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Monitoring Earth’s global energy balance from space
– requirements –



Climate out of balance

• Energy is accumulating because 
of increasing greenhouse gases  

• This causes: 

- Rising temperatures 

- Shifting climate zones 

- Droughts and heat waves 

- Flooding 

- Increasing sea levels 

• Yet, imbalance is only 1 out of 
340 Wm-2, or 0.3 percent



Societal benefits from long term monitoring

Governments of the world have agreed 
to limit global warming below 2 degrees 

• Requires declining imbalance: 

- follow up on international 
agreement 

• Prepare for worst-case scenarios: 

- aerosol forcing larger than 
expected: rapid warming ahead! 

- global tipping-point, extremely 
unlikely but catastrophic impact 

- geo-engineering may be needed 
in future

Simulations of past and future scenarios:



Requirements

Drift ≪ 0.2 Wm-2 /decade

Systematic error < 1.0 Wm-2

Random error < 1.0 Wm-2

To be useful, a system must have 
drifts and errors that are smaller 
than the signal we want to measure, 
preferably much smaller



Making the problem simpler

• Sacrifice resolution for accuracy 

• Focus on global annual mean imbalance 

• Maintainable and stable over decades



Making the problem simpler

• Sacrifice resolution for accuracy 

• Focus on global annual mean imbalance 

• Maintainable and stable over decades



Past, current and planned missions use scanners

All scanning radiometers depend on  
angular dependency models (ADMs) 
to correct for narrow field of view 

• ERBE 

• CERES 

• Libera 

• CLARREO-Pathfinder 

• ESAs TRUTHS, FORUM, IASI-NG
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where qS is the solar zenith angle, qV is the viewing zenith angle, and j is the relative
azimuth angle between the sun and the satellite (Figure 1).
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Figure 1. Solar-viewing geometry represented by three angles: solar zenith angle (qS), viewing zenith angle (qV), and
relative azimuth angle (j).

For the special case of Lambertian or isotropic radiance Iiso where the radiance does
not depend on viewing geometry (qV , j), the calculation of irradiance F in Equation (1)
simplifies to:

F(qS) = ⇡Iiso(qS). (2)

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

F(qS) =
p I(qS, qV , j)
R(qS, qV , j)

, (3)

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 (qV , j) deviates
from the equivalent isotropic case; a value greater than unity would be associated with a
radiance I that is larger than the isotropic radiance Iiso, 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).

From Gristey et al. (2021)
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with an estimated monthly mean uncertainty of less than 0.5 W m–2 and an instantaneous
error of less than 10 W m–2 at the 1� ⇥ 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 Thermodynamic
Phase Cloud Fraction (%) Cloud Optical Depth

Ocean (336) Liquid, ice

0.1–10, 10–20, 20–30, 30–40,
40–50, 50–60, 60–70, 70–80,

80–90, 90–95, 95–99.9,
99.9–100

0.01–1.0, 1.0–2.5, 2.5–5.0, 5.0–7.5,
7.5–10, 10–12.5, 12.5–15, 15–17.5,

17.5–20, 20–25, 25–30, 30–40,
40–50, >50

Moderate–high tree/shrub
coverage (60), low–moderate

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

Liquid, ice 0.1–25, 25–50, 50–75, 75–99.9,
99.9–100

0.01–2.5, 2.5–6, 6–10, 10–18,
18–40, >40Remote Sens. 2021, 13, x FOR PEER REVIEW 11 of 23 

 

 

 
Figure 7. Variability in shortwave anisotropic factors due to cloud optical depth (τ) and cloud thermodynamic phase in 
CERES-TRMM ADMs. 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). 

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). 

  

Figure 7. Variability in shortwave anisotropic factors due to cloud optical depth (⌧) and cloud thermodynamic phase in
CERES-TRMM ADMs. 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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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
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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 (qS: 0.0–25.8) on the left and low sun (qS:
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].
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where qS is the solar zenith angle, qV is the viewing zenith angle, and j is the relative
azimuth angle between the sun and the satellite (Figure 1).
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Figure 1. Solar-viewing geometry represented by three angles: solar zenith angle (qS), viewing zenith angle (qV), and
relative azimuth angle (j).

For the special case of Lambertian or isotropic radiance Iiso where the radiance does
not depend on viewing geometry (qV , j), the calculation of irradiance F in Equation (1)
simplifies to:

F(qS) = ⇡Iiso(qS). (2)

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

F(qS) =
p I(qS, qV , j)
R(qS, qV , j)

, (3)

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 (qV , j) deviates
from the equivalent isotropic case; a value greater than unity would be associated with a
radiance I that is larger than the isotropic radiance Iiso, 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).



Anisotropic effects

Wide field of view radiometer measures 
actual flux at satellite position 

However, systematic biases in viewing- and 
solar zenith angles may introduce biases: 

• Gristey et al. (2017) explored effects of 
anisotropic using TRMM angular 
dependence model (ADM) 

• Found difference when introducing ADM 
of 1.6 Wm-2  compared with isotropic case 

• But only 0.1 Wm-2 between true and 
randomised ADMs



The Earth Climate Observatory (ECO) mission

R R
RR
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drift

Sun

Earth

a) b)

• Consist of polar orbiting satellites 

• Observe incoming and outgoing 
radiation with identical instruments 

• Rotate to cancel systematic 
calibration errors 

• Spare instruments to monitor slow 
drift 

• Wide angle cameras (solar/terrestrial) 
for separation, scene identification, 
ADM development, mapping 

• Constellation to improve sampling, 
possibly combining precessing and 
sun-synchronous orbits



The Earth Climate Observatory (ECO) mission

1- 2 satellites in precessing orbits:
• Good sampling of diurnal cycle on

annual time scale
• Only annual means
• Single point of failure
• Mapping difficult

2 sun-synchronous + 1-2 precessing:
• Good sampling of diurnal cycle on

annual time scale
• Monthly means + mapping possible
• Intercalibration
• Sensitive to failure

3-4 sun-synchronous + 1-2 precessing:
• Excellent sampling of diurnal cycle on

annual time scale
• Cloud feedback monitoring
• Insensitive to failure

8, or more, sun-synchronous:
• Excellent sampling of diurnal cycle

on daily time scale
• Footprints overlap, also in tropics
• Excellent mapping
• Robust to failure



Summary of errors

ERBE non-scanner (from Wong et al. 2018):

~ 3.0 Wm-2 per channel

From SRL-2 draft report



Summary of errors

ERBE non-scanner (from Wong et al. 2018): Preliminary ECO mission estimates:

~ 3.0 Wm-2 per channel

From SRL-2 draft report



Long term monitoring strategy
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ECO mission nominal life time is relatively short 
(5-10 years), but the idea is that it can develop 
into a long term monitoring mission: 

• Instruments are fairly simple, and most of the 
cost is in development 

• Spare instruments can serve to: 

- Evaluate issues on ground 

- Quickly launch satellites in case of failure 

- Piggyback on other missions, synergies 

- Help improve future missions 

- Be shared with other space agencies 

• Challenge: long term monitoring is not so cool



Project status

ESA UNCLASSIFIED - Releasable to the Public    
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6. SCIENTIFIC READINESS LEVEL DEFINITIONS 

SRLs are a set of metrics that enable the classification of the maturity of a mission or mission 
concept and a consistent comparison of maturity between different types of scientific 
disciplines — all in the context of an EO mission. There are 9 steps in the SRLs and Figure 3 
provides a high-level illustration of the SRL scale in the context of the progression from basic 
research to matured science in (operational) applications in relation to the Phases of an EO 
mission.   
 
  

                
Figure 3: High-level illustration of the SRL scale in the context of the progression from basic research to matured 
science and/or (operational) applications, in relation to the phases of an EO mission 
 
The definitions of the SRLs and guidance for an SRA are presented in the next section. Each 
paragraph provides: 
 

1. a general definition or description of the respective SRL;  
2. high-level guiding questions for the definition of qualification criteria for an SRA; 
3. notional and/or specific examples of the type(s) of accomplishments (evidence) that 

would satisfy an SRA. 
 
 

We are working towards answering an 
ESA Earth Explorer call next year



Summary ECO mission
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• We aim to provide accurate and robust 
long term monitoring of Earth’s global 
mean radiation imbalance 

• Concept based on wide field of view 
radiometers using differential technique 
plus two cameras (Steven’s talk) 

• Use of multiple identical instruments to 
reduce errors from calibration and drift 

• Complementary, to more resolution-
focussed “big” missions (spatial, 
temporal, spectral) 

• [ long list of things it cannot do ] 

• A ‘gap’ filler?



Extra slides



Anisotropic effects

The surface type at a given location on the Earth can
be determined a priori by reference to a geographic
map or atlas. The presence of a cloudy scene must
be determined as part of the data processing using
a scene identification technique. Note that a scene
identification procedure must be applied during both
the development and application stages for the angu-
lar models. Because of differences in measurements
available in the two stages, the scene identification
methods for development and application, in general,
are not the same.

The shortwave models in this report are defined
according to the angular coordinate system shown in
figure 1. The principal plane is the plane containing
the ray from the Sun to the target area and the zenith
ray that is normal to the target area. For an exiting
ray (e.g., to a satellite), the relative azimuth angle CR
is measured from the principal plane on the side away
from the Sun. Thus, forward reflecting corresponds
to CR = 0°, and backward reflecting corresponds to
CR = 180°.

To describe the angular variation of radiance, the
angular coordinates are divided into ranges called
"bins," and the model is represented by mean values
for each bin. Table 2 gives the angular bin definitions
for the solar zenith angle, viewing zenith angle, and
relative azimuth angle. Symmetry about the prin-
cipal plane is assumed for the azimuth angle. The
illustration accompanying table 2 shows no bins for
the first viewing-zenith-angle bin because, in fact,
little variation exists. To derive a value for this so-
called "cap bin," data for all azimuths are included
in determining the average. However, as a practical
matter for computer application, azimuthal bins are
also provided for the first zenith bin to avoid index-
ing problems. This is accomplished by replicating the
cap-bin value for all azimuths. The data presented
in this report include this replication.

Shortwave Model Parameters

Models required for scene identification and con-
version of satellite-measured shortwave radiance to
flux include both bidirectional and directional pa-
rameters. These parameters are discussed in the sec-
tions which follow.

Bidirectional Parameters
<.

The bidirectional model parameters are based on
the following relation between radiance L and flux
M:

Tr dOL(O0, O,¢) cos (1)M(O0) = =0 dO JO=O
Osin 0

An anisotropic function R where

_L(Oo, O,¢)
R(Oo, O,¢) - M(Oo) (2)

is defined as the ratio of the equivalent Lambertian
flux to the actual flux. Thus, if the radiance is Lam-
bertian, that is, independent of viewing zenith angles
and azimuth angles, then R = 1. By substituting
equation (2) into equation (1), a normalization con-
dition for R can be written as

_027r fTr /2
_r-1 de dOR(Oo, O,¢)cosOsinO = 1 (3)

dO

Using the finite angular bins previously described
and assuming the variation over each bin to be
constant at the corresponding bin-mean value, the
integrals in equations (1) and (3) can be written as
the following summations:

8 7

Mi----E( Ck+l-_bk) E LOk(sin2 Cj+l-sin2 ¢') (4)

k=I j=l

and

8 7

k=l j=l

Equation (5) can be further simplified to

=l

(5)

8 7

k=lj=l

(6)

where

Cjk = "rr-1 (¢k+l -- Ck) ( sin20j+l - sin20j) (7)

and values for Cjk are given in table 3.
In equations (4) to (6) the barred quantities are

values that have been averaged over the observations
for the angular bin defined by the indices i, j, and k.
Index i refers to solar zenith angle, index j refers to
viewing zenith angle, and index k refers to relative
azimuth angle. Also, note the change in terminology
between the continuous, anisotropic function R and
its discrete approximation Rijk, which is called the
anisotropic factor.

To use the angular models with the MLE scene
identification method, other statistical parameters
are needed. These parameters are the standard
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Wide field of view radiometer measures 
actual flux at satellite position 

However, systematic biases in viewing- and 
solar zenith angles may introduce biases: 

• Gristey et al. (2017) simulated a 32 
satellite constellation to produce hourly 
maps 

• Explored effects of anisotropic using 
TRMM angular dependence model (ADM) 

• Found difference when introducing ADM 
of 1.6 Wm-2  compared with isotropic case 

• But only 0.1 Wm-2 between true and 
randomised ADMs



Anisotropic effects

• We currently think the effect is small (~0.1 Wm-2) 

• In this case we can apply a climatological ADM 
derived from cameras to correct for this small 
error 

• In the unlikely event the effect is large, a 
correction using scene dependent ADMs may 
be needed

The surface type at a given location on the Earth can
be determined a priori by reference to a geographic
map or atlas. The presence of a cloudy scene must
be determined as part of the data processing using
a scene identification technique. Note that a scene
identification procedure must be applied during both
the development and application stages for the angu-
lar models. Because of differences in measurements
available in the two stages, the scene identification
methods for development and application, in general,
are not the same.

The shortwave models in this report are defined
according to the angular coordinate system shown in
figure 1. The principal plane is the plane containing
the ray from the Sun to the target area and the zenith
ray that is normal to the target area. For an exiting
ray (e.g., to a satellite), the relative azimuth angle CR
is measured from the principal plane on the side away
from the Sun. Thus, forward reflecting corresponds
to CR = 0°, and backward reflecting corresponds to
CR = 180°.

To describe the angular variation of radiance, the
angular coordinates are divided into ranges called
"bins," and the model is represented by mean values
for each bin. Table 2 gives the angular bin definitions
for the solar zenith angle, viewing zenith angle, and
relative azimuth angle. Symmetry about the prin-
cipal plane is assumed for the azimuth angle. The
illustration accompanying table 2 shows no bins for
the first viewing-zenith-angle bin because, in fact,
little variation exists. To derive a value for this so-
called "cap bin," data for all azimuths are included
in determining the average. However, as a practical
matter for computer application, azimuthal bins are
also provided for the first zenith bin to avoid index-
ing problems. This is accomplished by replicating the
cap-bin value for all azimuths. The data presented
in this report include this replication.

Shortwave Model Parameters

Models required for scene identification and con-
version of satellite-measured shortwave radiance to
flux include both bidirectional and directional pa-
rameters. These parameters are discussed in the sec-
tions which follow.

Bidirectional Parameters
<.

The bidirectional model parameters are based on
the following relation between radiance L and flux
M:

Tr dOL(O0, O,¢) cos (1)M(O0) = =0 dO JO=O
Osin 0

An anisotropic function R where

_L(Oo, O,¢)
R(Oo, O,¢) - M(Oo) (2)

is defined as the ratio of the equivalent Lambertian
flux to the actual flux. Thus, if the radiance is Lam-
bertian, that is, independent of viewing zenith angles
and azimuth angles, then R = 1. By substituting
equation (2) into equation (1), a normalization con-
dition for R can be written as
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Using the finite angular bins previously described
and assuming the variation over each bin to be
constant at the corresponding bin-mean value, the
integrals in equations (1) and (3) can be written as
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for the angular bin defined by the indices i, j, and k.
Index i refers to solar zenith angle, index j refers to
viewing zenith angle, and index k refers to relative
azimuth angle. Also, note the change in terminology
between the continuous, anisotropic function R and
its discrete approximation Rijk, which is called the
anisotropic factor.

To use the angular models with the MLE scene
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