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Abstract: Observing the Earth radiation budget (ERB) from satellites is crucial for monitoring and
understanding Earth’s climate. One of the major challenges for ERB observations, particularly for
reflected shortwave radiation, is the conversion of the measured radiance to the more energetically
relevant quantity of radiative flux, or irradiance. This conversion depends on the solar-viewing
geometry and the scene composition associated with each instantaneous observation. We first outline
the theoretical basis for algorithms to convert shortwave radiance to irradiance, most commonly
known as empirical angular distribution models (ADMs). We then review the progression from early
ERB satellite observations that applied relatively simple ADMs, to current ERB satellite observations
that apply highly sophisticated ADMs. A notable development is the dramatic increase in the number
of scene types, made possible by both the extended observational record and the enhanced scene
information now available from collocated imager information. Compared with their predecessors,
current shortwave ADMs result in a more consistent average albedo as a function of viewing
zenith angle and lead to more accurate instantaneous and mean regional irradiance estimates. One
implication of the increased complexity is that the algorithms may not be directly applicable to
observations with insufficient accompanying imager information, or for existing or new satellite
instruments where detailed scene information is not available. Recent advances that complement and
build on the base of current approaches, including machine learning applications and semi-physical
calculations, are highlighted.

Keywords: shortwave radiation; angular distribution model; radiance; irradiance

1. Introduction

Monitoring the amount of solar radiation (or shortwave radiation, in the spectral range
from approximately 0.3 to 5 um) reflected back to space by Earth is vital for understanding
and modelling our climate system and its evolution [1,2]. The most comprehensive obser-
vations of reflected shortwave radiation to date have been obtained from dedicated Earth
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radiation budget (ERB) satellite instruments flown in low-Earth orbit [3-8]. Among these
are relatively simple wide field-of-view (WFOV) non-scanning instruments that sample
the entire Earth disk as a single pixel, and narrow field-of-view (NFOV) instruments that
sample only a small area but provide coverage by scanning. The WFOV instruments
present unique challenges for developing an ERB data record [9], and NFOV scanners
have therefore emerged as the instrument of choice. From the perspective of the satel-
lite, it is only possible to instantaneously observe the reflected shortwave radiation in
the direction that a NFOV scanner observes, known as the radiance. However, what is
ultimately of most interest for quantifying the ERB [10-14], understanding climate forcing
and feedbacks [15,16], and for constraining and improving climate models [17-20] is the
cosine-weighted reflected shortwave radiance leaving Earth integrated over all directions
above the scene that the satellite observes, known as the radiative flux (strictly the radiative
flux density) or irradiance.

Since the angular distribution of reflected shortwave radiation can vary dramatically
from one scene to another, the conversion of the directional satellite-observed radiance to
the energetically relevant hemispherically integrated quantity of irradiance is non-trivial.
We must rely on a model for this conversion that depends on the direction that the scene is
being viewed by the satellite instrument relative to the sun (i.e., the solar-viewing geometry)
and the scene properties, such as cloud cover or surface type. Such models are referred
to as angular distribution models (ADMs), and have been generated from instruments on
a variety of satellites over a series of decades [21-24]. While the underlying theory that
defines the relationship between radiance and irradiance remains unchanged, satellites
have observed at progressively finer spatial resolution, for longer duration, and with more
advanced supporting imager information leading to a drastic variation in the approach to
generating shortwave ADMs over time.

The purpose of this article is to provide a synthesis of shortwave ADMs and their
application from the earliest ERB satellite missions up until the present day, and highlight
recent advances that support the conversion of shortwave radiance to irradiance addressing
some of the outstanding issues that have emerged along the way. While reviews of ERB
satellite missions already exist in the literature [7,8], none have been dedicated to the
decades-long research and important processing step of shortwave radiance to irradiance
conversion. Many of the concepts discussed here also apply to the emitted longwave
radiation by Earth, which also requires conversion from radiance to irradiance, but we
focus exclusively on the shortwave for two reasons. Firstly, the shortwave typically exhibits
a greater dynamic range in anisotropy and therefore presents the most challenging case for
the conversion from radiance to irradiance. Secondly, at present there is renewed focus on
shortwave ADMs in light of the upcoming Libera mission that was recently selected by the
National Aeronautics and Space Administration (NASA) to continue the ERB data record
into the next generation. The Libera mission will include a new split-shortwave channel
to measure the ultraviolet-visible and near-infrared portions of the spectrum separately
(shortwave radiation at wavelengths of less than and greater than approximately 0.7 um,
respectively) for which new ADMs are required.

The remainder of the manuscript is structured as follows. Section 2 outlines the
theoretical basis for the conversion of satellite-observed shortwave radiance to irradiance.
Section 3 provides a review of the approaches applied from early to current ERB satellite
observations. Section 4 highlights recent advances that support, complement, and build on
existing approaches. Section 5 summarizes and draws conclusions.

2. Theoretical Basis

While some of the finer details regarding the conversion of radiance to irradiance have
evolved over time, the general approach remains the same and is outlined in this section.
Irradiance F is related to radiance I by:

2 I
F(0s) = /0 /0 * 1(6s, 0y, @) cos By sinBydoyd, (1)
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where 05 is the solar zenith angle, 0y is the viewing zenith angle, and ¢ is the relative
azimuth angle between the sun and the satellite (Figure 1).

X

Figure 1. Solar-viewing geometry represented by three angles: solar zenith angle (fs), viewing zenith angle (fy), and
relative azimuth angle (¢).

For the special case of Lambertian or isotropic radiance I;;, where the radiance does

not depend on viewing geometry (6y, @), the calculation of irradiance F in Equation (1)
simplifies to:

F(GS) = 7tIiso(GS)' ()

It follows that, for the more general anisotropic case, Equation (1) can be written as:

F(os) =105, O, @) ©
R(G S, 9V , gO)
where R is the anisotropic function that relates radiance to irradiance. The function R
provides a correction to account for how much the radiance in direction (0y, ¢) deviates
from the equivalent isotropic case; a value greater than unity would be associated with a
radiance [ that is larger than the isotropic radiance I;;,, and vice versa.

Angular distribution models (ADMs) are, in essence, a discretized form of the
anisotropic function R known as anisotropic factors. In order to derive anisotropic factors,
and therefore generate ADMs, an empirical approach has traditionally been adopted. Dis-
crete angular bins are defined, and a large number of observed radiances collected over
an extended time period are assigned to each of those angular bins and averaged (e.g.,
Figure 2).
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Figure 2. An example of ADM generation for a cloud-free scene over ocean with wind speed <3.5 m s7! in solar zenith

angle bin 30-40°. (a) The synthetic “truth” represents the continuous anisotropic function for this scene. It is calculated for

visualization purposes as a cubic interpolation of (b) the CERES-TRMM anisotropic factors that are generated from gradual

sampling and averaging over time. The arrow indicates the direction of incoming solar radiation. Enhanced reflection in the
specular direction and limb brightening are both captured.

For solar zenith angle bin i, viewing zenith angle bin j, and relative azimuthal bin k,
the anisotropic factor R;j is calculated as:

ﬂlijk

Rijk = (4)

i
In Equation (4), T,-jk is the mean of normalized instantaneous radiances J;j in angular
bin (i, j, k). A normalization is applied to each instantaneous radiance observation I';j to
account for variations in Earth-sun distance and solar zenith angle as follows:

2
Lo (T
Il]k - Il]k.u’(m) ’ ()

where p’ and 1’ are the cosine of the solar zenith angle and the Earth-sun distance at the
time of observation, respectively, y; is the cosine of the solar zenith angle at the mid-point of
solar zenith angle bin i, and rg is the mean Earth-sun distance. Note that the instantaneous
radiances I';j; considered in Equation (5) are assumed to be pre-processed, including
spectral unfiltering and calibration [25-27], which is not discussed here.

The corresponding irradiance F; that appears in Equation (4) is the summation of Tijk
over all viewing zenith angle bins j and all relative azimuthal angle bins k using a discrete
form of Equation (1) with the functional form:

N; Ny
F=Y w Y wli, (6)
=1 k=1

where N; and N are the total number of angular bins in viewing zenith angle and relative
azimuth angle, respectively, and w; and wy are weights associated with the hemispheric
integral. The weights can be determined analytically for certain angular bin widths, or
estimated numerically with fixed angular bin widths and an additional weighting by cosine
of the viewing zenith angle (e.g., via Gaussian quadrature).
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Note that the entire process of deriving anisotropic factors described in this section
is typically performed separately for scene types with distinct anisotropy. The choice of
scene types, as well as the angular resolution, has changed dramatically over the history of
ERB satellite observations, as described next.

3. Historical Review to State-of-the-Art
3.1. Early Satellite Analyses

The importance of accounting for variations in reflected shortwave radiation with
angle has been appreciated since early in the ERB satellite era. Arking [28] and Arking and
Levine [29] noted that, for constant surface and meteorological conditions, reflectance could
change by a factor of 1.5 between noon (when the sun is close to overhead) and later in the
afternoon when the sun is 30° above the horizon. This effect had been neglected in earlier
satellite analyses [30,31], but should be accounted for when calculating time-averages of
reflected shortwave radiation taken at different times in the diurnal cycle. The first models
to account for this change in reflectance with solar zenith angle were derived from TIROS
IV and TIROS VII satellite observations in highly inclined orbits that lacked global coverage.
This was followed by analysis of observations made from the sun-synchronous Nimbus II
satellite [32], which provided the first global model (Figure 3a).

301 a) 2 | 4.01 p)
ms TIROS IV: Arking (1965) .: 35 71 Nimbus lll: Raschke et al. (1973)

2.5 TIROS VII: Arking and Levine (1967) o [ = OCean
. = Nimbus Il: Raschke and Bandeen (1970)  + . 3.01 == = Snow
? ..' ; ? === Cloud-Land
< 2.0 [ §25
- =201

1.5

18] e
1.01 1.0 ——
1.0 0.8 06 04 02 0.0 1.0 0.8 06 04 02 0.0
cos(6s) cos(6s)

Figure 3. Variation in normalized reflectance (r) with cosine of solar zenith angle determined from early ERB satellite
observations. (a) Mean variation estimated from TIROS IV, TIROS VII, and Nimbus II (reproduced and adapted from
Raschke and Bandeen [32] © American Meteorological Society. Used with permission.). (b) Variation estimated from
Nimbus III as a function of three scene types (reproduced and adapted from Raschke et al. [6] © American Meteorological
Society. Used with permission.).

A subsequent analysis of Nimbus III observations [6] was the first to account for
angular variations of different scene types (Figure 3b). This included three fixed scene
types of ocean, snow, and a land-cloud combination that were generated from “gross-
empirical” models that used a combination of aircraft, balloons, and early satellite data.
This analysis, together with the earlier seminal work of Vonder Haar and Suomi [14],
had profound implications for our understanding of the climate system, including the
discovery that Earth was significantly darker than most pre-satellite estimates, and that low
latitudes absorbed more energy than previously thought, implying a stronger poleward
heat transport by approximately 40%.

A further development came with analysis of Nimbus VII observations [3], which
used 4 scenes: ocean, land, snow-ice combination, and cloud. Importantly, given the
distinct anisotropy presented by clouds, the Nimbus VII analysis was the first to attempt
dynamic cloud identification [33]. Observations from Nimbus VII were later used in the
development of shortwave ADMs applied during the Earth Radiation Budget Experiment
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(ERBE) mission, as described in the next section. A summary of the early satellite analyses
presented in this section is provided in Table 1.

Table 1. Summary of shortwave ADMs applied to pre-ERBE satellite observations.

Analysis

Scene Types

Mission Period (# Scenes) Notes Reference(s)
TIROS TV 1962 Low latitudes First to acclount for cha.nges in reflection 28]
1) with solar zenith angle
TIROS VII 1963-1964 N/A: isotropic Isotropic assumption resulted in [30]
underestimate of albedo in polar regions
TIROS VII 1963-1964 Near-global Similar 'approach to T'IR‘OS IV but [29]
(1) improved statistics
Nimbus II 1966 Gl(cil))al First global anisotropic function [32]
Ocea s dond MNP s g i
Nimbus IIT 1969-1970 combination . . . y [6]
3) sources including aircraft, balloons, and
early satellite data
Ocean, land, snow-ice . .
Nimbus VI  1978-1979 combination, cloud First attempt at dynamic cloud [3,33]

identification

(4)

3.2. ERBE

The Earth Radiation Budget Experiment (ERBE), launched in 1984, was the first multi-
satellite constellation system for observing the ERB. From two sun-synchronous satellites,
NOAA-9 (850 km, ascending 14:30 equator crossing) and NOAA-10 (810 km, descending
07:30 equator crossing), and a dedicated precessing satellite, the Earth Radiation Budget
Satellite (ERBS; 610 km, 57° inclination), ERBE provided global coverage and sampled
diurnal variability. Shortwave ADMs were never generated with ERBE observations.
Instead, ERBE shortwave ADMs were generated from 205 days (1 April 1979-22 June 1980)
of Nimbus VII ERB scanner observations [21] that are summarized in this section.

The ERBE ADM s included 12 scene types combining various cloud fractions over
different surfaces (Table 2). The distinct anisotropy of these scene types is shown in
Figure 4. For example, at low sun the anisotropy over land and ocean in cloud-free
conditions (Figure 4c,d, right half of plots) is stronger than cloud-free over snow and
overcast conditions (Figure 4a,b, right half of plots) due to multiple scattering within
clouds and within the snow-pack, which tends to smooth the angular distribution of
reflected solar radiation. To assign each of the Nimbus VII ERB scanner radiances to a
scene type for the generation of ERBE ADMs, a fixed surface type was used and a cloud
detection algorithm was applied that used co-located observations from the Temperature
and Humidity Infrared Radiometer (THIR) and the Total Ozone Mapping Spectrometer
(TOMS), both of which were on the Nimbus VII spacecraft [34]. The Nimbus VII ERB
scanner had an approximate nadir resolution of 90 x 90 km extending to more than 250 km
near the limb, and therefore scene identification was unavoidably coarse. Only 9 non-mixed
scene types were defined for the Nimbus VII observations; the land-ocean mixed scene
types in ERBE ADMs are weighted averages of observations from each of the non-mixed
scene types.
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Table 2. ERBE shortwave ADM scene types. Reproduced and adapted from Suttles et al. [21].

Scene ID Number Cloud Fraction Surface Type
1 Cloud-free (0-5%) Ocean
2 Cloud-free (0-5%) Land
3 Cloud-free (0-5%) Snow
4 Cloud-free (0-5%) Desert
5 Cloud-free (0-5%) Land-ocean mix
6 Partly cloudy (5-50%) Ocean
7 Partly cloudy (5-50%) Land or desert
8 Partly cloudy (5-50%) Land-ocean mix
9 Mostly cloudy (50-95%) Ocean
10 Mostly cloudy (50-95%) Land or desert
11 Mostly cloudy (50-95%) Land-ocean mix
12 Overcast All
a) Cloud-free over show b) Overcast
High sun Sun Low sun High sun Sun Low sun
180 180
150 150 150 150
7 1.6
120 120 120 , 120
90 90 90 : —0—“— 90 L4
60 QAN / 60 60 G 60
a. | / 1.2
30 30 30 30
0 0
-— ¢ > -~ ¢ >
1.0 R
c) Cloud-free over land d) Cloud-free over ocean
High sun Sun Low sun High sun Sun Low sun
180 180
150 = 150
L .- 0.8
120, X A 120
90 90 0.6
60 60
: 0.4
30 30
0 0
-~— ¢ —» -~— ¢ —»

Figure 4. Shortwave anisotropic factors for four ERBE scene types: (a) cloud-free over snow, (b) overcast, (c) cloud-free over
land, and (d) cloud-free over ocean. Each polar plot contains data for high sun (f5: 0.0-25.8) on the left and low sun (fs:
66.4-72.5) on the right. Reproduced and adapted from Satellite Meteorology: An Introduction, Kidder and Vonder Haar, p. 466,
Copyright (1995) [35] after Suttles et al. [21].



Remote Sens. 2021, 13, 2640

8 of21

When applying ERBE ADMs, supporting observations to identify the scene type
associated with each ERBE radiance observation, such as those used with Nimbus VII in
the generation of the ERBE ADMs, were not available. Instead, a maximum likelihood
estimation approach [36] was employed that relied only on the longwave and shortwave
radiances observed by ERBE (Figure 5). The general idea was that as the cloud cover
increases, the scene becomes brighter, increasing the shortwave reflectance, while the
effective emitting surface is shifted higher in the atmosphere and therefore to colder
temperatures, reducing the longwave emission. While this only permits a relatively simple
scene identification by today’s standards, the simplicity of the ERBE approach had the
advantage of not relying on a coincident imager.

REGION I: REGION 11:
PARTLY CLOUDY

OVER OCEAN

REGION I11:
MOSTLY CLOUDY
OVER OCEAN

LONGWAVE
MEA SUREMENT

REGION IV:
CLOUD

CoLD

DARK BRIGHT
SHORTWAVE MEASUREMENT

Figure 5. ERBE maximum likelihood estimate schematic for identifying scene type over ocean.
Adapted from Smith et al. [37].

For each of the ERBE scene types, 10 solar zenith angle bins were considered. Each
of those were then further split into 7 viewing zenith angle bins and 8 relative azimuth
angle bins (Figure 6a). The majority of angular bins for each scene type were populated
with the minimum of eight Nimbus VII ERB scanner observations that were determined
appropriate for a reliable angular bin average [21]. One major issue was that, due to
the sun-synchronous orbit of Nimbus VII, some scenes were never observed at certain
solar zenith angles. As such, all viewing zenith angle and relative azimuth angle bins
for a given solar zenith angle bin over some scene types were missing. This issue was
addressed with the Helmholtz reciprocity principle [38], which essentially says that the
reflective characteristics of a scene (in this case, the anisotropic factors) are independent of
the direction that the radiation is travelling. If this principle holds, solar zenith angle and
viewing zenith angle can be interchanged. Apart from two solar zenith angle bins over
the desert that were filled with an empirical model [39], any remaining missing angular
bins after applying this principle were infrequent and filled with bi-linear interpolation or
extrapolation.

3.3. CERES

The Clouds and the Earth’s Radiant Energy System [CERES; 5] launched its first
instrument in 1997. Via 7 different instruments on 5 different low-Earth orbiting satellites,
CERES continues to provide ERB satellite observations at the time of writing this paper.
The extended CERES data record has permitted multiple generations of shortwave ADMs
that are summarized in this section.
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a) ERBE angular bins b) CERES-TRMM angular bins

Sun Sun

171180 180170
150
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90 0

15
27 By
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63

75
30 90

9 0
\(p

Figure 6. (a) ERBE and (b) CERES-TRMM shortwave ADM viewing zenith and relative azimuth bins.
All ADMs are assumed to be azimuthally symmetric, so only 0-180° is shown.

3.3.1. CERES-TRMM

The first CERES shortwave ADMs were generated using observations from the CERES
instrument on the Tropical Rainfall Measuring Mission (TRMM) satellite, henceforth
CERES-TRMM [22,40]. The TRMM satellite was in a 350 km circular orbit with an in-
clination angle of 35°, permitting observations from approximately 38° 5-38° N after
taking into account the CERES scan extent. The precessing orbit facilitated sampling of
scenes within this latitude range at all solar viewing geometries, addressing some of the
most serious issues of missing data experienced in the ERBE ADMs. Every third day the in-
strument was operated in rotating azimuth plane scan (RAPS) mode, where the instrument
rotates in azimuth as it scans in elevation, to more effectively sample the angular space.

Nine months of available observations from CERES-TRMM (January—August 1998
and March 2000) were used to generate ADMs. A subtle but important update in the
CERES-TRMM ADMs relative to the ERBE ADMs was that solar-viewing geometry was
defined at a field-of-view reference level of 100 km above the Earth’s surface (rather than
at the Earth’s surface) to account for transmission of shortwave radiation through the
atmosphere beyond Earth’s horizon, and the top-of-atmosphere reference level for the
irradiance was defined to be 20 km (rather than 30 km) [41]. Angular binning was similar
to that used by ERBE, with 2 additional bins each in viewing zenith angle and relative
azimuth angle (Figure 6b). However, by utilizing the Visible and Infrared Scanner (VIRS)
instrument also flying on the TRMM satellite, a far greater number of scene types were
defined (Table 3). Notably, cloud-free ocean scenes were additionally segregated by surface
wind speed, and cloudy scenes were additionally segregated by cloud optical depth and
cloud phase. This was achieved by applying thresholds to VIRS pixels within the CERES
footprint for cloud detection and applying an iterative inversion for the retrieval of cloud
optical depth and cloud phase [42].

An example of the additional value gained by segregating scenes with varying cloud
optical depth and cloud phase is shown in Figure 7. A scene becomes more isotropic with
increasing T as a greater fraction of the photons reaching the sensor go through the multiple
scattering process. While the differences in anisotropy due to cloud optical depth and
phase are not as large as those of different solar zenith angle and surface type as indicated
in ERBE ADMs (compare variations within Figure 7 to those within Figure 4), there is a
distinct and sometimes large change in anisotropy with cloud properties. Accounting for
these additional parameters therefore leads to improved regional irradiance prediction,



Remote Sens. 2021, 13, 2640

10 of 21

with an estimated monthly mean uncertainty of less than 0.5 W m™2 and an instantaneous
error of less than 10 W m2 at the 1° x 1° scale [40]. In addition, the CERES-TRMM ADMs
show improved self-consistency, as defined and discussed further in the next section.

Table 3. CERES-TRMM shortwave ADM scene types that contain cloud. Reproduced and adapted from Loeb et al. [22]
© American Meteorological Society. Used with permission. The numbers in parentheses in the first column indicate the

number of scene types.

Surface Type Cloud Tl;’el::;:dynamlc Cloud Fraction (%) Cloud Optical Depth
0.1-10, 10-20, 20-30, 3040, 0.01-1.0,1.0-2.5, 2.5-5.0, 5.0-7.5,
o (336) Liquid. i 40-50, 50-60, 60-70, 70-80, 7.5-10,10-12.5, 12.5-15, 15-17.5,
cean tquud, ice 80-90, 90-95, 95-99.9, 17.5-20, 20-25, 25-30, 3040,
99.9-100 40-50, >50
Moderate-high tree/shrub
coverage (60), low-moderate Liquid. ice 0.1-25, 25-50, 50-75, 75-99.9, 0.01-2.5, 2.5-6, 6-10, 10-18,
quid, 99.9-100 18-40, >40

tree/shrub coverage (60),
dark desert (60), bright desert (60)

a) Cloud over land, T1: 2.5 - 6.0

Liquid Sun Ice
180

150 150

120 120

90 920

60 60

30 30
0
-~— ¢ —»

d) Cloud over ocean, 1: 2.5-5.0
Liquid sun Ice
180
150 150

120 120
920

90

60 60

0
-— ¢ —¥

b) Cloud over land, t: 10 - 18

Liquid sun Ice
180

150 150

120 120

920 90

60 60

30 30
0
-— ¢ —»

e) Cloud over ocean, T: 12.5-15.0
Liquid sun Ice
180
150 150

120 120
90

920

60 60

0
-— ¢ —¥

c) Cloud over land, t: > 40
Liquid Sun Ice
180
150 150

120 120

90 90
60 60
0
-— ¢ —»

f) Cloud over ocean, t: >50.0
Liquid sun Ice
180
150 150
120 120
90 90

60 60

0
-~— ¢ —»

Figure 7. Variability in shortwave anisotropic factors due to cloud optical depth (1) and cloud thermodynamic phase in
CERES-TRMM ADM:s. Data are shown for solar zenith angle bin 50°-60° at a large cloud fraction of (a—c) 75.0-99.9% for
moderate-high tree/shrub coverage and (d—f) 80-90% for ocean. Each polar plot contains data for liquid cloud on the left
and ice cloud on the right. Note that not all optical depth bins have unique ADMs (e.g., ice cloud over ocean in the example

shown).
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3.3.2. CERES-Terra

The next generation of CERES shortwave ADMs were generated using observations
from the Terra satellite, henceforth CERES-Terra [23,43]. Terra was launched in 1999 into
a 705 km sun-synchronous orbit with a descending equator crossing at 10:30 local time
(although the orbit is now starting to drift in local time). At the time of writing this paper,
two CERES instruments are still operational on the Terra satellite. One of the instruments
was often dedicated to RAPS mode in the initial years of flight. Two years of data from
CERES-Terra were used to generate the CERES-Terra ADMs, providing at least an order
of magnitude increase in angular sampling at any given solar zenith angle compared to
CERES-TRMM. This allowed for a substantial increase in angular bin resolution (e.g., 2°
in solar zenith, viewing zenith, and relative azimuth angles for cloud-free ocean scenes)
and a further segregation of scene types. Cloud properties were inferred in a consistent
manner to CERES-TRMM, but using the Moderate Resolution Imaging Spectroradiometer
(MODIS) that was available on the Terra satellite instead of VIRS (Table 4).

Table 4. CERES-Terra shortwave ADM scene types for permanent snow, fresh snow, and sea ice.
Reproduced and adapted from Loeb et al. [23] © American Meteorological Society. Used with
permission. The numbers in parentheses in the first column indicate the number of scene types.

Surface Type Cloud Fraction Surface Snow/Sea Ice Cloud Optical
(%) Brightness Fraction (%) Depth
0.0-0.1 Bright, dark * - -
0.1-25 All - All
Permanent snow 25-50 All - All
(10) 50-75 All - All
75-99.9 All - All
. Thin (t < 10),
99.9-100 Bright, dark * - thick (t > 10)
0.0-0.1 All 0.0-0.1 -
0.0-0.1 All 0.1-25 -
0.0-0.1 All 25-50 -
0.0-0.1 All 50-75 -
0.0-0.1 All 75-99.9 -
0.0-0.1 Bright, dark * 99.9-100 -
0.1-25 All 0.0-0.1 All
0.1-25 All 0.1-25 All
0.1-25 All 25-50 All
0.1-25 All 50-75 All
Fresh ?“025(25 ) 0.1-25 All 75-99.9 All
sea ice (25) 25-50 All 0.0-0.1 All
25-50 All 0.1-25 All
25-50 All 25-50 All
25-50 All 50-75 All
50-75 All 0.0-0.1 All
50-75 All 0.1-25 All
50-75 All 25-50 All
75-99.9 All 0.0-0.1 All
75-99.9 All 0.1-25 All
99.9-100 Bright, dark * All Thin (v < 10),

thick (t > 10)

* Surface brightness was determined by comparing each CERES observation with a monthly regional snow map
that classifies all 1° x 1° regions with snow/sea ice as either bright or dark [44].

For CERES-Terra, separate ADMs were defined over cloud-free land and desert for
each 1° x 1° region, for each month, and for normalized difference vegetation index
(NDVI) differing by 0.1. Instead of the traditional sorting-by-angular-bins method, an
eight parameter fit was applied to model the bidirectional reflectance distribution function
for these scenes [45]. An additional 60 scenes were defined over snow and ice (Table 4)
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Figure 9. Variation in mean all-sky albedo with viewing zenith angle for (a) January and (b) July 2004. Adapted from Loeb

using angular bins of 2° or 5° in solar zenith angle, and 5° in viewing zenith and relative
azimuth angles. For cloudy scenes, CERES-Terra ADMs took a distinctly different approach.
Over ocean, sigmoidal functions were fit between In(f7) and the shortwave radiance in 2°
angular bins for liquid, ice, and mixed phase cloud, where f is the cloud fraction and 7 is
the cloud optical depth (Figure 8). A similar approach was taken over land, but coarser 5°
angular bins and an additional correction to account for the surface reflection was applied.
Under this definition, the cloudy scenes essentially become continuous, and the number of
scene types is therefore more difficult to quantify from this point forward.
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Figure 8. Sigmoidal fit between shortwave radiance and In(f7) for liquid cloud over ocean in angular
bin (fs: 34°-36°, 0,: 50°-52°, ¢: 6°-8°). Individual points are instantaneous observations colored by
cloud fraction. Inset is the sigmoidal function with 5 free parameters: Iy, X, a, b, c. Adapted from
Loeb et al. [23] © American Meteorological Society. Used with permission.

As an approach to validate both the CERES-TRMM and CERES-Terra shortwave
ADMs, it was noted that the average all-sky albedo at a given solar zenith angle should be
independent of satellite viewing geometry. This provided a useful consistency test. Both
the CERES-TRMM and CERES-Terra ADMs show improved self-consistency compared
with ERBE ADMs (Figure 9). While ERBE ADMs show 4-8% variation in albedo with
viewing zenith angle, CERES-TRMM and CERES-Terra ADMs show variations closer to
1-2% [40,43].
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et al. [43] © American Meteorological Society. Used with permission.
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3.3.3. CERES-Terra/Aqua

The most recent CERES ADMs have been developed using an extended record of 5
years of RAPS data from the Terra satellite combined with 1 year and 8 months of RAPS
data from the Aqua satellite, henceforth CERES-Terra/Aqua [24,46]. The Aqua satellite
launched in 2002 and, similar to Terra, hosts two CERES instruments that remain in orbit
at the time of writing this paper. Aqua also flies in a 705 km sun-synchronous orbit, but
with an ascending equator crossing at 13:30 local time (although the orbit is due to start
drifting in local time in 2022). Separate ADMs are developed for Terra and Aqua over all
scenes except permanent snow and sea ice. The approach applied is similar to CERES-Terra
with a few key updates. For cloud-free scenes over ocean, the scene types are further
segregated by aerosol optical depth in glint regions, and both aerosol optical depth and
two aerosol types (rural and urban [47]) in non-glint regions. For cloud-free over land
and fresh snow, the Ross-Li BRDF model [48,49] is used that contains terms to account for
an isotropic contribution, randomly distributed and oriented protrusions, and radiative
transfer within a vegetation canopy that includes the hotspot effect. For permanent snow,
separate shortwave ADMs are generated for Antarctica and Greenland due to the effects
of elongated dune-like features in the snow, known as sastrugi, that are only found on
Antarctica [50]. For sea ice, there is additional segregation by the brightness of the sea ice
(Table 5), which accounts for variations in anisotropy due to features such as melt ponds
(Figure 10). The presence of melt ponds reduces the overall albedo of the surface, but
the liquid water has stronger anisotropy than the underlying ice surface (c.f., Figure 4).
Improved cloud algorithms are employed [51] that include the addition of the 1.24 pm
channel for cloud optical depth retrieval over snow, a CO2-slicing method to retrieve high
cloud over low cloud [52], and a rough ice crystal model [53].

Table 5. CERES-Terra/Aqua shortwave ADM scene types for sea ice. Reproduced and adapted from Su et al. [24] ©
American Meteorological Society. Used with permission. The numbers in parentheses in the first column indicate the
number of scene types.

Cloud Fraction (%) Sea Ice Fraction (%) Surface Brightness Cloud Optical Depth Cloud Phase
0.0-1 All - -
1-25 All - -
25-50 All - -
-1 50-75 All - -
75-99 All - -
99-100 Dark, mid, bright * - -
0.0-1 All All All
1-25 All All All
1-25 (8), 25-50 (8), 25-50 All All All
50-75 (8) 50-75 All All All
75-99 All All All
99-100 Dark, mid, bright * All
0.0-1 All Int<1l,Int>1 All
1-25 All Int<l,Int>1 All
25-50 All Int<l,Int>1 All
75-99(16) 50-75 All Int<1,Int>1 All
75-99 All Int<l,Int>1 All
99-100 Dark, mid, bright * Int<1l,Int>1 All
All 0-0.6 Continuous in Int Liquid, ice *
All 0.6-0.7 Continuous inInt Liquid, ice *
99-100 (N/A) All 0.7-0.8 Continuous in Int Liquid, ice *
All 0.8-0.9 Continuous in Int Liquid, ice *
All 0.9-1.0 Continuous inInt Liquid, ice *

* Surface brightness and cloud phase are determined based on thresholds applied to a sea ice brightness index and effective cloud phase
index, respectively [24].
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The accuracy of shortwave irradiance estimated by CERES-Terra/Aqua ADMs was
evaluated by Su et al. [46] using direct integration and irradiance consistency tests. Direct
integration tests, which involve directly integrating the observed radiances over a given
region and comparing them to the ADM-estimated irradiance, show that the overall bias
in regional monthly mean top-of-atmosphere shortwave irradiance is less than 0.2 W m™2
and the root-mean-square-error (RMSE) is less than 1.1 W m~2. The bias and RMSE were
found to be very similar between Terra and Aqua. Irradiance consistency tests were used
to assess the accuracy of instantaneous irradiance, which involve comparing irradiance
estimated from nadir and oblique viewing angles using CERES along-track observations
and temporally and spatially matched MODIS observations, and using irradiance converted
from multi-angle MISR observations. The averaged top-of-atmosphere instantaneous
shortwave irradiance uncertainties from these two tests were found to be about 2% for
cloud-free scenes, and around 2.7% to 3.7% for all-sky scenes. In general, the top-of-
atmosphere shortwave irradiance uncertainties were larger for thin broken clouds than for
moderate and thick overcast clouds.

b) Albedo = 0.54 c) Albedo = 0.60
Sun Sun
180 180 1.6

— ¢ —¥

Figure 10. Variations in anisotropy as sea ice albedo increases from (a) 0.42 to (b) 0.54 to (c) 0.60 for solar zenith angle bin
65°-70°, as captured in CERES-Terra/Aqua shortwave ADMs. Note that data are azimuthally symmetric. Reproduced and

adapted from Su et al. [24].

3.4. Application to Other Instruments

Empirical ADMs can be, and have been, adapted and applied to convert radiance to
irradiance for satellite instruments other than those for which they were designed. Exam-
ples include other low-Earth orbiting satellites such as the Scanner for Radiation Budget
(ScaRaB) instrument of the Megha-Tropiques mission [54,55], and the Broadband Radiome-
ter (BBR) of the planned EarthCARE mission [56,57]. Here, we highlight two applications
from different orbits: the Geostationary Earth Radiation Budget (GERB) instruments on
board the Meteosat Second Generation (MSG) satellites, and the National Institute of Stan-
dards and Technology Advanced Radiometer (NISTAR) and Earth Polychromatic Imaging
Camera (EPIC) on the Deep Space Climate Observatory (DSCOVR).

The GERB instruments [58] provide a unique vantage point from geostationary orbit,
where the MSG satellites orbit the Earth at the same rate as Earth’s rotation and therefore
continuously sample the same locations, well suited for observing and understanding
the diurnal evolution of the ERB [59]. Since each location within the GERB field-of-view
is always sampled at the same viewing geometry, accurate ADMs are crucial for the
conversion of GERB radiance to irradiance. This conversion is performed for GERB
shortwave observations using the CERES-TRMM ADMs. The scene type is determined
based on a fixed surface-type map and the results of a real-time cloud detection, phase,
and optical depth retrieval algorithm [60,61] applied to narrowband observations from the
Spinning Enhanced Visible and Infrared Imager (SEVIRI) instrument on the same MSG
satellite [62]. The SEVIRI observations are angularly matched with GERB and have a
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compatible temporal (~15 min) resolution but a higher spatial resolution (~3km at nadir).
To lessen the impact of the resolution differences between GERB and the observations used
to generate the CERES-TRMM ADMs, the ADMs are not assigned at the GERB pixel scale
(~50 km at nadir), but rather on sub-regions within each GERB footprint corresponding to
3 x 3 SEVIRI pixels (~9 km at nadir). The fixed view geometry of the GERB instrument
means that view angle specific errors will introduce regional biases that do not cancel over
time. While empirical ADMs alleviate this problem, issues can remain for certain scenes
due to limited sampling in the ADMs, observational conditions specific to the region, or
geometry-based biases in scene identification. For GERB, the prevalence of Saharan dust
within the field-of-view has been shown to significantly influence the conversion from
shortwave radiance to irradiance, introducing a mean bias of 2.5 W m~2 and much larger
instantaneous, but compensating, differences [63]. Other shortwave radiance to irradiance
conversion biases of several percent are also known to occur in the GERB products at
low aerosol loadings over cloud-free ocean, for viewing geometries that are particularly
sensitive to the effects of ocean wind speed or are close to the ocean glint angle at which
specular reflection occurs [64].

The DSCOVR provides another unique view of ERB from the Lagrange-1 point where
it orbits the Sun at the same rate as the Earth, and therefore provides continuous monitoring
of the sunlit side of the Earth. On board, the NISTAR observes the entire Earth-integrated
radiance in total, shortwave, and near-infrared channels while the EPIC simultaneously
provides imagery in 10 narrow bands. Although the Earth rotates through the field-of-
view of these instruments, each location within the field-of-view is continuously sampled
at almost the same solar-viewing geometry in a very narrow back-scatter direction, so
ADMs are arguably even more critical than for GERB. Anisotropic factors from the CERES-
Terra/Aqua ADMs have been applied to EPIC imagery, where shortwave radiances were
derived using relationships between similar narrowband channels on MODIS and the
CERES shortwave radiance, and scene type was determined using low-Earth orbiting and
geostationary satellite imager retrievals [65]. The global-mean daytime anisotropic factors
from the EPIC analysis have also been applied to the NISTAR unfiltered radiances [66].
These studies concluded that daily mean EPIC and CERES shortwave irradiance agree
to within 2%, which is within calibration and algorithm uncertainties, indicating that the
calculation of global anisotropic factors from the CERES-Terra/Aqua ADMs is robust,
while annual-mean NISTAR shortwave irradiances are about 6% larger than those from
CERES but their diurnal variations are highly correlated.

4. Recent Advances That Support and Build Upon Existing Approaches
4.1. Machine Learning

While ADMs generated using observations from the CERES instruments (Section 3.3)
have benefited from detailed scene information provided by an accompanying imager,
one implication is that application of these ADMs has become somewhat dependent on
availability of the imager information. For previous ERB instruments on spacecraft that
do not have an imager, or for potential future ERB instruments on small satellites or
constellations of such satellites that are unlikely to include an imager [67,68], these ADMs
are therefore not directly applicable. Even when an ERB instrument is flying with an
imager, the imager coverage over a radiometer footprint can be unreliable particularly over
polar regions (less than 2% of the CERES-Terra/Aqua footprints have insufficient imager
information [24]) or the imager flying with the ERB instrument can fail prematurely. As
such, approaches for the conversion from shortwave radiance to irradiance that do not
require complex imager information remain desirable.

The enormous data volume now available from decades of ERB satellite observations
is attractive for machine learning approaches. For CERES-TRMM and CERES-Terra ADMs,
an artificial neural network (ANN) has been applied to estimate irradiance [69,70]. In
these studies, shortwave anisotropic factors were predicted using only the solar-viewing
geometry and the shortwave and longwave radiances observed by CERES. The global
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annual-mean bias introduced by the ANN-derived irradiance was found to be less than
0.5% for all surface types, and the ANN-derived irradiance still maintained self-consistency
in viewing zenith angle better than ERBE ADMs (c.f., Figure 9). This ANN approach is
currently used operationally as a backup for CERES footprints with insufficient imager
information to avoid systematic biases from omitting these footprints.

Rather than predict the anisotropic factors directly, it is also possible to predict the
scene type using machine learning. Thampi et al. [71] used a random forest to classify
CERES footprints as cloudy or cloud-free over 10 different surface types. The daytime
misclassification rate varied with surface type and was typically >10% over bright surfaces.
However, when thin cloud cases were excluded from the analysis, the daytime misclas-
sification rate reduced to <4% for almost all surface types and was most often below 1%.
The most important predictor for all surface types was the CERES shortwave radiance,
indicating that the footprint-scale radiances contain valuable information on the scene
type, and therefore demonstrating the potential of machine learning for scene classification
without imager information.

4.2. Semi-Physical Approach

As evident in the evolution of CERES ADMs (Section 3.3), further segregation of scene
type, by using additional scene parameters, may allow further reduction in the uncertainty
of instantaneous irradiance estimates. Semi-physical ADMs that were recently developed
for clouds over ocean [72] include two additional atmospheric parameters beyond the
traditionally used cloud fraction, phase, and optical depth:

(1) MODIS cloud-top effective radius, R,: as known from Mie theory, the angular
distribution of light scattered from a water droplet or ice crystal is related to the particle
size, and therefore the particle size may affect top-of-atmosphere anisotropy of cloudy
scenes as a whole.

(2) Reanalysis-based above-cloud water vapor: gaseous absorption increases with
absorber mass (here vertically integrated water vapor mixing ratio between cloud-top and
top-of-atmosphere) and atmospheric path length, affecting greater viewing zenith angles
more strongly and, thus, impacting top-of-atmosphere anisotropy:.

For training the semi-physical ADMs, the approach uses the same data as CERES-
Terra/Aqua ADMs (see Section 3.3.3) plus collocated profiles from ERA-20C, and only
mildly increases statistical complexity (this approach has six free parameters instead of
five required for each sigmoidal curve). This is possible by using a physical framework
that is then statistically optimized for each angular bin. It incorporates (1) the functional
form of two-stream cloud albedo that essentially produces a sigmoidal curve and includes
the asymmetry parameter g, which is then functionally linked to MODIS-based R.. (2)
The ocean reflectance anticipated in cloud-free portions of a footprint is described by the
Cox-Munk model [73]. An approximate footprint albedo [i.e., the area-weighted mean of
up to two cloud layers using (1) and of cloud-free portions using (2)] is then multiplied by
an exponential term to resemble water vapor attenuation. Figure 11a shows an example of
the variation in shortwave anisotropic factors as a function of R,. Like CERES-Terra/Aqua
ADMs, the semi-physical approach discriminates between footprints containing clouds
that consist of liquid, ice, or both. In contrast to CERES-Terra/Aqua ADMs, this approach
allows to proportion ice and liquid fractions when both phases are present. Compared
against CERES-Terra/ Aqua ADMs and indicative of added explanatory power, radiance
residuals are reduced in most angular bins outside the sun-glint region and mostly for
footprints consisting of liquid, and both liquid and ice clouds. On the other hand, the glint
region as well as geometries that are sparsely sampled remain best captured using a fully
statistical approach.
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Figure 11. Semi-physical ADMs incorporate cloud-top effective radius R,. (a) Sensitivity of shortwave anisotropic factors to

viewing zenith angle for varying R, in the principal plane for solar zenith angle bin 20°-22° and a cloud optical depth of

10. (b—d) Anisotropic factor differences relative to CERES-Terra/Aqua ADMs as a function of R,. Each polar plot contains

data for solar zenith angle bin 60°-62° and a cloud optical depth of 10 on the left, and solar zenith angle bin 40°—42° and a

cloud optical depth of 5.5 on the right. In the examples shown, clouds are liquid only, cloud fraction is 100%, and above

cloud water vapor is 10 kg m2. Reproduced and adapted from Tornow et al. [72] and Tornow et al., [74] © American

Meteorological Society. Used with permission.

When applying the semi-physical ADMs to liquid clouds observed by CERES-MODIS
and GERB-SEVIRI over the course of two months, the resulting instantaneous fluxes
differed by up to 25 W m™2 relative to those reproduced by CERES-Terra/ Aqua ADMs [74].
As shown for selected R, in Figure 11b-d, the sharpest corresponding anisotropy differences
(equivalent to peak relative differences of +5%) are non-monotonic and occur mainly in
the backscattering direction associated with single scattering features such as cloud bow
and cloud glory (curved features in the top half of the polar plots) as well as the forward
scattering direction (predominantly multi-scattering; broad features in the bottom half
of the polar plots). These differences propagated into the daily and monthly mean of
instantaneous irradiances at the 1° x 1° scale (up to £10 and 5 W m™2, respectively),
predominantly in regions of persistently extreme values of R, (smaller than 7 pm or larger
than 15 pm) or above-cloud water vapor (not shown).

5. Summary and Conclusions

The conversion of shortwave radiance observed by ERB satellite instruments to short-
wave irradiance is an essential processing step to obtain the energetically relevant data
needed to monitor and understand our climate system. The related underlying theory
has been leveraged to develop models over a series of decades that provide a route to
convert between radiance and irradiance, known as ADMs. An empirical approach has
traditionally been taken to generate ADMs: radiances collected over an extended time
period at a large range of solar-viewing geometries are sorted into angular bins and aver-
aged, a process that is performed separately for scene types with distinct anisotropy. As
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the ERB observing system has evolved over time, instruments have observed for longer
duration and have flown with more advanced imagers, leading to a substantial increase in
the complexity and capability of shortwave ADMs over time.

Early analyses applied to ERB observations from the 1960s and 1970s, including
instruments on the TIROS and Nimbus series of satellites, were relatively coarse in their
treatment of the angular distribution of reflected shortwave radiation. It was first noted that
variations in solar zenith angle could significantly alter the reflectance of an identical scene,
followed by recognition that the shortwave anisotropy depends on the scene properties
themselves. By the end of the Nimbus ERB record, the anisotropy of a handful of scene
types were treated separately, including dynamic cloud identification that was a major step
forward due to the distinct anisotropy presented by clouds. Shortwave ADMs applied
during the subsequent ERBE mission additionally accounted for variations in cloud fraction
to better represent the relative contribution of cloudy and cloud-free portions of a scene.
Of note, the cloud fraction was retrieved using only the ERBE shortwave and longwave
radiances. The following CERES mission, which is continuing to provide ERB observations
at the time of writing this paper, instead takes advantage of co-flying imagers that were
launched along with the CERES instruments. The extended CERES data record of over
20 years has provided multiple generations of shortwave ADMs. CERES-TRMM ADMs
involved further segregation of scene types by new variables including cloud optical depth,
cloud phase, and surface wind speed over cloud-free ocean. CERES-Terra ADMs extended
this approach using observations with global coverage over multiple years, and introduced
cloudy ADMs that are continuous in scene type. The most recent CERES-Terra/Aqua
ADMs incorporate further updates including segregation by aerosol amount and type over
cloud-free ocean, the effects of sastrugi, and variations in sea ice brightness. Validation
efforts have shown progressively lower uncertainty in radiance to irradiance conversion
with each generation of shortwave ADMs. In addition, the ADMs from CERES have been
successfully adapted and applied to observations from other ERB instruments, including
those in drastically different orbits.

Recent advances that support and build on these state-of-the-art shortwave ADMs
include machine learning and semi-physical approaches. Machine learning of either the
anisotropic factors or the scene type has been shown to produce promising results that can
be applied in the absence of imager information. This is currently used operationally in
CERES data processing when imager retrievals are missing. Semi-physical approaches have
demonstrated that further combining theory with the traditional empirical approach can
help to represent the additional influence of unaccounted variables in cloudy scenes over
ocean such as above cloud water vapor and cloud drop effective radius. This demonstrates
that shortwave ADMs developed for ERB can be applied more broadly, and possibly even
to other remote sensing applications involving observations of anisotropic scenes.

Looking forward, continuity of the high-quality ERB data record will be crucial. As
such, consistent processing of ERB observations to produce a backward compatible ERB
data record, including the application of shortwave ADMs, should be a priority. The
recently selected Libera mission that will continue the CERES ERB data record recognizes
this requirement by matching the CERES observation strategy very closely. Libera is planned
to fly alongside the Visible Infrared Imaging Radiometer Suite (VIIRS) on the Joint Polar
Satellite System-3 (JPSS-3) satellite, which is scheduled to launch by December 2027. In
addition to continuity goals, Libera will also explore a different proof-of-concept approach
that will utilize a WFOV camera to develop ADMs for the new split-shortwave channel.
This approach will be explored further in subsequent studies.
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