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Abstract

The Earth Radiation Budget (ERB), a measure of the difference between incoming solar
irradiance and outgoing reflected and emitted radiant energy, is a fundamental property
of Earth’s climate system. The Libera satellite mission will measure the ERB’s outgoing
components to continue the long-term climate data record established by NASA’s Clouds
and the Earth’s Radiant Energy System (CERES) mission. In addition to ensuring data
continuity, Libera will introduce a novel split-shortwave spectral channel to quantify
the partitioning of the outgoing reflected solar component into visible and near-infrared
sub-components. However, converting these split-shortwave radiances into the ERB-
relevant irradiances requires the development of split-shortwave Angular Distribution
Models (ADMs), which demand extensive angular sampling. Here, we show how Rotating
Azimuthal Plane Scan (RAPS) parameters—specifically operational cadence and azimuthal
scan rate—affect the observational coverage of a defined scene and angular space. Our
results show that for a fixed number of azimuthal rotations, a relatively slow azimuthal
scan rate of 0.5° per second, combined with more time spent in the RAPS observational
mode, provides a more comprehensive sampling of the desired scene and angular space.
We also show that operating the Libera instrument in RAPS mode at a cadence between
every fifth day and every other day for the first year of space-based operations will provide
sufficient scene and angular sampling for the observations to achieve radiance convergence
for the scenes that comprise more than half of the expected Libera observations. Obtaining
radiance convergence is necessary for accurate ADMs.

Keywords: angular distribution model; rotational azimuth plane scan; radiance; irradiance;
split-shortwave

1. Introduction

One of the most fundamental properties of Earth’s climate system is the Earth Radi-
ation Budget (ERB). The ERB is a measure of the difference between the incoming solar
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irradiance and outgoing irradiance from the Earth, which is composed of reflected solar (or
shortwave) irradiance and the emitted terrestrial (or longwave) irradiance. Currently, the
reference measurement of incoming solar irradiance is made by the Total and Spectral Solar
Irradiance Sensor (TSIS-1) [1], while the reference measurement of the outgoing compo-
nents is made by the Clouds and the Earth’s Radiance Energy System (CERES) [2,3]. These
space-based measurements of the ERB aid the climate science community in quantifying
when, where, and how Earth’s climate is changing [4]. An imbalance in the global ERB
means there will be an overall response from the Earth’s climate, as manifested in recent
changes such as increasing global mean surface temperatures [4], sea level rise [5], and
more frequent extreme weather [6].

Measuring the outgoing irradiance is particularly challenging because the radiation
field from Earth varies with solar-viewing geometry, wavelength, and scene composition [7].
This challenge has typically been addressed with wavelength- and scene-dependent An-
gular Distribution Models (ADMs) [8] that convert the measured directionally dependent
radiances to hemispherically integrated irradiances, the energetically relevant quantity for
the ERB. The CERES mission is approaching end-of-life, and its successor, Libera, will face
the same radiance-to-irradiance conversion challenge. While Libera will provide continuity
to the multidecade CERES climate data record, it will also introduce a new spectral band
from 0.7 um to 5 um that splits the shortwave energy (incident at top-of-atmosphere)
approximately in half. This split-shortwave channel aims to improve our insight into the
shortwave absorption and scattering processes within the Earth-atmosphere system [9].
However, to achieve this goal, new split-shortwave ADMs are required to convert the
measured split-shortwave radiance to irradiance.

To produce new split-shortwave ADMs, it is necessary to sample radiances across
a wide range of solar-viewing geometries for different scene conditions. The Terra and
Aqua satellites had two identical CERES instruments on each platform. One instrument
typically operated in cross-track scanning mode, which is the nominal sampling pattern for
generating the ERB climate data record, while the other operated in rotating azimuth plane
scan (RAPS) mode, which allows for a broader range of observed angular space for ADM
generation. This enabled the CERES instruments to collect multiple years of continuous
observations in RAPS mode to develop ADMs while maintaining consistent cross-track
observations throughout the missions. Libera is a single instrument and, therefore, cannot
operate in multiple scan modes simultaneously. To address this challenge, Libera will fly
a wide-field-of-view (WFOV) camera to assist with split-shortwave ADM development
by providing angular sampling even when the radiometers are performing cross-track
scans [10,11]. The Libera WFOV camera is a monochromatic camera that will operate
at 555 nm with a 123° field of view and sub-kilometer pixel spacing at nadir, enabling
continuous horizon-to-horizon imaging [11]. The idea is to spatially aggregate camera
pixels up to the scale of the Libera footprint and apply a narrowband (555 nm) to broadband
(VIS) conversion to provide proxy VIS radiometer footprints with dense angular sampling
needed for ADM development [10]. However, the camera-based ADM approach is untested,
so it is critical that some angular sampling is also acquired by the Libera split-shortwave
radiometers for comparison and evaluation purposes. Thus, Libera has the challenge
of balancing the amount and frequency of cross-track and RAPS observations. The goal
of this study is to refine the partitioning between Libera cross-track and RAPS modes
to minimize the amount of time spent in RAPS mode while achieving sufficient split-
shortwave angular sampling.

A brief review of ADM theory is provided in Section 2. Section 3 describes the CERES
RAPS data used in this study. Section 4 details the methodology and calculation sequence
applied in the analysis. In Section 5, we use the CERES RAPS data to quantify the effect of
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RAPS cadence and scan rate on the observed angular space and the required sampling for
radiance convergence. Conclusions are drawn in Section 6.

2. Theoretical Background for Converting Direct Measurements to
Energy-Relevant Quantities

This section provides a brief overview of the theory behind ADMs and the scene types
considered in this study, crucial for understanding the analysis and results discussed in the
subsequent sections.

2.1. Anisotropic Factors

ADMs are a set of anisotropic factors that are used to convert observed broadband
radiances [W m~2 sr~1] to irradiances [W m~2]. Radiance (L) is the direct measurement
for the scanning radiometers common to CERES and Libera, but irradiance (F) is the
energetically relevant quantity of interest for virtually all ERB applications. The general
relationship between L and F is given by

F(0s) = /0 o /0 "2 L6, 60, ¢) cos(60)sin(0,)dbude, (1)

where the solar zenith angle, 6;, the viewing zenith angle, 6,, and the relative azimuth
angle, ¢, show the dependence on the solar-viewing geometry (Figure 1). If the radiances
are independent of view direction, i.e., isotropic, the relationship given in Equation (1)
reduces to the following:

F(Gs) = 7L, (65)' )

More generally,
7T L(6s, 60, @)
R(GS/ 6’0/ (P) ’

where R is an anisotropic factor that represents how much the radiance at a given solar-

F(8s) = 3)

viewing geometry deviates from the isotropic case. It is important to note that both the
anisotropic factor, R, and radiance, L, are dependent on 6s, 6,, and ¢, whereas the irradiance,
F, depends only on 6;.

D /
Vo

vAg
<] >
. v

v

Figure 1. The relationship between 6;, the solar zenith angle; 0,, the viewing zenith angle; and ¢,
the relative azimuth angle [12]. The relative azimuth angle is defined from 0 to 180° and is assumed
to be azimuthally symmetric from 180 to 360°. The x- and y-axes extend in both directions to span
the full horizontal plane, while the z-axis extends only in the positive direction, consistent with the
upward-facing hemisphere relevant to the angular sampling of reflected terrestrial radiance.

Anisotropic factors are constructed for each scene and solar-viewing geometry an-
gle bin, where a scene is defined by the underlying surface type and properties of the
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atmosphere in view of the scanning instrument, as described in the following sections.
The construction of empirical anisotropic factors is shown in Equation (4), where L; is the
mean radiance for scene j and the set of angular bins, 6; ;, 0, , ¢, while F; is the upwelling
irradiance for scene j and angular bin 6, ;,

nrj(es,i/ ev,k/ (Pl)

Ri(6s;, 0,4k, =
]( s,ir Yok 4’1) Fj(es.i)

(4)

Equation (4) requires an estimation of F;(0s;), which can be accomplished using
Equation (5), as described in Loeb et al. (2003) [8]:

=N, N,
Fi(6si) = Y w; Y wiLi(6s, 00, ¢1)cosO, k, (5)
[ R

where w; and wy are the Gaussian quadrature weights, and N; and Ny are the number of
Gaussian quadrature points used in the integration. For this calculation to be accurate,
the directionally dependent radiance field L;(6; ;, 0, x, ¢;) must be sufficiently populated
with observations across the relevant 6, , and ¢; angles. This coverage is typically achieved
through RAPS mode observations. The need to ensure adequate sampling of this angular
space motivates the analysis in later sections, where we investigate how different RAPS
parameters, such as azimuthal scan rate and temporal cadence, affect the density and
distribution of scene-angle observations.

2.2. Scene and Angular Stratification

The number of scene types and angular bins considered when generating ADMs with
Equation (4) has varied throughout the ERB satellite data record. For the Earth Radiation
Budget Experiment (ERBE) [13], the scene type depended only on the underlying surface
type and the cloud fraction [14]. The relative simplicity of the ERBE scene stratification
means these scene types can typically be inferred without relying on detailed scene retrieval
information from a co-flying imaging instrument such as the Moderate Resolution Imaging
Spectroradiometer (MODIS) or the Visible Infrared Imaging Radiometer Suite (VIIRS) [15].
As such, Libera plans to explore the development of ADMs with “ERBE-like” scene types.
The exact scene definitions for Libera’s data processing are still under consideration, but
for the purposes of this study, we define eleven ERBE-like scene types as listed in Table 1.

Table 1. ERBE-like shortwave ADM scene types.

Scene ID Number Cloud Fraction Surface Type

1 Cloud Free (0-5%) Ocean

2 Cloud Free (0-5%) Snow

3 Cloud Free (0-5%) Land

4 Cloud Free (0-5%) Desert

5 Partly Cloudy (5-50%) Ocean

6 Partly Cloudy (5-50%) Snow

7 Partly Cloudy (5-50%) Land or Desert
8 Mostly Cloudy (50-95%) Ocean

9 Mostly Cloudy (50-95%) Snow

10 Mostly Cloudy (50-95%) Land or Desert
11 Overcast (95-100%) All*

* overcast scenes are independent of surface type.

The surface types in Table 1 are defined by mapping the latitude and longitude of
an observation to the International Geosphere-Biosphere Programme (IGBP) surface type
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map [16]. The mapping between IGBP, ERBE-like, and TRMM-like surface types is given in

Table 2.

Table 2. International Geosphere-Biosphere Programme surface types.

IGBP Surface Type ERBE-Like Surface Definition TRMM-Like Surface Definition
Evergreen Needleleaf Forest Land Moderate-to-High Trees/Shrubs
Evergreen Broadleaf Forest Land Moderate-to-High Trees/Shrubs
Deciduous Needleleaf Forest Land Moderate-to-High Trees/Shrubs
Deciduous Broadleaf Forest Land Moderate-to-High Trees/Shrubs
Mixed Forest Land Moderate-to-High Trees/Shrubs
Closed Shrublands Land Moderate-to-High Trees/Shrubs
Open Shrublands Desert Dark Desert

Woody Savannas Land Moderate-to-High Trees/Shrubs
Savannas Land Low-to-Moderate Trees/Shrubs
Grasslands Land Low-to-Moderate Trees/Shrubs
Permanent Wetlands Land Low-to-Moderate Trees/Shrubs
Croplands Land Low-to-Moderate Trees/Shrubs
Urban and Built-up Land Low-to-Moderate Trees/Shrubs
Cropland and Mosaics Land Low-to-Moderate Trees/Shrubs

Snow and Ice (permanent) Snow Snow

Bare Soil and Rocks Desert Bright Desert

Water Bodies Ocean Ocean
Tundra Land Low-to-Moderate Trees/Shrubs

Fresh Snow Snow Snow

Sea Ice Snow Snow

If a co-flying imager is available, further refined scene stratification is possible. Since
Libera is due to co-fly with VIIRS, Libera is also planning to develop ADMs that utilize
this information. An initial goal is the scene stratification from the ADMs developed
from the CERES instrument that flew on the Tropical Rainfall Measuring Mission (TRMM)
satellite [8]. Compared to the ERBE scene types, these scene types are associated with
more refined surface types (Table 2), finer binning of cloud fraction, and additional scene
properties, including cloud thermodynamic phase and cloud optical depth, as well as
surface windspeed for clear-sky ocean scenes. Given these added dimensions and more
refined binning, there are over an order of magnitude more TRMM scene types than ERBE
ones. There are 591 original TRMM scene types. The first 14 represent cloud-free conditions.
The next 336 correspond to ocean or water body surfaces under a range of atmospheric
properties. Following these are four land surface types—dark desert, bright desert, low-
to-moderate vegetation (trees and shrubs), and moderate-to-high vegetation—each with
60 scene types to represent varying atmospheric conditions. Finally, a single theoretical
scene type is used to represent snow-covered surfaces. Loeb et al. (2003) [8] describes
the TRMM scene types and the development of the corresponding ADMs. It should be
noted that the TRMM scene stratification is still much coarser than that of the latest CERES
ADMs [17], which is only possible because of the multiple years of angular sampling
acquired by CERES. Given that Libera will initiate the sampling for the broadband split-
shortwave channel without any prior or heritage angular observations, we limit the extent
of scene stratifications to the TRMM definitions for this study.

For stratification of the angular space, we use the angular bin widths defined for the
CERES-TRMM ADMSs. While the original ERBE ADMs had slightly coarser angular bins,
the differences are not nearly as substantial as those in scene stratification, so we opt to
use the CERES-TRMM angular bins for all scene types throughout this study for simplicity.
Both the ERBE and TRMM angular bin widths are depicted in Figure 2.
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Figure 2. ERBE (left) and CERES-TRMM (right) shortwave ADM viewing zenith angle (6,) and
relative azimuth angle (¢) bins [12].

3. Data

The data for this analysis comes from the CERES data record, specifically the Level-
2 Single Scanner Footprint (SSF) data product collected during periods when CERES
instruments operated in RAPS mode aboard the Suomi National Polar-orbiting Partnership
(Suomi-NPP) and Aqua satellites. The Suomi-NPP dataset was selected for this analysis
because (i) the CERES instrument on that platform, Flight Model 5 (FM5), was in RAPS
from October 2019 to October 2023, and (ii) Suomi-NPP orbits at approximately 824 km
altitude [18] with a 98.7° inclination [19], closely matching the planned 833 km altitude
and 98.7° inclination of NOAA'’s Joint Polar Satellite System-4 (JPSS-4), which will host
Libera. This CERES FM5 dataset is utilized in all three analyses presented in Section 5. The
Aqua dataset, CERES Flight Model 3 (FM3), was selected for its slower RAPS scan rate of
approximately 0.5° per second, compared to approximately 6.5° per second for Suomi-NPP,
and is used exclusively in the analysis presented in Section 5.2, which addresses the effect
of the RAPS scan rate on the observed angular space. Both Suomi-NPP and Aqua fly in
near-polar, sun-synchronous orbits, providing global coverage, including high-latitude and
polar regions.

For this study, we analyzed a year’s worth of CERES Suomi-NPP and Aqua data
spanning a period from 1 October 2019 to 30 September 2020, resulting in approximately
412 million CERES FMS5 footprints from Suomi-NPP and 39 million CERES FM3 footprints
from Aqua. The order of magnitude difference between the number of observations
analyzed for these two instruments is explained by the Aqua dataset only being utilized
in the analysis presented in Section 5.2, which analyzes a 10-day cadence; therefore, only
every 10th day of CERES FM3 data from the Aqua satellite was utilized.

Both SSF datasets underwent the same quality control and filtering procedures. Obser-
vations flagged for geolocation or radiometric issues were removed, as were those lacking
sufficient cloud information. Finally, only footprints occurring on the sunlit side of the
orbit (based on solar zenith angle) were retained. Depending on the analysis objectives,
several temporal cadences were applied to the FM5 data, including daily, 2-day, 5-day,
10-day, and monthly intervals. These cadences are used consistently throughout Section 5
and are explicitly noted where relevant.

The level-2 SSF data product includes surface, cloud, and aerosol information retrieved
from VIIRS on Suomi-NPP [19] and MODIS on Aqua [20]. This provides the information
necessary for scene identification for each CERES radiometer footprint. Each single scanner
footprint has a resolution of about 20 km and contains up to two cloud layers. For each
cloud layer, the cloud amount, optical depth, and phase (liquid or ice) are reported, and
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these parameters are used in defining TRMM angular distribution model (ADM) scene
types. In addition to cloud information, each footprint also has information from the
observations made by the CERES radiometers, including filtered total, shortwave, and
window radiances for each of the respective channels, as well as the unfiltered shortwave,
longwave, and window radiances. The solar-viewing geometry and time are included for
each footprint and are used for this analysis.

Although Libera introduces a new split-shortwave spectral channel (0.7 to 5 pm), the
Suomi-NPP dataset remains highly suitable for this study. The distribution of surface types
and solar zenith angles is primarily governed by orbital parameters rather than spectral
response. Since Suomi-NPP and JPSS-4 share key orbital characteristics, including near-
identical altitude (824 km vs. 833 km) and inclination (98.7°) values and a 13:30 ascending
equatorial crossing time, they offer nearly identical spatial and angular coverage [19].
Therefore, observations from CERES FM5 on Suomi-NPP provide a valid proxy for the
types of surface and incident solar radiation conditions that Libera will encounter. This
motivates the use of Suomi-NPP RAPS data to assess angular sampling strategies applicable
to Libera’s operational context. Of course, due to differences in the spectral response of the
shortwave and split-shortwave channels, new split-shortwave ADMs will still be needed
to support split-shortwave radiance to irradiance conversions.

4. Methodology

While analyzing the spatial distribution of observations could be useful in broader ERB
studies, the ADMs developed for ERBE and TRMM and followed in this study are applied
globally for each defined scene type. That is, a single ADM is used for all observations
matching a particular surface-atmosphere classification, regardless of their geographic
location or season. The utilization of uniform ADMs across seasons and regions is sup-
ported by prior research: Loeb et al. (2005) [21] and Su et al. (2015) [17] demonstrate that
ADMs can be empirically derived from global CERES-MODIS datasets without seasonal,
geographic, or interannual segmentation. As a result, this analysis focuses on sampling
coverage across the angular-scene space, without evaluating spatial or interannual vari-
ability. Recent studies have shown how regional aerosol loading and properties affect the
outgoing radiation field [22,23]; however, the relatively simple ERBE and TRMM ADMs
do not consider or incorporate aerosol properties within their scene type definitions. The
global, scene-based ADM framework is well established due to its use in prior missions,
and it remains consistent with legacy methodologies.

Additionally, this study utilizes one full year of observations. This decision ensures a
full annual cycle is captured and also aligns with the operation plans for the Libera mission,
which includes RAPS observations in the first year of the mission, provided that a CERES
instrument remains active in orbit.

4.1. Methodology for the Impact of RAPS Cadence on Observed Space

An initial assessment of the scene and angular sampling is performed by evaluating
how much of the total scene and angular space is observed within a given time frame.
To quantify this, the analysis gauges whether a threshold number of observations (or
“counts”) under various scenarios is achieved. We focus on the 1-count and 8-count levels.
The 1-count level requires that at least a single observation be present in each bin to be
considered as filled, while the 8-count level requires at least eight observations to be present
in each bin. The 1-count level was selected as it is the most basic count-based quantity to
test; it shows whether observations are present at all within a given bin. The 8-count level
was chosen as it was the baseline used for the ERBE ADMs, with a bin with fewer than
eight samples being treated as missing [14].
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It should be noted that while these metrics are consistent with those applied in prior
ERB experiments, their direct applicability to Libera’s split-shortwave channel is not pre-
sumed. Rather, they provide a simplified baseline measure of angular and scene space
coverage. This baseline analysis is further supported by a radiance convergence-based
analysis (Section 5.3), which is necessary to quantitatively determine the number of obser-
vations, or, more precisely, the number of days of observations, required to obtain a more
representative mean radiance for a given scene and angular bin. This, in turn, leads to more
accurate anisotropic factors and thus more reliable radiance to irradiance conversions.

In Section 5.1, we apply these count-based metrics to CERES RAPS data from Suomi-
NPP to assess how different RAPS cadences affect scene and angular sampling. Two RAPS
cadences were tested in this analysis: a monthly cadence, which utilizes a full day of RAPS
observations on the first day of each month for a year, and a 10-day cadence, composed
of a full day of RAPS observations every 10 days for a year. This comparison was guided
by Libera’s azimuthal motor design; the 10-day cadence was selected for testing as it
reaches the 50% lifetime limit (with margin) on the azimuthal motor over the five-year
prime mission. The monthly cadence provides roughly a factor of three less than the
10-day cadence, and both cadences avoid ground sample aliasing from the 16-day orbit
repeat cycle.

4.2. Methodology for Rotational Azimuth Plane Scan (RAPS) Rate Analysis

In Section 5.2, count-based metrics are used to determine how the azimuthal scan
rate of the instruments affects the observed angular—scene space. To achieve this, we
compare CERES onboard Suomi-NPP, which has an azimuthal scan rate of around 6.5° per
second, with CERES onboard Aqua, which has an azimuthal scan rate of approximately
0.5° per second. Intuitively, one might expect the faster azimuthal scan rate to allow
Libera’s instrument to observe a larger portion of the scene-type space compared to the
slower scan rate, given the same amount of observational time. However, at the faster
scan rate of 6.5° per second, the azimuthal motor reaches its lifetime limit more quickly,
potentially limiting RAPS scans later in the mission. Much more flexibility will be afforded
if Libera scans at the slower rate of 0.5° per second. Importantly, the two datasets have
sample sizes of comparable magnitude, approximately 41 million CERES SSF footprints
for Suomi-NPP and 39 million for Aqua, allowing for a fair and unbiased comparison of
angular-scene coverage.

4.3. Methodology for Bin-by-Bin Radiance Convergence-Based Analysis

Finally, we perform a convergence-based analysis to determine how many observa-
tions within a given bin are sufficient for the radiance to converge towards an expected
or steady mean value. Analysis of radiance convergence helps determine the number of
observations needed to develop accurate ADMs. Specifically, we consider the number of
days of observations necessary for the daily mean radiances for a given scene and viewing
geometry bin to converge to an expected radiance value. We obtain a mean radiance value
for a given scene and angular bin by averaging over daily mean values in an effort to
avoid multiple non-independent contributions [8]. Radiance convergence is assessed using
CERES SW radiances. It is implicitly assumed that Libera split-SW radiances will exhibit
similar behavior, which is a reasonable assumption given that the split-SW bands are spec-
tral subsets of the CERES SW band. We use a full year of Suomi-NPP RAPS observations
starting 1 October 2019 to 30 September 2020. This dataset contains roughly 412 million
individual CERES footprints, each with an approximate spatial resolution of 20 km. All
observations are binned into the TRMM scene and viewing geometry bins. The number
of observations per scene and angular bin varies greatly from scene to scene, depending
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on how frequently that scene occurs naturally, as discussed in Section 5.3. The binned
radiances for each scene and viewing geometry bin are then processed into daily mean
radiances. The radiance value to which convergence is being assessed is the average of all
the daily mean radiances for an entire year for each scene and angular bin:

- n =1 Ly (05,6, 60 s 1)
Lat, (05,0, 0o 1) = = st - , (6)

where Ly,,;is the daily mean radiance for day 7, scene j, and the set of angular bins, 6; ;, 6, x,
@1; N is the number of days where there is at least one observation present for the given
scene and angular bin, such that N = 365 if there is an observation for each day within the
year; and m is the average daily mean radiance for all days within a year for the same
scene and the set of angular bins.

The convergence towards Ly, j is considered using three RAPS cadence datasets: a
full day of RAPS observations every 10 days, every 5 days, and every 2 days for a year. As
discussed in Section 4.1, the 10-day RAPS cadence was selected to avoid aliasing associated
with the 16-day orbit repeat cycle, providing a baseline level of angular sampling across the
TRMM scene and solar-viewing conditions. The analysis presented in Section 5.1 indicates
that while this cadence generally meets minimum sampling requirements, increased RAPS
frequencies may offer improved coverage of the TRMM angular-scene space. Therefore,
5-day and 2-day cadences were included to explore the potential benefits of denser sampling
and improved radiance convergence within scene and angular bins.

Each dataset contains daily mean radiances binned in the same manner as the dataset
to which they are to be compared, that is, by the TRMM scene type and viewing geometry.
A Monte Carlo-style approach is applied to each cadence by randomizing the order of
daily mean radiances within each bin. To capture variability in the convergence behavior,
this randomization process is repeated 80 times. This number was selected based on the
physical memory limitations of the computing environment, which constrained the number
of complete randomized sequences that could be stored and processed simultaneously. In
each case, the full dataset is retained—no observations are omitted or duplicated—and
only the order of entries is shuffled. The random permutations are generated using a
pseudo-random algorithm designed to produce statistically independent and identically
distributed (i.i.d.) sequences, satisfying standard tests of randomness and meeting the
conditions required for unbiased convergence analysis. This enables evaluation of the
variability and stability of the convergence process by accounting for the effects of random
sampling while minimizing biases caused by the sequence of observations. The average
daily mean radiance for the first n days for each of the m randomizations is determined
using Equation (7), where # is incrementally increased to evaluate the convergence behavior
of the mean radiance as a function of the number of days included.

Z? Lm,n,j(gs,ir ev,kr (Pl)

Lm,n,j(gs,ir ev,k/ qu) = 7 . (7)

The absolute difference, D, j, for the nth day and mth randomization for each scene
and angular bin is as follows:

Dy, j(0s,is 0o ks #1) = |Linn,j(0sis 00k @1) — Latt, (05,3, Ou s 1) |- (8)

Finally, we take the average across all 80 randomizations, for each scene and viewing
geometry bin for each day, n, to calculate a mean absolute difference, Dy :

ZT Dm,n,j(es,i/ ev,k/ (Pl)

W,j(es,i/ ev,k/ q)l) = o . (9)
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Note that D,, ; is very similar to the more commonly used mean absolute error. How-
ever, D, ; is defined as a difference relative to the average daily mean radiance value after a
year of observations rather than a known true value. The results of the convergence-based
analysis are shown in Section 5.3.

5. Results and Discussion
5.1. The Impact of Rotational Azimuth Plane Scan (RAPS) Cadence on Observed Space

This section considers how the RAPS cadence impacts observations of the angular
and scene space. Figure 3a shows the observed angular space at the 1-count level for the
ERBE scene types, illustrating that there is relatively little improvement when sampling
every 10 days over only sampling on the first day of every month. When we inspect the
8-count level (Figure 3b), the largest gain in the observed angular space occurs for scenes
with a snowy surface. These scenes have about a 12% gain in the observed angular space
when sampling with a 10-day cadence compared to the monthly cadence. It follows that
for the more simple ERBE scene types, we can observe most of the angular space, and we
obtain only minor improvements when the RAPS scan rate is increased from once a month

to every 10 days.
First Day of Month | Every 10 Days
Overcast 95-100
o Land or Desert .
o —g5 X
= Desert 20-95 ‘?E
! Land S
g ]
o
@ Show s (@
w E
[es)
5-50 =2
& O
Ocean
0-5
0 20 40 60 80 100
Angular Space with at Least 1 Observation per Bin [%]
First Day of Month | Every 10 Days
Overcast 95-100
o Land or Desert .
o 50-95 &
[y Desert EE
! Land _g
g O
E o
@ Snow i (b)
w E
s}
5-50 ©
i o
Ocean
0-5

0 20 40 60 80 100
Angular Space with at Least 8 Observations per Bin [%]

Figure 3. Observed scene and angular space for ERBE scene types. Each bar shows the percent
of angular space with at least (a) one observation or (b) eight observations per 6s, 6,, and ¢ bin
combination for an ERBE scene type. The solid portion of each bar represents the amount of each
scene type observed for the monthly cadence, while the transparent portion at the end of each bar
represents the observed angular space that is gained over the monthly cadence when increasing the
RAPS sampling to the 10-day cadence.
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Figure 4a shows the TRMM dark desert surface-type scenes at the 1-count level. It can
be seen that a more frequent RAPS cadence is necessary to fill in a similar fraction of the
angular space as the number of scene types increases, as is the case when moving from
ERBE to TRMM scene types. This is even more apparent when examining the 8 counts
per bin level, as shown in Figure 4b. For the monthly RAPS cadence, most of the TRMM
dark desert scenes have less than 50% of their solar-viewing geometry filled. The observed
angular space roughly doubles when RAPS sampling is increased to the 10-day cadence.

Dark Desert: First Day of Month | Every 10 Days

Ice, =40

Ice, 18—40
Ice, 10—18
Ice, 6—10

Ice, 2.5-6
Ice, 0.01-2.5
Liquid, =40
Liquid, 18—40
Liquid, 10—18
Liquid, 6—10
Liquid, 2.5—6

Liquid, 0.01-2.5
Clear 0-0

0 20 40 60 80 100
Angular Space with at Least 1 Observation per Bin [%]

99.9-100

75—-99.9

50-75

(a)
25—50

Cloud Phase, Optical Depth
Cloud Fraction (%)

0.1-25

Dark Desert: First Day of Month | Every 10 Days

Ice, =40
Ice, 18—-40( 75—99.9
Ice, 10-18]

Ice, 610 ju
Ice, 2.5—-6 50—-75

Ice, 0.01—2._
Liquid, >40|
Liquid, 18—40
Liquid, 10—-18
Liquid, 6—10
Liquid, 2.5—-6

Liquid, 0.01-2.5
Clear

99.9-100

(b)

25-50

Cloud Phase, Optical Depth
Cloud Fraction (%)

0.1-25

0 20 40 60 80 100
Angular Space with at Least 8 Observations per Bin [%]

Figure 4. The observed angular space at (a) the 1-count level and (b) the 8-count level for each
CERES-TRMM Dark Desert scene type. The solid portion of each bar represents the amount of
each scene type with at least one (a) or eight (b) observations per bin for the monthly cadence. The
transparent portion at the end of each bar represents the amount of angular space gained by switching
from a monthly cadence to a 10-day cadence.

It is not just the added complexity of cloud phase and cloud optical depth within
the TRMM scene types that causes this difference in observed angular space, but also
the frequency at which certain scenes occur. Simple scene definitions mean that various
natural occurrences will satisfy the scene’s requirements. To clarify this, let us consider the
difference between the ERBE and TRMM ocean scenes. The ERBE scene types have three
ocean scenes: clear sky oceans, partly cloudy oceans, and mostly cloudy oceans, while
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the TRMM scenes have 346 ocean scenes. Thus, it is obvious why the TRMM scenes need
additional RAPS sampling to achieve high angular coverage for all scenes. To further clarify,
the CERES-TRMM clear sky scenes, shown in Figure 5 at the 1- and 8-count levels, generally
have less viewing geometry space filled with observations than the ERBE counterparts.
This can be partly explained when considering how small the first cloud fraction bin is
compared to its ERBE equivalent. The TRMM scenes require less than 0.1% of a scene to
contain clouds to be classified as a clear sky scene, while the ERBE scene types only require
less than 5% to do the same.

Clear Sky: First Day of Month | Every 10 Days
Bright Desert
Dark Desert

Low-Mod Shrub
Mod-Hi Shrub
Ocean, ws4

Ocean, ws3

Cloud Fraction (%)

Ocean, ws2

Ocean, wsl

0-0

0 20 40 60 80 100
Angular Space with at Least 1 Observation per Bin [%]

Clear Sky: First Day of Month | Every 10 Days
Bright Desert

Dark Desert

Low-Mod Shrub
Mod-Hi Shrub
(b)

Ocean, ws4

Ocean, ws3

Cloud Fraction (%)

Ocean, ws2

Ocean, wsl

T 0-0
0 20 40 60 80 100
Angular Space with at Least 8 Observations per Bin [%]

Figure 5. The amount of angular space with at least (a) one observation and (b) eight observations
per 0s, 6, and @ bin combination for TRMM’s clear-sky scene types. There are four clear-sky scene
types for the ocean surface type, each with a different windspeed (ws). Ws1 has a surface windspeed
of less than 3.5 m s~!, ws2 ranges from 3.5 to 5.5 m s~!, ws3 ranges from 5.5 to 7.5 m s}, and ws4
is greater than 7.5 m s~ 1. The solid portion of each bar represents the amount of each scene type
with at least (a) one observation or (b) eight observations per bin for the monthly cadence. The more
transparent portion at the end of each bar represents the amount of angular space gained over the
monthly cadence when increasing to the 10-day RAPS cadence.

5.2. Rotational Azimuth Plane Scan (RAPS) Rate Analysis

While the previous section quantifies the scene and angular space filled by RAPS for
both TRMM and ERBE scenes, an important question still needs to be addressed: how
does the azimuthal scan rate of the instruments affect the observed angular—scene space?
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Figure 6 shows the observed scene and viewing geometry space for the TRMM scenes. At
the 1-count level, the fast scan rate observes about 63% of the scene and viewing geometry
space, while the slow scan rate observes around 34.5%. At the 8-count level, the difference
between the fast and slow scan rates starts to decrease, with the instrument operating in the
fast scan rate observing 40.4% of the total scene and viewing geometry space, and the slow
scanning instrument filling around 23.3% of the same space. Arbitrarily extending this to
the 100-count level shows that the difference between the observed scene and angular space
for the slow and fast azimuthal scan rates becomes minimal. At the 100-count level, the
fast scan rate observes 13.2% of the space, while the slower RAPS mode (0.5° per second)
observes around 10.4% of the same space.

Oberved Scene and Angular Space: Every 10 Days for 1 Year

100
I Siow Scan Rate: Aqua
90 I Fast Scan Rate: Suomi-NPP |
80 8
70 8

Observed Space [%]

1 count level 8 count level 100 count level

Figure 6. Observed TRMM scene and angular space for two RAP scan rates with a RAPS cadence of
every 10 days for a year. The purple bars show the observed scene and viewing geometry space for
the fast scan rate (6.5° per second), derived from CERES onboard Suomi-NPP. The blue bars show the
observed scene and viewing geometry space for the slow scan rate (0.5° per second), derived from
CERES onboard Aqua.

5.3. Bin-by-Bin Radiance Convergence-Based Analysis

The count-based analysis shown in the previous two sub-sections provides a valuable
baseline for how much of the scene and angular space of TRMM and ERBE scenes is
observed with respect to the number of RAPS days and the scan rate. However, further
analysis is needed to test the proficiency of sampling within a given bin. Thus, bin-by-bin
radiance convergence-based analysis has been performed. It is important to note that most
of the observations from Suomi-NPP fall into a few TRMM scene and 6; combinations
(Figure 7). This figure shows the cumulative distribution function (CDF) of the relative
percent of observations as a function of scene and ¢; combination. To generate this CDEF,
we found the total number of times that each scene-6; combination was observed over the
one-year dataset. We then sorted the scene—f; combination from most to least frequently
observed, based purely on how many observations there were for each combination within
the one-year time frame. The x-axis in Figure 7 represents this ordered list of bins (not
specific scene types or angles), while the y-axis shows the cumulative percentage of total
observations contained in the top x% of bins. The colored stars on the figure show that
20% of all the Suomi-NPP observations fall into only 1.2% of the possible TRMM scene and
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s combinations, 50% of all the observations are composed of 4.9% scene-0; combinations,
and 80% of all the observations are covered by 14.4% scene-6; combinations. The green
star (50%) indicates the median bin in terms of cumulative observation density, not a
specific scene or angle, highlighting how a few combinations dominate the dataset. We
will reference the scene-6; combinations located in the region around the green star as
moderately common scene-fs combinations.

Percent of Observations vs Percent of scene and 95 combinations
100 T T T T T T T

90 -

80

70 [

60

50 [

40 .

Percent of Observations

30 F :
scene and '93 combinations vs observations

20 *  20% of observations i

10 50% of observations
*  80% of observations

O 1 1 1 1 1 1 1 1 1
0 10 20 30 40 50 60 70 80 90 100

Percent of Scene and 95 bin combinations

Figure 7. Cumulative distribution function (CDF) showing the relative amount observations as a
function of the number of scene and 65 combinations. We have ordered the scene and 6; combinations
from most to least frequent. The CDF illustrates how a relatively small number of scene and 6
combinations account for the majority of observations, providing insight into the representativeness
and distribution of scene sampling within the dataset.

This emergent property of the scene and angular sampling is something that Libera
can exploit. If the radiometers can achieve sufficient angular sampling across the 6,
and ¢ viewing geometry components for the most commonly occurring scenes and 6;
combinations, the radiometer-based split-shortwave ADMs can support the evaluation of
the majority of the radiance to irradiance conversions that Libera will make. In doing so, a
limited set of radiometer-derived ADMs play a critical role in anchoring the new WFOV
camera-based ADM framework with established methods.

With the relationship between total observations and scene-6; combinations in mind,

Figure 8 shows the decrease in the mean absolute difference, D, ; (Equation (9)), as the
number of days (n) increases for the most common TRMM scene and 6s combination. Each
curve represents the relationship for a single 8, bin. For the 10-day cadence (Figure 8a), the

mean absolute difference, Dn,]-, for each 0, bin decreases rapidly at first as the number of
days increases from 0, converging towards a mean absolute difference of 0%. By the end of
the 10-day cadence, the average D,, ; across all 6, bins is 0.34%. A similar trend can be seen
for the 5-day (Figure 8b) and 2-day (Figure 8c) cadences. By the end of the 5-day cadence,
the average D, ; across all 6, bins is 0.28%, resulting in a 0.06% gain after doubling the
number of days of observations. For the 2-day cadence, the average D,, ; across the nine 6,

bins is 0.13%, yielding a 0.21% gain. Although D, ; becomes closer to 0% for the 5-day and
2-day cadences than for the 10-day cadence, the difference is not substantial.
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Figure 8. Dinj as a function of the number of days for the most common TRMM scene and 6
combination and a 10-day (a), 5-day (b), and 2-day (c) RAPS cadence. The most common TRMM
scene and 6 combination is a liquid cloud over the ocean with a cloud fraction of 0.1 to 10%, an
optical depth of 1-2.5, and a solar zenith bin of 20° < 6s < 30°. All possible 8, bins are shown for the

relative azimuth bin 90° <

¢ <110°.
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The same is not true when analyzing the scene and 6; combinations near the green
point in Figure 7. We will reference these scenes and 6; combinations as moderately com-
mon combinations. By the end of the 10-day cadence, the average D, ; across all 6, bins is
0.75%. At the end of the 5-day cadence, the average decreases to 0.44%, representing a 0.31%
improvement. For the 2-day cadence, the average is 0.27%, yielding a total improvement of
0.48% relative to the 10-day cadence. While D, ; decreases rapidly during the first few days
for all three cadences, Figure 9 shows a consistent and measurable improvement in conver-
gence behavior when moving from the 10-day (Figure 9a) to either the 5-day (Figure 9b) or
2-day (Figure 9¢) cadence. Thus, there may be benefits in considering one of these more
frequent RAPS cadences for Libera’s operations within the first year of the mission.
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Figure 9. Cont.
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Figure 9. TM as a function of the number of days for a moderately common TRMM scene and 6
combination and a 10-day (a), 5-day (b), and 2-day (c) RAPS cadence. The following parameters are
for a moderately common TRMM scene and 6; combination: a liquid cloud over the ocean with a
cloud fraction of 95 to 99.9%, an optical depth of 10-12.5, and a 65 bin of 20°-30°. All possible 6, bins
are shown for the ¢ bin of 90° to 110°.

6. Conclusions

Angular distribution models are used to convert observed broadband satellite radi-
ances to the ERB-relevant quantity of irradiance. The development of ADMs has tradition-
ally required an extensive amount of RAPS observations to obtain the necessary radiances
across a vast combination of viewing angles and scene types. For the upcoming Libera
mission, ADM generation and evaluation is required for the new split-shortwave channel.
Yet, there is also a desire to minimize time in RAPS mode for the continuity of the climate
data record. Data from a wide-field-of-view camera will assist in generating new ADMs,
but this needs to be evaluated with angular sampling from the split-shortwave radiometer
itself. Consequently, this study provides an assessment of the angular sampling that Libera
can achieve with various RAPS options.

For simple scene type definitions, such as the ERBE scene types, we find that the scene
and viewing geometry space would be well sampled with a RAPS cadence of just one
day per month during the first year of the Libera mission, observing 87% of the scene and
angular space at the 1-count level and 82% at the 8-count level. Increasing the cadence
to every 10 days results in a 2% and 5% increase at the 1- and 8-count levels, respectively.
However, our analysis also shows that increasing the RAPS cadence from once a month to
every 10 days provides a much better sampling of the angular—scene space for the more
stratified TRMM scene types within the first year. When increasing the cadence, the TRMM
scene types expand from sampling 54% to 66% at the 1-count level and increasing the
observed space from 29% to 43% at the 8-count level. This initial analysis only considers
the total observation counts within the scenes and angular bins. However, this already
indicates that improved sampling would be possible for TRMM scenes with a higher
RAPS cadence.

Utilizing two CERES instruments, CERES onboard Suomi-NPP with a relatively fast
azimuthal scan rate and CERES onboard Aqua with a relatively slow azimuthal scan rate,
our analysis compares the effect of the azimuthal scan rate on the observed TRMM scene
and viewing geometry space. Intuitively, a faster scan rate would appear to encompass
a larger portion of the scene and viewing geometry space compared to a slower rate,
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given the same observational time. While this trend is apparent in the analysis above, we
demonstrated that for a given amount of azimuthal rotation, a key constraint for the Libera
mission, the angular and viewing geometry space of the TRMM scene types is sampled
more comprehensively by operating at the slower azimuthal rotation rate for a longer
period of time.

A vast majority of the CERES observations on Suomi-NPP fall into just a few TRMM
scene and f; combinations. For example, 50% of the observations are represented by 4.9%
of the scene-fs combinations. Therefore, it is expected that Libera will be able to develop
RAPS-based ADMs for the most frequent scene and 65 combinations that will be relevant
for most observed footprints. For these most common scene and 6; combinations, a 10-day
RAPS cadence results in a difference of half a percent or less compared to the average
daily mean radiance for all days within a year. For the moderately common scene-6;
combinations, a substantial improvement occurs when increasing from the 10-day to the
5-day or 2-day cadences. Therefore, this analysis suggests that Libera may benefit from a
RAPS cadence of 2-5 days for the first year of operations.
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Abbreviations
The following abbreviations are used in this manuscript:

ADMs  Angular Distribution Models

CERES  Clouds and the Earth’s Radiant Energy System
ERB Earth Radiation Budget

ERBE Earth Radiation Budget Experiment

FM3 Flight Model 3

FM5 Flight Model 5

IGBP International Geosphere-Biosphere Programme
JPSS-4 Joint Polar Satellite System-4

MODIS Moderate Resolution Imaging Spectroradiometer
NPP National Polar-orbiting Partnership

RAPS Rotating Azimuthal Plane Scan

SSF Single Scanner Footprint

TRMM  Tropical Rainfall Measuring Mission

TSIS-1  Total and Spectral Solar Irradiance Sensor
VIIRS Visible Infrared Imaging Radiometer Suite
WFOV  Wide Field Of View
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