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Earth's Energy Imbalance measured from Space

Maria Z. Hakuba, Graeme L. Stephens, Bruno Christophe, Alfred E. Nash, Bernard Foulon, Srinivas
V. Bettadpur, Byron D. Tapley, Frank H. Webb

Abstract—The direct measurement of Earth's energy imbalance
(EEI) is one of the greatest challenges in climate research. The
global mean EEI represents the integrated value of global
warming and is tightly linked to changes in hydrological cycle and
the habitability of our planet. Current space-born radiometers
measure the individual radiative components of the energy
balance with unprecedented stability, but with calibration errors
too large to determine the absolute magnitude of global mean EEI
as the components' residual. Best estimates of long-term EEI are
currently derived from temporal changes in ocean heat content at
~0.7 Wm. To monitor EEI directly from space, we propose an
independent approach based on accelerometry that measures non-
gravitational forces, such as radiation pressure, acting on Earth
orbiting spacecrafts. The concept of deriving EEI from radiation
pressure has been considered in the past, and we provide analysis
that shows today's capabilities are sufficiently accurate to answer
the question: At what rate is our planet warming? To measure
global mean EEI to within at least £0.3 Wm requires spacecraft(s)
of near-spherical shape and well-characterized surface properties
to reduce confounding effects. The proposed concept may provide
the basis for a data record of global and zonal mean EEI on annual
and potentially monthly time scales. It is not meant to replace
existing concepts designed to measure energy balance components
or ocean heat storage, but to complement these by providing an
independent estimate of EEI for comparison and to anchor data
products and climate models that lack energy balance closure.

Index Terms—Low Earth orbit satellites, Global warming, Remote
sensing, Earth's energy imbalance, Accelerometer

I BACKGROUND

THE Earth's global mean energy imbalance (EEI) and its
temporal variability is the most direct measure of the magnitude
and change of global warming [1][2][3]. Presently, two
predominant ways are pursued to estimate the build-up of heat
in our climate system. The first deduces the imbalance as a
residual of the sum of the individual fluxes of incoming and
outgoing shortwave and longwave radiation at the top-of-the-

atmosphere (TOA). The second approach infers the EEI as the
temporal change in ocean heat content derived either from in-
situ profiles of ocean temperature, such as measured by Argo's
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automated floats [4][5], from ocean modeling and reanalysis
[6][7], or from combinations of remote sensing techniques [§]
[9].

Ninety-three percent of the excess heat due to global warming
is stored in the world’s oceans [10], buffering the temperature
increase at Earth's land surface and atmosphere. The retrieval
of ocean heat storage (i.e. temporal change in ocean heat
content) from Argo and historical in-situ measurements
[11][12] is considered the most reliable source for global mean
EEI over the past decades [10][13][14], ranging between 0.5 -
0.9 Wm2 (e.g. [15][16][11][17][18][19)).

The most reliable measurement of the radiative components of
Earth's energy balance at TOA are provided by the Clouds and
the Earth's Radiant Energy System (CERES [20]). The
radiometric monitoring of the shortwave and longwave fluxes
is achieved within error bounds an order of magnitude larger
than the estimated global mean EEI [21][22]. Due to mainly
calibration errors, the long-term (2005-2015) global mean EEI
derived from CERES data is at about +4 Wm™ [23][24] almost
ten times greater than the ocean heat storage estimates from
ocean in-situ measurements (see above). CERES provides an
energy balanced data product (EBAF), in which the global
multiannual mean fluxes are adjusted within their range of
uncertainty to agree with the global long-term mean ocean heat
storage [23]. This adjusted, energy-balanced data product is
widely used by the community despite the lack of absolute
accuracy. Although anchored to the long-term mean of global
ocean heat storage, the interannual variability in CERES's EEI
is independent of the ocean data and known to within £0.3 Wm~
2[23]. Information on temporal variability in global mean ocean
heat storage from Argo is limited to decadal scale averages
within about +0.1 Wm?[1][25] due to presumably sampling
caveats. The Argo system's spatial coverage varies over time,
does not capture the deep ocean below 2000 meters, and under
samples polar oceans and marginal seas. Consequently, the
interannual variability derived from Argo is somewhat noisy
and disagrees with the CERES EBAF record [2][26][27] as also
demonstrated in Figure 1 (see section II).

In addition to the in-situ profiling of ocean temperature, there
are two other ways to estimate the ocean heat content: ocean
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reanalysis/models that augment the horizontal and vertical
coverage [6][7], and remote sensing of ocean mass and sea level
height [9][28]. A combination of such datasets, as for example
originating from GRACE (ocean mass [29]) and JASON (ocean
altimetry [30]), permits an estimate of global mean thermo-
steric sea level rise and therefore the thermal expansion of the
oceans due to heat uptake. Recent literature suggests that this
retrieval of global mean ocean heat storage is possible with an
absolute accuracy superior to the broadband radiometry
approach, whereby the magnitude and source of error are yet
subjects of research (e.g., [31][32][33][34]).

To date, the only way to estimate the absolute magnitude of
long-term global mean EEI is via in-situ sampling or remote
sensing of ocean heat storage, while the radiometric
measurement provides the most viable means to monitor
temporal changes in EEI. Although complementing each other,
these independent approaches do not allow for intercomparison
and validation. Therefore, unknown biases and uncertainties in
either method cannot be precluded.

Here, we present an independent approach to directly measure
EEI from space that is based on the principle of measuring
radiation pressure force exerted on Earth orbiting spacecrafts.
The trajectory of the spacecraft(s) draws a “virtual” sphere
around the Earth at orbit altitude. The objective of the mission
is to obtain the net radiative flux through this sphere, through
measuring the radial component of the radiation pressure
acceleration the spacecraft is subjected to. This measurement
has the potential to achieve an absolute accuracy well beyond
what can be achieved by radiometry. Therefore, we conceive it
to be an adjunct to the radiometric measurements that provide
essential information about the radiative components and
associated feedbacks, but cannot provide a direct measure of
global mean EEI. To fill this gap, the foremost goal of the
proposed concept is to provide the integrated value of global
mean EEI at annual time scales. This independent estimate of
the absolute magnitude of EEI can be used to anchor other
datasets, such as from radiometry or climate modeling [35][36],
that lack energy balance closure. The secondary goal is to
obtain monthly and zonal averages, providing the means to
track large-scale heat transports across latitudes over seasonal
and interannual timescales, and to conduct valuable inter
comparisons with other independent EEI estimates originating
from radiometry, ocean heat uptake, and reanalysis.

In this concept, an accelerometer on board a small satellite, as
widely employed to estimate non-gravitational forces in orbit,
is considered a wide field-of-view (WFOV) sensor. The
spacecraft's skin coating represents the sensitive area by which
the radiation fluxes are transformed into forces and
accelerations. It should be noted that this relatively simple
technique has some important limitations, since little
information can be provided on the spectral distribution, space
and time resolution, and the individual radiative flux
components. Deriving the radiative components from the
radiation pressure approach is not per se impossible, but will
not be discussed here.

On satellite systems that aim at measuring very small
fluctuations in Earth’s gravity field at high accuracy such as
GRACE or GOCE [37], ultra-sensitive accelerometers are used
to quantify and eliminate the impact of non-gravitational forces

such as those exerted by radiation pressure or atmospheric drag.
By minimizing the non-gravitational forces other than radiation
pressure through an optimal mission design, the EEI is in
principle derivable within established accuracy requirements.
The feasibility of this concept has been demonstrated in the past
with measurements performed by the CACTUS accelerometer
on CASTOR in 1975 (e.g.,[38]). A second ESA project,
BIRAMIS, facilitated the study of a more optimized system as
well as the evaluation of its error budget [39][40]. Today, the
instrument accuracy and satellite design capabilities have much
improved, paving the way for a successful mission.

This paper represents a first step towards a potential mission
design for measuring the EEI directly from space. We revisit
the measurement of radiation pressure and examine whether
current measurement capability provides the accuracy and
precision to estimate the global and regional mean EEI at TOA
to at least within +0.3 Wm? (see section IV). In section II we
describe the spatial and temporal nature of EEI as we
understand it from analysis of CERES EBAF data. Section III
outlines the theoretical framework of the EEI derived from
radiation pressure measurements. In sections IV and V, we
present and quantify to the extent possible instrument
requirements and impacts of perturbing forces. A brief
summary of early results based on CACTUS measurements is
provided to demonstrate the overall feasibility of this approach
in section VI. Sections VII and VIII concern the instrument and
potential spacecraft characteristics. We briefly discuss potential
orbit and sampling considerations in section IX and conclude
with a summary of remaining challenges in section X.

1I. TEMPORAL AND SPATIAL NATURE OF EEI

The concept presented here predominantly aims at the
measurement of long-term global mean EEI, but we briefly
discuss aspects of spatial and temporal variability to provide
first-order accuracy and sampling requirements. Although
beyond the scope of this paper, temporal and spatial sampling
considerations are crucial for the best possible estimate of
annual global mean EEI (see also section IX).
Figure 1 shows a time series of monthly anomalies (gray) and
the 12-month running mean (purple) of EEI between March
2000 to January 2017 based on CERES EBAF edition 4.0
(https://ceres-tool.larc.nasa.gov/ord-tool/jsp/EBAF4Selection.
Jsp).

o —EEI monthly anomalies

—EEI 12-mon running

1.5 - +1sigma
—Argo OHS 4-seas running

EEI trend: 0.35 Wm™ per decade (sig. at 99%)
2 OHS trend: 0.7 Wm2 per decade (insig. at 99%)

2002 2004 2006 2008 2010 2012 2014 2016

Figure 1: Global mean EEI (CERES EBAF edition 4.0) in terms of monthly
anomalies (gray) and 12-months running means (purple) together with +lo

ranges and Argo-based ocean heat storage (OHS) estimates in terms of four
seasons running means of seasonal anomalies (black).
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The anomalies reflect the internal variability of the climate
system, predominantly that of ENSO, dipping significantly in
response to the 2007 and 2009 El Nifio events, and peaking in
La Nifia periods (2008, 2012). The range of interannual
variability is at 0.7 Wm? (1o) and of the same order as the long-
term mean of EEI (0.7+0.1 Wm?) to which the data product has
been adjusted [25]. A significant trend at 0.4 Wm per decade
is observed over 2001-2015. To detect a trend of that order with
20% uncertainty would take about 18 years using a perfect
observing system with no measurement uncertainty. Adding a
measurement uncertainty at 0.3 Wm (see section IV) increases
the detection time beyond 38 years. These detection times were
estimated using EEI monthly anomalies and the trend time
detection formulae after [41]. From this we take, that trends in
EEI may not be detectable within the scope of a typical mission
lifetime of three to ten years, but the interannual (6=0.7 Wm?)
and seasonal variability of global mean EEI (6=7 Wm?), as
well as the zonal variability of multi-annual means (6c=64 Wm"
2) are detectable at a measurement accuracy better than 0.7 W'
2

The black line in Figure 1 represents the timeseries of global
mean ocean heat storage (OHS) calculated from the average
ocean heat content of three Argo-based datasets as computed by
[18] in terms of running means of four seasonal anomalies.
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Figure 2: a) Annual mean (2000-2017) net radiative flux at TOA (CERES
EBAF) and b) the annual cycle of zonal standard deviation of net flux and c)
tropical (30°S-30°N) annual mean (2016) diurnal cycle (CERES SYNldeg).

Although this averaging strongly reduces the amplitude and
noise in the seasonal anomalies (¢ >2 Wm?), the interannual
variability substantially disagrees with the EEI estimates from
CERES EBAF, presumably a result of sampling errors (see
Section I). Figure 2a is a global map of the multi-annual mean
EEI (2000-2017). On average, the EEI is positive in the tropics
and negative over the poles with near zero values at the mid
latitudes. Being the sum of incoming solar radiation, reflected
solar radiation, and Earth's thermal emission, we expect a
positive net radiative flux to induce a net "inward” acceleration
on the spacecraft when at lower latitudes, and a net “outward”
acceleration at higher latitudes. Figure 2b shows the
climatological mean standard deviation within each zonal band
per month. The largest spatial variability in EEI is found
between 10° to 30° North throughout the year and related to the
variable surface reflectivity of the oceans and bright desert
areas encompassed by these zones. High values are also seen
at higher latitudes on both hemispheres during respective
summer seasons, a result of variable insolation and surface
properties of the polar regions (ice-free ocean versus ice/snow
covered ocean and land). This gives some idea on where
frequent observations are preferable to cover the spatial
variability of climatological mean EEL

Figure 2c shows the annual mean (2016) diurnal cycle of EEI
averaged over the tropical band (30°S-30°N) derived from
CERES

SYNldeg data
(https://ceres.larc.nasa.gov/products.php?product=SYN1deg).
This dataset uses information from geostationary satellites to
incorporate diurnal variability and reduce spatial sampling
errors [42]. In this zonal band, the EEI varies in concert with
longwave and shortwave outgoing fluxes, which peak around
noon and 9 am (UTC), respectively. The shading indicates the
seasonal scatter in terms of £1¢. Naturally, the annual mean
diurnal cycle of the tropics is smoothed out by the zonal and
annual averaging, but is in essence what the concept proposed
here should aim to capture.

The estimates derived here represent first order requirements
for detecting and sampling EEI spatial and temporal variability;
the discussion of requirements for measurement accuracy will
be refined in section I'V.

1. THEORY

A. Radiation pressure force

The effect of radiation pressure on artificial satellites has been
studied extensively since the onset of space exploration (e.g.,
[43][44][45]). Here, we provide the theoretical basis that
connects radiation pressure measurements to the EEI based in
part on [46]. From the Einstein mass-energy conservation
principle follows the equivalence between photon energy and
momentum. Therefore, when a photon impinges on an object
and is either reflected or absorbed, its momentum is removed
and conveyed to the object, resulting in a radiation pressure
force that induces an acceleration of the object, i.e. spacecraft.
This acceleration can be measured by an accelerometer of
sufficient sensitivity situated in the center of the spacecraft.

The radiation pressure vector force P exerted on an object of
mass m is a function of the spectral radiative flux F (1), the
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speed of light ¢, and the effective extinction cross-section
C.: that depends on the actual cross-section of the object, the
thermo-optical properties of the object surface, the flux
wavelength (1) and the flux incident angle ().

P=md ==C,, L,OFQR) (1)

c

—

For the acceleration vector (d) due to radiation pressure P
follows from (1)

Cext (A0) F(D)

m c

a= 2

Since the two-dimensional tensor C,,;(4,8) can change the
direction of P with respect to F (1), the acceleration d is not
necessarily co-linear with the direction of F (A4) unless the
incident angle (6) and spectral (1) dependence are eliminated.
This can be achieved by considering a spherical object
(independent of 8) whose surface's thermo-optical properties
are independent of A. [46][47]. The co-linearity between
F (1) and d is a prerequisite for the derivation of EEI from
radiation pressure force P (see section B).

Under the assumption of no spectral dependence and
considering a spherical object with radius r, the effective cross-
section can be defined as follows. The object coating's thermo-
optical properties are distinguished between the coating's
absorptivity (A), total reflectivity R, specular reflectivity Rs,
diffuse reflectivity Rp, transmissivity T (here = 0), and
emissivity (¢), whereby A+ R =1, R¢+ R, =R, < A.
According to [46] it follows for the absorption cross-section:
g, = Amr?, the specular cross-section: oz, = Rgmr?, the

. . . 4
diffuse reflective cross-section: ogp, = Rp gm,z’ and the

. . . 1 .
diffuse emission cross-section: g, = & gmﬂz, which represents

a parasitic term. The total effective cross-section of an
absorbing-reflecting spherical object is then:

Coxe =0 =mr*(A+Rs +R)p +R?D) (3)
R
= nr2(1+?D)
=X x K

where 2 is the actual geometric cross-section 772 and K is the
coating property coefficient, under the assumption of no

TABLEI
REQUIREMENTS
Flux GLOBAL MEAN (WM?)  derived acceleration (ms)
+ UNCERTAINTY tuncertainty

ISR 340 Wm2+0.01% 1.8:10%+1.8-10"

RSR 100 Wm2+ 0.3% 53-10°+1.6-10"

IR 240 Wm?+0.9% 1.3-10%£1.1-101°

EEI ~0.7 Wm™?+ 0.4 Wm? 3.7-10"M" £2.1-10!

EEI ~0.7 Wm?+ 0.1 Wm? 3.7-10"+0.5-10"

1 T+K - e .
ap=— F x—— with F=radiative flux, = actual cross-section 72, r=0.5m,
m

K=1 (perfectly absorbing), m=50kg, c=speed of light

spectral dependence. K equals 1 if the object is either perfectly
absorbing or specular reflecting.

Considering the net radiative flux as the sum of the solar, lunar
and terrestrial sources, there will be non-zero acceleration of the
spherical object along the X, y, and z components in three-
dimensional space. The sum of these acceleration components
yields the effective net radiation pressure induced acceleration
Gper co-linear with the direction of incident net radiative flux
F. In a rotated coordinate system where the z vector component
of d,. is along the radial axis from the Earth's center, a
spherical spacecraft will undergo an acceleration in the radial
direction

ZxK

d, = F, « 4)

mx*C

where I:"; is the net radiative flux along the radial direction
normal to a horizontal surface at the spacecraft location [46].
Needless to say, this only holds in an environment in which
other non-gravitational forces are either held constant or are
negligibly small (see section V).

B.  From acceleration to flux

The global mean EEI at the TOA represents the net radiative
flux through a sphere around Earth, provided the observing
system's orbit is circular. The surface flux through this sphere
is independent of the direction of the net radiative flux, only the
radial component of the net radiative flux contributes to the
sphere's surface flux.

More specifically, EEI is the surface integral of the net radiative
flux component normal to the horizontal surface at the TOA,
where the net radiative flux is the sum of incoming solar
radiation, reflected solar radiation, and the Earth's emitted
thermal radiation. The geometry of the relation between the net
radiative flux on a horizontal surface (TOA) and the radial
acceleration that it induces is highlighted in Figure 3. The net
radiative flux through some horizontal surface element dS at the
TOA is F - n (schematically represented by the green arrows),
where 7 is the surface normal and F is the constant net radiative
flux vector field (yellow arrows). This means, the net 'surface’'
flux through the TOA (location of spacecraft) can be derived
from F - n solely, and knowledge of the direction of F is

- . .
/// ~ o @ne: Co-linear with
= decomposed in radial
-
s
Ve
v

component a, and
component in travel
e

s direction AN
7 \
/7
\
4
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Figure 3: Schematic of measured net and radial accelerations (blue and orange
arrows) induced by constant flux vector field (yellow).

= constant flux
vector field
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n = unit vector
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redundant. If F induces an acceleration anet (black arrows) that
is co-linear to its direction, F - n (or F, see previous section) is
associated with an acceleration along the radial direction ar
(orange arrows), the radial component of anet. Therefore, to
facilitate EEI observations via accurate measurements of ar, the
induced accelerations anet have to be co-linear to the impinging
net irradiances. This only holds, if we assume a spacecraft of
spherical shape, which also avoids polarization effects [48], and
with constant near-perfect absorbing or reflecting coating
properties (K=1) that are independent of wavelength and
incident angle. Different coating materials that yield property
coefficients (K) near 1 have been assessed in the wake of
BIRAMIS related studies [48], and are briefly summarized in
section V1II.

The definition of the net 'surface' flux through TOA and its
relation to measurable radial accelerations induced by F - n,
facilitate the direct measurement of EEI, and help to eliminate
the perturbing effect of atmospheric drag (see section V.)
While this theoretical framework is appealing, the measurement
of radiation flux via radiation pressure is an intricate multi-part
problem and requires high instrument sensitivity and optimal
spacecraft design as a first prerequisite. The accelerometer
MicroSTAR developed at ONERA, France, fulfills the
requirements of accuracy and stability and is presented in
section VII together with planned calibration procedures.
Second, the vector field F is not constant and varies with time
and location, as does its normal component F - n. Therefore,
further study is needed to determine the measurement accuracy
of the radial acceleration as a function of time and position, and
in dependence of different illumination angles, synoptic
weather patterns, and spacecraft characteristics. Third, the
removal of parasitic forces or confounding variables,
respectively, is crucial to isolate the accelerations due to
radiation pressure. This can be done by either minimizing their
impact by certain geometric and orbital design considerations
or by modeling. Some of the leading confounding variables and
their average magnitude are presented in section V. Fourth,
from the perspective of mission design, spatio-temporal
sampling considerations will shape the orbital configuration in
which one or multiple spacecrafts are foreseen to provide global
mean estimates of EEI within acceptable error bounds derived
in Section IV. The quest for such an optimal configuration is
subject of future research and briefly discussed in Section IX.
Fifth, to obtain a climate data record instrumental in radiation
budget studies, temporal and spatial interpolation schemes and
flux deconvolution to an optimal TOA level (~20km [49]) are
essential and subject of future study. These design and
processing steps will eventually provide the basis for a higher-
level product of global and zonal mean EEI on monthly and
annual time scales.

For the remainder of the paper, when we derive requirements
(section IV) and the average magnitude of confounding effects
(section V), we refer to a spherical satellite with K=I,
mass=50kg and r=0.5m. The orbit height we set to 1300 km, an
altitude well below the Van Allen belts at which the impact of
aerodynamic drag is minimized, and potentially a "sweet spot"
for the spatio-temporal sampling via multiple spacecrafts
(section IX).

Iv. REQUIREMENTS

Accuracy requirements for the radiative flux components of the
energy balance have been established by the community
[50][51] and WMO's Global climate observing system [52]. It
follows that observing systems are required to measure
incoming solar radiation (ISR) within +0.01% (~0.034Wm) of
the global annual mean (~340 Wm?), the reflected solar flux
(RSR) within +0.3% (~0.3 Wm™, global annual mean at ~100
Wm2), and the Earth emitted thermal radiation (IR) at +0.1%
(~0.24Wm™, global annual mean at ~240 Wm), in order to
enable meaningful interpretation. None of these sources define
directly an uncertainty requirement for the EEI, but an error
expansion yields +0.386Wm. This is equivalent to conducting
a 0.1% measurement with respect to the global average ISR.
[1] provide a more stringent absolute accuracy requirement at
< 0.1 Wm? on account of the small absolute magnitude of EEI
and its long-term variability of the order of tenths of Wm?2.
Studies deriving EEI from ocean heat content changes (plus
small contributions from changes in ice, land, and the
atmosphere) report uncertainties in the range of +0.1 to = 0.4
Wm? (e.g., [1][13][16][27]), again suggesting a target accuracy
better than the +0.4 Wm? derived above. The lack of an
established target accuracy emphasizes the need for
community-wide research on requirements.

Following equation 4, we estimate the accelerations due to
radiation pressure (ar) acting on a spherical, perfectly absorbing
(K=1) spacecraft with mass of 50 kg and radius of 0.5 m for the
different radiative flux components outlined above. The
estimated accelerations, global mean fluxes and required
accuracy are presented in Table 1. The magnitude of
accelerations due to the shortwave and longwave fluxes are on
the order of 0.5 to 2- 10 ms™. Their uncertainty is between 0.02
to 1:10'°ms?, a similar magnitude as for the global mean value
of EEI at about 310! ms™. From this we deduce that an

5 EQ ‘ ‘ ‘ EQ

41

3

21 % 408
aR[ms 1*10

NP EQ SP
Ok = = = e e e e 2o
a1
2
0 100 200 300

orbital position (°)
Figure 4. Net inward radial acceleration ar as function of orbital position,
assuming a perfectly absorbing spherical spacecraft (m=50kg, r=0.5m) in a
circular orbit (1300km) that crosses the equator at solar noon (solar equinox).
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instrument accuracy of the order of 107! or even 10712 ms? is
necessary to meet the requirements for Earth radiation budget
studies. Figure 4 shows the net inward radial acceleration as
simulated at different orbital positions in an idealized setup
(aqua planet) for a perfectly absorbing spacecraft in a polar orbit
crossing the equator at local noon. While the global mean EEI
requires an acceleration sensitivity at about 10! ms?, the
acceleration due to local changes in EEI ranges between -4 to
5-10®. Therefore, the steps to be taken to aggregate the
measurements in time and space to an annual global mean
estimate of EEI will be just as essential as the measurement
accuracy itself in keeping the uncertainty small.

V. CONFOUNDING VARIABLES

A number of confounding variables introduce uncertainty in the
relation between EEI and the measured acceleration from
radiation pressure (e.g., [46][48]). A list of such potentially
perturbing forces and their estimated average magnitude is
provided in Table 2 based on the assumption of a spherical
spacecraft (=0.5 m, m=50 kg) in a circular orbit at 1300 km
altitude. CACTUS studies (e.g., [53]) found most of the
perturbing forces to be negligibly small with respect to the
measurement accuracy achieved by the accelerometer at that
time (~107'° ms?2). In light of a new generation of instruments
and their higher sensitivity (107!!'-10"2 ms?), the role of
confounding variables is revisited here.

In the present paper, we focus on the three largest perturbing
forces: the residual atmospheric drag, gravity, and the
Yarkovsky effect. The magnitude of the average acceleration
due to atmospheric drag is at 10 ms (Table 2) ten times larger
than the variations due to radiation pressure (10 + 10! ms?).
However, for a circular orbit and a spherical satellite, the drag
force is directed along the satellite's velocity vector or travel
direction [54], respectively, hence acts orthogonal to the radial
acceleration component. The associated lift effect at 1300 km
is negligible [55][56] on spherical or near-spherical space crafts
[57] and might not affect the direct measurement of EEI via the
radial acceleration component either. Nevertheless, [58][59]
have noted that slight departures from perfect sphericity induce
significant changes in drag effects. The study of capabilities to
design the spacecraft as spherical as possible and the effect of
departure is therefore crucial. To achieve an EEI measurement
within + 0.1% of ISR, strict requirements must follow for the
circularity of the orbit (<0.3%), the sphericity of the spacecraft
(<0.1%), and knowledge of its orientation (+22 arc min,
<0.1%).

Gravitational variations are another form of parasitic force
acting on the spacecraft with a magnitude of approximately 10
> ms2. However, these variations act in common mode on both
the outer shell of the spacecraft and inner test mass of the
accelerometer. Thus, the perturbing effect of gravitational
variations on the direct measurement of radiation pressure is
negligible.

Another disturbance follows from the acceleration due to
thermal push induced by thermal gradients on the satellite skin
and the anisotropy of its own thermal radiation. This effect is
widely known as Yarkovsky effect and can be determined,
knowing the temperature of the body following equation 5 after

[60] and [61] who computed the thermal push of LAGEOS.
Here, we assume for a black sphere, due to sun and Earth
irradiances, an equilibrium temperature T, at 330K and a
temperature gradient AT at 300K [62].

16 co

FTH = ?TTL’TZT(?AT (5)

The associated acceleration is then at about 6-10% ms2
Potential reduction of thermal gradients and associated
emissivity variations could be achieved by spinning the satellite
in orbit around its radial axis. For CACTUS, studies [53]
estimated thermal thrust at about 10-1° ms at a spin frequency
of 107 Hz, resulting in AT at 80K. The optimal spin frequency
for the observing system presented here will depend on the
satellite skin characteristics and accuracy requirements.

The other perturbing forces listed in Table 2 have been
estimated for CACTUS at magnitudes smaller than 107!% ms2
(e.g., [53][62]). While this magnitude was considered small
with respect to the achieved measurement accuracy at that time,
it now becomes potentially disturbing at improved instrument
accuracy. Hence, revisiting the role and reducing the impact of
these perturbing forces will be essential for the measurement of
EEI with present-day capabilities.

TABLE 2
CONFOUNDING VARIABLES AT 1300KM
MAGNITUDE
CF OVER ORBIT derivation & treatment
(Ms?)

atm. drag ~1.6:10°+3-10° Y% pV*Canr?/m

may not affect EEI measurement via

radial component of acceleration
gravity ~9-10° estimated from GRACE

common mode for shell and inner test

mass of accelerometer
Yarkovsky 6-10* ms™ equation 5 with To=330K, AT=300K
effect spinning
electrical <10 ms?or 1.6 Cactus studies
drag Wm?
lunar <10 ms? Cactus studies
illumination
Lorentz <10 ms? Cactus studies
force
Poynting <10 ms? Cactus studies
Robertson
solar wind <10 ms? Cactus studies
inertial <10 ms? Cactus studies
acceleration
magnetic <10 ms? Cactus studies
field force
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VL PREVIOUS FEASIBILITY STUDIES

A number of studies [38][53][63] demonstrated the feasibility
to estimate TOA radiative fluxes with the ultra-sensitive
CACTUS accelerometer that flew onboard CASTOR in
1975/76 as the first of its kind. One-year worth of data was
collected with sufficient accuracy to determine seasonal and
latitudinal variations in ISR (at day-night transitions), IR (in
shadow), and EEI (or net radiative flux) between 30°S and
30°N. The derived IR flux varied considerably between clear
and overcast periods, as well as over land and ocean, hence
allowed to get a sense of cloud effects and land-sea contrasts
typical for IR variations. Overall, the derived radiation fluxes
qualitatively agreed well with data from satellite radiometry
[64]. Figure 5 depicts the zonal variations in annual mean EEI
derived from radial accelerations (acc., CACTUS) and modern
radiometric data (CERES EBAF edition 4.0, 2000-2017). The
accelerometric estimates exhibit a systematic offset with
respect to the CERES data at almost 20 Wm™. The dashed lines
represent measures of internal spatial and temporal variability
in terms of standard deviation (c) of monthly anomalies. o5
represents the spatial scatter of monthly 1°x1° anomalies per
latitude zone (equation 7 in [65]), while or represents the
temporal scatter of zonally averaged monthly anomalies
(equation 8 in [65]). The accelerometric estimates are well
outside the oT and o5 lines, meaning the large difference cannot
be explained by natural variability. The reason for this
discrepancy is not fully known, but was partly attributed to
wrongly assigned radiation pressure coefficients needed to
translate the measured radial accelerations into radiative flux
[53]. Nevertheless, given the high sensitivity to spatial and
seasonal variations in radiative flux, an observation system
optimally designed for the measurement of EEI, in which biases
are known and can be eliminated, will allow to improve
absolute accuracy.
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Figure 5: Zonal averages of TOA net radiation flux (Wm?) derived from
CACTUS accelerations (1975-1976, orange) and CERES EBAF (2000-2017,
gray) between 30°S - 30°N. Bright blue dashed lines represent the spatial 1o
of monthly 1°x1° anomalies per latitude (equation 7 in Kato, 2009), while the
dark blue lines represent the temporal +lo: of zonally averaged monthly
anomalies (equation 8 in Kato, 2009).

The almost spherical (radius: 0.8m, mass: 76kg) CASTOR was
originally developed to measure air-density and detect micro-
meteoroids in low atmospheric density (apogee: 1270km,
perigee: 270km, inclination: 30°). The achieved measurement
sensitivity exceeded expectations and was further augmented
using statistical methods [38] reaching 10'° ms? (or about 1
Wm2), which ultimately allowed the first evaluation of EEI
from space. Overall, the CACTUS studies concluded that
accelerometry provides viable means to observe the EEI, but
recommended to consider a different choice for satellite skin
material, orbit definition, and good knowledge of attitude
parameters. ESA's BIRAMIS project studies [48] did consider
a more suitable concept design that improved the accuracy of
the measurement as it relates to EEI. The uncertainty was at
about 3 Wm™ (only accelerometer measurement error) still an
order of magnitude above present-day requirements (~0.3 Wm"
2

).

Data from high precision accelerometers flown on missions
such as GRACE [66], or GOCE [67] are potentially useful to
study the impact of radiation pressure on Earth orbiting
satellites over the past decade, although these missions are not
optimized for such measurement. The satellites’ non-uniform
shape, inadequate characterization of thermo-optical properties
and thermal control, as well as their relatively low orbits
confound the measurement. While these data will not provide
an estimate of EEI at high accuracy, they might allow to
reproduce the amplitude of radiation variability to some degree,
and provide insights into the change of satellite skin properties
over time (see also Section VIII).

VIL INSTRUMENT DESIGN: MICROSTAR

Since the employment of CACTUS in 1975, the French
Aecrospace Lab ONERA has built new accelerometers based on
the same principle, but with improved performance that were
launched in missions like CHAMP (2000) [68], GRACE (2002)
[66], GOCE (2007) [67] and GRACE-FO (scheduled in 2018)
[69]. For the measurement of EEL a sensitivity of at least 10!
ms? is required, at least for the accelerations along the radial
axis. To further provide good attitude control of the satellite, an
accelerometer providing angular acceleration is a great
advantage. Here, we propose to use the accelerometer
MicroSTAR, that was built based on similar principles as the
previous generation, with a cubic proof-mass, but with three
very sensitive axes instead of only two, providing angular
accelerations at high accuracy [70]. The instrument's
measurement accuracy is required to be <0.1%, which implies
a specification of the scale factor of the instrument.

A. Description

The principle of electrostatic accelerometers is to control a free
proof-mass to be motionless inside an electrode cage. The force
applied to maintain the proof-mass at the center of the electrode
cage is proportional to the relative acceleration between the
proof-mass and the electrode cage, which is fixed in the
satellite. If the accelerometer is at the center of mass of the
satellite, the proof-mass experiences the same gravity
acceleration as the satellite, but the satellite is exposed to the
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Mechanical stops

Electrode plates

Figure 6. Mechanical core of the MicroSTAR accelerometer.

surfaces forces, such as atmospheric drag and radiation
pressure. Consequently, the accelerometer measures only the
non-gravitational accelerations.

In case of ONERA's electrostatic accelerometers, the proof-
mass motion is precisely measured through capacitive detection
between proof-mass and the electrodes [71]. A controller
applies voltages to the same electrodes in order to create
electrostatic forces, which counteract the relative acceleration
between proof-mass and the electrode cages due to non-
gravitational forces. The measurement of the accelerometer is
therefore the voltages applied to the electrodes [72].

The electrode cage of MicroSTAR is composed of six Ultra
Low Expansion material (ULE) electrode plates with two
electrodes that surround a cubic 30x30x30mm proof-mass
(Figure 6). The electrode plates are manufactured with patented
3-Dimensional Ultra Sonic machining to draw the electrodes.
The electrode surfaces are covered with a conductive metallic
coating manufactured using a Physical Vapor Deposition
(PVD) process. The mechanical core of the accelerometer is
fixed on a sole plate and enclosed in a hermetic housing in order
to maintain cleanliness and vacuum around the proof-mass. The
proof-mass is polarized with a very thin wire.

The two pairs of electrodes of each axis control two degrees of
freedom, one translation and one rotation of the proof-mass.
The accelerometer electronic architecture is composed of six
control loops, one for each degree of freedom of the proof-mass.
Along each of the three axes, one translation and one rotation
are controlled by similar schemes. The electronic boards with
the capacitive detector, controller and drive voltage amplifier
take advantage of the previous accelerometers design with low
noise and low consumption analog functions.

The total weight of the accelerometer is estimated at 9.5 kg,
with a power consumption of 10W.

B.  Performance

In reality, due to the non-perfect location of the accelerometer
at the center of mass of the satellite, the acceleration at
accelerometer location a4 is perturbed by the gravity gradient

! Underlined letters refer to a vector, while a letter between square brackets
refers to a matrix.

([U)), the attitude control ([2] and [Q])", and by the motion of
the accelerometer location 7., with respect to the center of
mass T,y , according to (6):

aace = ang + (~U1+ [ Q]+ [Q°]) (Tace — reom) +
Z[Q] (fAcc - fCoM) + (fAcc - fCoM) (6)

To minimize the perturbation, it is important to localize the
accelerometer at the center of mass of the satellite. Moreover,
it is important to avoid any motion inside the satellite, such as
liquid propellant.

Furthermore, the measurement suffers of scale factor error [K],
alignment error [R], coupling error [S], quadratic factor [K2],
bias b and noise n:

Ayeas = (I + [K] + [S]+ [RDascc + [K2]a5.+b+n (7)

For this mission, the proof-mass is made of Arcap alloy, with a
weight of 218 g. The gap between electrodes and the proof-
mass is chosen at 400 pm in order to achieve the requirement.
The accelerometer range is at 3.5-10° ms? larger than the
maximum acceleration level given in Table 2 (we recall that the
gravity acceleration is not seen in the measurement).

The measurement suffers from an important bias due to the
stiffness of the thin wire which polarizes the proof-mass (and
avoids charging in orbit). The level is evaluated to less than
1.8:10° ms? and shall be calibrated or rejected in orbit (see
section VII C).

Figure 7 provides the spectral density of the noise and its main
contributors according to the mathematical model of the
accelerometer noise confirmed by previous missions [73].
Considering a spin frequency at 10° Hz, the accuracy of the
measurement corresponds to the noise at this frequency (107!
ms?/Hz"?) multiplied by the square root of the frequency,
which gives an accuracy of 3-10"'* ms™? rms. This translates into
0.01 Wm™ using equation 4.

The other contributors of error will be minimized to have a
negligible impact. For example, to avoid the projection of
atmospheric drag along the track of the radial measurement, the
alignment and coupling of the accelerometer shall be better than
100 prad, which was realized in the GOCE mission.

C. Calibration

The electrostatic accelerometer suffers of an important bias,
which shall be calibrated in order to be suppressed and to have
long-term stability of the measurement. If the accelerometer is
regularly turned by 180° with respect to the external
acceleration, the signal in the measurement will change sign,
but not the bias, allowing to correct for it. One can also consider
a continuous spin of the instrument in order to modulate the
external acceleration at spin frequency.

To do that, we propose to profit from the satellite spin used to
equalize the satellite temperature and the thermo-optical
properties along the irradiance direction. It is also possible to
add a bias rejection system, which consists in general of a
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Figure 7. Noise Performance of the MicroSTAR accelerometer with the main
contributors: detector noise (red), thin wire damping (blue), measurement
analog digital converter (green), contact potential difference (yellow),
measurement analog noise (magenta), and bias fluctuation noise (brown).

rotating platform inside the satellite [74] [75]. A combination
of these methods can be used to calibrate along all three axes:
Calibration along the radial axis could be achieved by spinning
add a bias rejection system, which consists in general of a
rotating platform inside the satellite [74] [75]. A combination
of these methods can be used to calibrate along all three axes:
Calibration along the radial axis could be achieved by spinning
around the along- or cross-track axis, but this would hamper the
communication to Earth or GPS. Adding a bias rejection system
(rotating platform) to reject the bias along the radial axis
together with a spin around the radial axis (at different
frequencies) provides the means to reject the bias along all three
directions.

The accelerometer scale factor will be estimated on ground
from the accurate measurement of its contributing sources, in
particular the electrode surface and gap. These two main
contributions do not vary in orbit, except through the
temperature effect, which shall be accurately measured on
board. An in-flight calibration of the scale factor is possible in
orbit through the comparison of GPS position, knowledge of
Earth’s gravity field, and the accelerometer measurement along
one orbit, but the accuracy of such calibration is to be assessed.

VIIL SPACECRAFT DESIGN AND PAYLOAD

Important requirements of the prospective satellite system
besides size, mass, and power consumption, concern the
spacecraft's shape and coating characteristics. The satellite is
not only the carrier of instrumentation but part of the
measurement system itself, transforming the impinging
irradiances into measurable accelerations.

The employment of near-spherical spacecrafts is state-of-the-
art in improving atmospheric density models essential for
precision orbit determination [54][76]. The LAGEOS missions
and their observed orbital decay [77] identified particle drag
and radiation dependent forces as significant perturbations to a
satellite's position in orbit. Likewise, a more recent mission, the
Drag and Atmospheric Neutral Density Explorer (DANDE,
[78][79]), aims at improving the understanding of the satellite

drag environment in the lower thermosphere, but lost contact to
ground systems shortly after launch.

Since attitude motions neither change the cross-sectional area
nor the area-to-mass ratio of a spherical spacecraft, the
measurement of non-gravitational forces is simplified, which
helps to reduce uncertainties in the quantification of drag
coefficients [59] and radiation pressure [53].

As outlined in section III, the spherical shape of the spacecraft
is a crucial requirement for the successful monitoring of EEI via
the measurement of radial accelerations and will reduce the
perturbing impact of atmospheric drag. The design of a
perfectly spherical spacecraft is likely impossible. An
assessment of different near-spherical shapes that yield the
required measurement accuracy is needed to provide design
requirements.

To study satellite shape and skin material implications for
BIRAMIS, ONERA and Acritalia conducted payload and
satellite definition studies with assistance by ESA [48]. To find
a material with constant coating property coefficient K close to
1, ONERA measured different skin material's optical properties
at various wavelengths and angles of incidence. The two most
stable choices were mechanically polished aluminum coated
with MgF2 (specular reflecting) or black painted honeycomb
(absorbing), as they induced the smallest measurement errors
according to their numerical model [48]. The studies found that
variations in spectral absorption coefficient by 10% yield 1%
variations in K, concluding that variations of optical properties
with wavelength or ageing did not significantly modify K and
therefore the measurement itself. Targeting EEI measurements
to within at least +0.3 Wm™, knowledge of K has to be better
than +0.1%; acceptable variability in K and the effect of
degradation due to long duration exposure require reassessment
with respect to the target accuracies proposed here.

Liquid fuel disturbs the accelerometric measurement, hence
solar cells and batteries are required to provide the needed
power (estimated at 90W for BIRAMIS) during sunlight and
eclipse. Ultimately, the number of solar cells needed depends
on size, mass, surface area and power consumption of the
spacecraft. A relatively large surface area of about 30% was
estimated to be covered by solar cells in case of BIRAMIS
(r=1meter, mass=225kg), distributed in a uniform patchwork
pattern.

The accelerometer and a rotating platform for inflight
calibration represent the primary payload of the spacecraft.
Solar sensor and star trackers essential for attitude
determination, as well as a GPS receiver and patch antenna for
data transmission, ideally will not hamper significantly with the
spherical shape and thermo-optical properties of the spacecraft.
Given the different surfaces and non-uniform exposure to solar
UV radiation that causes degradation, it is clear that the
spacecraft will neither be perfectly absorbing nor spatially
uniform. The radial spin and near-spherical shape of the
satellite will help equalize varying non-isotropic thermo-optical
properties, but the sun facing side may undergo more
substantial degradation due to UV exposure and induce
gradients in surface absorptivity. K, its change in time as
function of wavelength, as well as the errors induced, will have
to be estimated for all materials. Future assessment of coating
types should also consider the minimization of thermal
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gradients that induce thermal thrust and thermo-structural
deformations that lead to perturbing inertial accelerations.
Besides shape and satellite skin, we may think about
maximizing the cross-section over mass ratio, which would
enhance the acceleration measurement according to equation
(2). Balloon-shaped satellites, such as the passive
communication experiments Echo [80] or PAGEOS represent a
possible scenario. However, the viability of such a construction
carrying an active instrument is questionable, since the risk of
thermo-structural deformations, as occurred with ECHO 1, has
to be considered.

IX. ORBIT & SAMPLING

The orbit choice is dictated by the need to minimize perturbing
forces, such as atmospheric drag, the effects of energetic
particles (Van Allen belts), and the need for global sampling. A
compromise between those needs requires a near-circular orbit
higher than 1000 km ([81][48][46]) with an inclination of 90°.
To satisfy first-order spatio-temporal coverage requirements of
measuring the radiation fluxes at six different longitudes and
six latitudes at four times a day, the best configuration is met
with three orbital planes, one of which is polar (90°) and the
others slightly inclined. Each orbit is to be equipped with a
spacecraft at 1300 km, an orbit altitude that represents a "sweet
spot" of view factor (0.08) and period (112 minutes).

These findings are in line with [81], who describe two and three
satellite combinations to be most adequate in providing
monthly global mean albedo and thermal radiation estimates
based on WFOV sensors (non-scanning) within 1% (~2 Wm™?)
to a simulated global mean reference. This sampling error is still
large and attributable to the difficulty of measuring and
modeling the diurnal cycle sufficiently [82]. Even in case of the
scanning CERES radiometers, where models can be used to
augment the temporal sampling, a substantial error due to
incomplete diurnal sampling has been identified: By adding
more complete diurnal cycle information from geostationary
satellites, the EEI derived from CERES is reduced by about 1
Wm2 [42]. The impact of incomplete diurnal sampling of RSR
and IR on regional trends and interannual variability is,
however, insignificant [83].

Meeting the accuracy goal of £0.3 Wm or better, will require
in-depth analysis and simulation of radiation pressure
acceleration for different numbers of satellites and orbits using
hourly radiation data. Such data can be obtained from CERES
(https://ceres.larc.nasa.gov/products.php?product=SYN1deg)
or from global climate model simulation. This future study will
show whether more satellites are needed to resolve the mean
diurnal cycle of EEI adequately and if interpolation techniques
can help reduce sampling errors. A study by [84] found that a
constellation of 36 satellites is needed to estimate global daily
mean shortwave and longwave outgoing radiation to within
0.16 Wm? and -0.13 Wm. Given that we aim at longer-term
estimates of annual or potentially monthly resolution, a less
dense coverage is likely sufficient. In addition to global annual
and monthly mean EEI estimates, a data product of zonal
resolution would meet GCOS requirements as aimed at by
CLARREO [85], a radiometric mission that aims at providing
TOA radiation balance components at high spectral resolution.

While we aim at high accuracy for global annual mean EEI to
facilitate climate change detection studies, lower accuracy is
sufficient to monitor seasonal and spatial variability (see
section II).

X. CHALLENGES & OUTLOOK

In this paper, we have outlined the complexity of estimating
Earth's energy imbalance (EEI) directly from space. The
measurement of the integrated value of EEI, as opposed to its
radiative components, is a major challenge faced by the climate
science community and requires rethinking our capabilities.
While it is probable that radiometry may never provide the
accuracy needed to pinpoint the true magnitude of EEI, the
measurement of the individual radiative components is
indispensable in understanding the causes of perturbations to
the energy budget, addressing the question why the input of heat
changes. Temporal ocean heat content changes represent to date
the sole source of meaningful EEI estimates over the last
decade, albeit sampling errors and the integration of additional
sinks and sources of heat, such as ice melt that continuous to
rise in a warming world [86], represent challenges. Vital
information on the horizontal and vertical distribution of heat
uptake are unique to the Argo observing system, irreplaceable
by remote sensing techniques, and address the question on
where the heat goes. Here, we propose to complement these
existing observation systems by adding a third observation
pillar that explicitly monitors szow much heat is accumulated by
our planet in the global mean, providing closure of the energy
balance from space. A target accuracy for measurements of
global mean EEI is not established by the community, but falls
within £0.1 to 0.3 Wm according to Argo-based capabilities
[1] and GCOS recommendations for energy budget studies [52].
Additional information on the zonal distribution of EEI would
provide some information on where the heat goes and serve for
regional energy budget studies and inter-comparisons between
products.

Here, we revisited the methodology of deriving the net radiation
flux at TOA from the net radiation pressure force acting on
Earth orbiting spacecrafts. The feasibility has been
demonstrated in the past by missions like CASTOR, which
carried the CACTUS accelerometer [38], and proposed concept
studies leading to an unfulfilled mission, BIRAMIS [48]. Since
then, the measurement accuracy of the ultra-sensitive
accelerometers employed to measure non-gravitational forces
has greatly improved and a measurement of net radiative flux
to within £0.3 Wm or better is within reach, depending on
spacecraft design and orbital considerations that shape the
measurement sensitivity and accuracy in their own way. The
spacecraft itself represents an integral part of the measurement
system as it converts the impinging irradiances into measurable
accelerations. Requirements concerning the spacecraft's shape
and optimal skin coating characteristics will continue to be
subject of research.

Perturbing forces, such as atmospheric drag and the Yarkovsky
effect, need to be thoroughly identified, their impact quantified,
and eventual solutions presented. The two above mentioned
effects become negligible when we consider a spinning,
spherical spacecraft at an orbit altitude greater than 1000 km.
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TABLE 3
OUTSTANDING NEXT STEPS

1. Define target accuracy, which is not established by community,
but appears to converge to within 0.1 to +0.3 Wm for long-
term global mean EEI.

2. Simulation of radial accelerations as experienced by spacecraft
due to Sun and Earth radiation, i.e. the net radiative flux or EEI,
to assess accuracy of local measurement for different time and
space resolutions, illumination angle, weather conditions, and
space craft characteristics.

3. Study of diurnal cycle representation and associated sampling
error for one, two, or three satellite systems. Identify optimum
configuration for global mean sampling in annual and monthly
mean and establish interpolation techniques to mitigate error.

4.  Assessment of confounding variables and their error
contribution with respect to established target accuracy.
Establish solutions to reduce impact of perturbing forces.

5. Spacecraft and mission design studies with focus on shape,
thermo-optical properties, thermal control, degradation, and
associated impacts on absorptivity and emissivity.

These requirements and related uncertainties need to be
modeled and quantified within the trade space of estimating the
EEI most accurately to within at least 0.3 Wm™. This trade
space may yield different solutions that depend on the ultimate
goal of either aiming at the most accurate local estimate or the
best-possible global mean. Considering the latter, spatial and
temporal averaging will likely smooth out the noise and
uncertainty induced by perturbing effects and design flaws of
an imperfect observing system.

Similarly, the methodology of spatial and temporal sampling,
by employing one or multiple spacecrafts and their added value,
requires further evaluation. Finally, the processing of the
measured accelerations will require thorough conversion,
deconvolution to an optimal TOA level, and averaging
algorithms that will provide global and zonal mean EEI at
annual and potentially monthly time scales that meet the
requirements of the community. Table 3 summarizes the
outstanding issues to address in order to establish a complete
error budget of error sources, their contribution to measurement
uncertainty, and solutions for their mitigation. The present
paper has highlighted and in part quantified these issues and
potential solutions. Showstoppers are so far not identified,
paving the way to a better understanding of global climate
change through an independent measurement of Earth’s energy
imbalance from space.
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