1.95 2.82 2.65
CSR 2.39 1.85 3.00 3.02
ERBE 1.88 2.25 3.10 2.93
Nimbus-7 5.30 1.77 5.69 6.35

2 Obtained from full-FOV isotropic experiments.

b Obtained from single-element FOV experiments.

¢ Obtained from full-FOV experiments.

¢ Obtained from the spatial and angular sampling by squaring each,
adding, and taking the square root.

where M is the number of 2.5° target areas viewed.
Expressed in terms of regional spatial and angular
sampling components, r becomes

1 M

— 2
r= (A_l > ESpatiaL,j + 2 EspatiaL, jEANGULAR,
Jj=1

1/2
+ EZANGULAR,}') . ( 18)

In Table 2, nearly identical estimates of r are derived
in two independent ways that indicate that the co-
variance term of Eq. (18) is small. In the first, 1800
UTC scanner data on 29 January 1984 are taken from
a 1300 LST orbiter and analyzed directly using Eq.
(17). Results for each instrument are given under the
column heading, “Observed total.” The second pro-
cedure assumes that regional spatial and angular sam-
pling errors are uncorrelated and that r can be expressed
in the form

(19)

where rspatiar and ranguLar are regional spatial and
angular rms error components, respectively. Values of
r for this method are given under the column labeled
“Computed total” and are based on separate estimates
of rspatiaL @nd rangurar using “N = 0 and “reduced
FOV” experiments. Results of the two methods agree
to within 5% for all designs.

Equation (19) is useful because it permits the infer-
ence of rms error statistics of a given radiometer and
orbit AN equator crossing for many anisotropic con-
ditions using only the results of two experiments: 1)
an isotropic, “N = 0” simulation to determine spatial

— 2 2 172
r = (répamiaL + rincurar)'’?,
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sampling error; 2) an anisotropic, reduced-FOV ex-
periment to determine angular sampling error. From
Eq. (13), spatial sampling error is independent of N
and, once determined, is valid for all N experiments.
Angular sampling error is a function of N through Ap,.
Using Eqgs. (5) and (15), Ap. is given by

Ap. = (N — 1)(Pref - l) (20)

and when substituted into Eq. (16) yields Exngurar
in the form
(N—' 1) é (pref,i - I)Fref,i )

i=1 Pref,i

(21)

EanGuLar = n

Equation (21) indicates that regional, as well as rms
angular sampling error over an orbital pass, are pro-
portional to the anisotropy of the source radiation
through the factor, N — 1. Thus, a relationship between
rms angular errors for different values of N can be de-
rived and is given by

rancuLar (V) _ (Vo — 1)?
(N — 1)*°

Total rms sampling error, derived from Egs. (19) and
(22) for any N,, can be expressed as

(N . 1)2 172
r(N;) = | répamiaL + h rancuLar(N1) |,
i

22
r?\NGULAR(Nl) (22)

(23)

where only the rms angular sampling error for one N
# 1 experiment () and the radiometer spatial sam-
pling error are required.

In addition to systematic perturbations in the ERBE
models, that is, where a single, fixed value of N is used
at all M1 grid elements, random perturbations in an-
isotropic factor have also been explored at this reso-
lution (Stowe et al. 1991). Root-mean-square and bias
error components were nearly the same for the two
experiments, indicating that the effects of random
variations in ADM models at the 10-km scale cancel
almost entirely over 2.5° target areas.

4) ESTIMATION OF LIKELY VALUES OF N

Although total scanner measurement error is the sum
of spatial and angular sampling components, the design
of an instrument may be chosen to optimize perfor-
mance relative to only one of the components. As
shown previously, spatial sampling error is independent
of N, and is uniquely determined for each sensor de-
sign. Angular sampling error, on the other hand, is
controlled by the value of N. Because the relative per-
formance and ranking of the five radiometers will de-
pend on the value of N, it is important to estimate a
reasonable value for it.

A reasonable value for N has been derived based on
comparison of instantaneous ERBE SW scanner mea-
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