
The RAVAN CubeSat Demonstration of 
Earth Energy Budget Technologies: 
Challenges and Successes
William H. Swartz, Principal Investigator
Johns Hopkins University Applied Physics Laboratory

Funding: NASA Earth Science Technology Office

NASA Small Spacecraft Systems Virtual Institute Community of Practice Webinar • Virtual • March 16, 2022 • bill.swartz@jhuapl.edu



et al.
• APL: Dewey Adams, Charles Anderson, Clint Apland, David Athman, Kimberly Bahr, Lance Baird, Kevin Balon, Lance Barley, 

Matthew Baughman, Debbie Berg, John Boldt, David Bonner, Gregory Bourn, Linda Bowles, Christopher Britt, Valerie 
Brockman, David Brownlie, Keith Bulkin, James Burgum, Richard Campbell, Carl Clayton, Christine Cook, Joseph Cook, David 
Copeland, Tina Craig, Misty Crawford, Alex Cruz, Jennifer Davis, David Deglau, Wayne Dellinger, Michael Desmarais, Anne 
Dietrich, Lars Dyrud, David Do, Robert Dobyns, Christian Drabenstadt, Peter Eisenreich, Lou Eline, Gregory Ellers, Howard 
Feldmesser, Terry Finney, Robert Focht, Johnny Fogle, John Folkerts, Malcolm Ford, Ryan Forrest, Robert Gaither, Michael 
Gardner, Donald Geyer, William Granger, Alan Grasley, Kimberly Griffin, Nymia Griffith, Steven Griffiths, Felicia Hastings, John 
Hayes, Kevin Heffernan, Mark Herring, Valerie Horky, Carolyn Hoskins, Philip Huang, Terry Huber, Stephen Izon, Walter 
Johnston, Matiwos Kafel, Lake Kee, Allen Keeney, Jaclyn Kilheffer, Jinho Kim, Henry Koenig, Haje Korth, Brittany Krok, Matthew 
Krok, Cidambi Kumar, Denise LaFluer, Wing Lam, David Lee, Sung Lee-Seck, Deborah Leopold, Shawn Liang, Sharon Ling, 
Timothy Lippy, Tara Lofton, William Luedeman, David Malick, Kathryn Marcotte, Michael Marley, Jacqueline Mattern, 
Douglas McKay, Ryan McMichael, Lauren Mehr, Jeffrey Metcalfe, Glenn Meyers, Robert Miller, Sharon Mills-Young, Elizabeth 
Mitchell, Cavin Mooers, Erica Morton, Hadi Navid, Kenneth Nelson, Matthew Noble, Marlene Nourbakhsh, Nicholas Nowicki, 
Miranda Oltman, Gary Palm, Stergios Papadakis, David Persons, Richard Pfisterer, Donna Pierce, Kevin Pionke, David 
Plank, Jonathan Prietz, Yatta Quire, Joseph Rahnis, Jane Ramsburg, Neal Reek, Nolan Reilly, Sonia Reilly, Kenneth 
Reinhardt, Matthew Reinhart, Edward Reynolds, Scott Robbins, David Roth, Rosemary Rubin, Robert Rye, Erika Sanchez, 
Andrew Santo, Cecil Santos, Anthony Scarpati, Charles Schlemm, Jean Schutt, Kevin Sibley, Fazle Siddique, David Sizemore, 
Raymond Smith, Ruthe Snyder, Sharon Stamer, Rhonda Strianese, Anthony Stump, Robert Summers, William Swartz, John 
Teehan, Jason Tiffany, Kenneth Turner, Zachary Ulbig, Rachel Verrill, James Walraven, Mary Washington, Andrew Webb, David 
Weir, Paul Weisman, Ed Wells, Paul Wescoat, Richard White, James Wiley, Curtis Wilkerson, Wendy Wyatt, Matthew Yeager, 
Joseph Yurek

• L-1 Standards and Technology: James Briscoe, Steven Lorentz (also NISTAR), Allan Smith, Yinan Yu

• NASA/GSFC: Warren Wiscombe, Dong Wu

• Blue Canyon Technologies: John Carvo, Tom Golden, and others
As of Oct 2017

March 16, 2022RAVAN CubeSat Mission • NASA Small Spacecraft Systems Virtual Institute Community of Practice Webinar • bill.swartz@jhuapl.edu 2



Outline
• Brief overview

- Top-level summary
- Key papers
- Notable things about RAVAN

• Science motivation

• Technologies demonstrated

• (Selected) trials and tribulations

• RAVAN on-orbit results

• Lessons learned
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RAVAN is an Earth energy budget constellation pathfinder
• RAVAN: Radiometer Assessment using Vertically Aligned Nanotubes

• CubeSat project funded through NASA ESTO’s InVEST program 
(InVEST-2012)

• Principally a technology demonstration
• CubeSat = High-risk

• Led by Johns Hopkins University Applied Physics Laboratory (APL), Laurel, 
Maryland, USA

• Partners:

- L-1 Standards and Technology (L-1): Steven Lorentz (NISTAR PI)
- NASA/GSFC: Warren Wiscombe, Dong Wu
- Blue Canyon Technologies (BCT)

• Pathfinder for an Earth energy (radiation) budget constellation

• Combines

- Vertically aligned carbon nanotube radiometer absorber and black body emitter (APL)
- Gallium fixed-point black body calibration source (L-1)
- Compact, low-cost radiometer payload (L-1/APL)
- 3U CubeSat bus, I&T, operations (BCT)

• Operated Nov 2016–Aug 2018
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Vertically aligned carbon nanotubes (VACNTs) are super 
black and compact—perfect for smallsat applications
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RAVAN proved VACNTs for Earth energy budget 
measurement from space

CERES SW

CERES LW

RAVAN 3U CubeSat

Nov 2016–Aug 2018 demo
(and still flying!)

Earth outgoing energy 
measurements from RAVAN
[Swartz et al., 2019]

VACNTs used as radiometer 
absorbers in new missions for 
solar irradiance and Earth 
energy budget:
• CSIM (2018)
• CTIM (2022)
• Libera, EVC-1 (2027)
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Principal RAVAN references
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RAVAN notables
• Funded as a part of the inaugural opportunity from NASA’s Earth Science Technology 

Office (ESTO)’s In-Space Validation of Earth Science Technologies (InVEST) program, in 

2012

• First ESTO InVEST CubeSat to fly

• First JHU/APL “science” CubeSat

• First Blue Canyon Technologies bus to fly

• RAVAN technology demonstration was a success
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A small energy imbalance drives climate change
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team view of the closure for the TOA radiation budget. 
The TOA imbalance in the original CERES products 
is reduced by making largest changes to account for 
the uncertainties in the CERES instrument absolute 
calibration. They also use a lower value for solar 
irradiance taken from the recent TIM observations 
(Kopp et al. 2005).

Several atlases exist of surface f lux data, but 
they are fraught with global biases of several tens 
of watts per meter squared in unconstrained VOS 
observation-based products (Grist and Josey 2003) 
that show up, especially when net surface flux fields 
are globally averaged. These include some based on 
bulk flux formulas and in situ measurements, such as 
the Southampton Oceanographic Centre (SOC) from 
Grist and Josey (2003), WHOI (Yu et al. 2004; Yu and 
Weller 2007), and satellite data, such as the HOAPS 
data, now available as HOAPS version 3 (Bentamy 
et al. 2003; Schlosser and Houser 2007). The latter 
find that space-based precipitation P and evapora-
tion E estimates are globally out of balance by about 
an unphysical 5%. There are also spurious variations 
over time as new satellites and instruments become 
part of the observing system.

Zhang et al. (2006) find uncertainties in ISCCP-FD 
surface radiative fluxes of 10–15 W m−2 that arise from 
uncertainties in both near-surface temperatures and 
tropospheric humidity. Zhang et al. (2007) computed 
surface ocean energy budgets in more detail by com-
bining radiative results from ISSCP-FD with three 

surface turbulent f lux estimates, from HOAPS-2, 
NCEP reanalyses, and WHOI (Yu et al. 2004). On 
average, the oceans surface energy flux was +21 W m−2 
(downward), indicating that major biases are present. 
They suggest that the net surface radiative heating 
may be slightly too large (Zhang et al. 2004), but also 
that latent heat flux variations are too large.

There are spurious trends in the ISCCP data (e.g., 
Dai et al. 2006) and evidence of discontinuities at 
times of satellite transitions. For instance, Zhang 
et al. (20007) report earlier excellent agreement of 
ISCCP-FD with the ERBS series of measurements 
in the tropics, including the decadal variability. 
However, the ERBS data have been reprocessed 
(Wong et al. 2006), and no significant trend now 
exists in the OLR, suggesting that the previous agree-
ment was fortuitous (Trenberth et al. 2007b).

Estimates of the implied ocean heat transport from 
the NRA, indirect residual techniques, and some 
coupled models are in reasonable agreement with 
hydrographic observations (Trenberth and Caron 
2001; Grist and Josey 2003; Trenberth and Fasullo 
2008). However, the hydrographic observations also 
contain significant uncertainties resulting from both 
large natural variability and assumptions associated 
with their indirect estimation of the heat transport, 
and these must be recognized when using them to 
evaluate the various flux products. Nevertheless, the 
ocean heat transport implied by the surface fluxes 
provides a useful metric and constraint for evaluating 

products.

THE GLObAL mEAN 
ENERGy bUDGET. 
The results are given here 
in Table 1 for the ERBE 
period, Table 2 for the 
CERES period, and Fig. 1 
also for the CERES period. 
The tables present results 
from several sources and 
for land, ocean, and global 
domains. Slight differences 
exist in the land and ocean 
masks, so that the global 
value may consist of slight-
ly different weights for each 
component.

ERBE period results . For 
the ERBE period, Table 1 
presents results from KT97 
for comparison with those 

Fig. 1. The global annual mean Earth’s energy budget for the mar 2000 to 
may 2004 period (W m–2). The broad arrows indicate the schematic flow of 
energy in proportion to their importance.

314 MARCH 2009|

[Trenberth et al., 2009]

Incident
solar
shortwave
341 W/m2

Reflected
solar
shortwave
~102 W/m2

Emitted 
terrestrial 
longwave
~239 W/m2
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Outgoing energy (radiation) highly variable, 
geographically and temporally
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Shortwave flux Longwave flux

Current space-based assets cannot quantify Earth’s outgoing radiation well enough to resolve the 
Earth energy imbalance from space (~1% accuracy...0.1% needed).

March 16, 2022 10



We have been measuring EEB from space for a long time

360 HOUSE ET AL.' SATELLITE MISSIONS 

TABLE 1. Selected Satellites and Missions Making Significant Contributions to Earth Radiation Budget Science 

Altitude Inclination 
Satellite Launch Range, Angle, Orbit 
Missions Date(s) km deg Time Lifetime(s) Contributions 

Explorer 7 Oct. 13, 1959 550--1,100 

TIROS 2 Nov. 23, 1960 717-837 

TIROS 7 June 19, 1963 713-743 

Research/ESSA 1960s ,• 1,500 

Nimbus 3 April 14, 1969 1,100 

NOAA 1970s 
TIROS-N/NOAA 1978-1981 

Nimbus 7 ERB Oct. 1978 
to the present 

First-Generation Missions 

51 drifter 7 months 

48 drifter 1-5 months 

58 drifter 12 months 

Second-Generation Missions 

102 0900/1500 3-15 months 

99 noon 1 year 

,500 102 0900 years 
• 840 99 1500/0730 years 

Third-Generation Mission 

950 99 noon 6 + years 

Geostationary Missions 

0 24 hours 

0 24 hours 

GOES-E/W 1970s/1980s 36,000 
(75ø-135øW) 

METEOSAT 1/2 1977/1982 36,000 
(0 ø longitude) 

first dedicated satellite 
providing usable ERB data 

first scanning radiometer 
with five SW/LW channels 

provided 1 year of radiation 
balance observations 

global data sets from WFOV 
nonscanning radiometers 

detailed global radiation 
balance for 1 year 

combined data sets provided 
10 years of observations 

total and spectral solar 
monitoring; bidirectional 
reflectance and directional 
albedo models 

years diurnal variations of SW/LW 
exitances and cloud distri- 

years butions' satellite Mission 
simulations 

tional albedo function varied significantly across the region. 
An integration over the field of view, considering the vari- 
ations of 6(00) and the projection onto the shape of the radi- 
ometer, gave a modified directional function for a particular 
sun angle. Similar calculations for all sun angles yielded a set 
of values replacing 6(00) in (4). Subsequent integrations with 
these modified directional functions have given reasonable es- 
timates of daily SW exitance for MFOV and WFOV observa- 
tions. An alternate approach to :his procedure is to compute a 
single factor that estimated the daily albedo from the local 
observation which is used in conjunction with the daily inso- 
lation value to estimate the SW exitance. 

The problems associated with estimates of daily LW exi- 
tances MLw were easier to solve than those for the SW case. 
The diurnal variations were coupled to changing meteorologi- 
cal properties of the surface and atmosphere and were practi- 
cally independent of solar angle. The simplest approach is to 
average two observations of exitance during a 24-hour period, 
one during the daytime and the second at night. Thus 

MEW = [MEw(day) + MEw(night)I/2 (5) 

This procedure has been used successfully for estimating LW 
observations from polar satellite missions. Apparently, the 
bias in local time sampling was reasonably small, and the 
error tended to average out over extended periods of time. 
However, significant errors were possible for regions such as 
deserts where the diurnal cycle can be quite large. 

Daily estimates of the net radiation for a region M N em- 
ployed (4) and (5), or variations thereof, and the integrated 
value of direct solar radiation during the day, E o. The equa- 
tion to compute daily values of the radiation balance became 

M•t = Eo -- Msw -- MLW = Eo(1 -- •) -- MLW (6) 
The problems of averaging parameters in both time and space 
were also complex once the daily values of radiation balance 

components were determined in (6). These are considered in 
another paper for the ERBE project by Brooks et al. [this 
issue]. 

HISTORY OF MISSION DEVELOPMENT (1957-1984) 
Accurate satellite measurements of the ERB were the objec- 

tive of many experiments since the beginning of the space age. 
As space hardware improved and rocket payload capacity in- 
creased, satellites became more sophisticated in their construc- 
tion and monitoring capabilities. Even with these techological 
developments, observations of the ERB have been sporadic for 
most of the period up to the last decade. They were considered 
to be of a purely scientific nature and not yet shown to be 
valuable in supporting weather and climate programs. 

There are four factors which influence the evolution of ERB 
instrumentation: (1) spacecraft constraints of power, data stor- 
age, mode of stabilization, and attitude control; (2) viewing 
angles of nonscanning MFOV and WFOV radiometers and 
scanning medium and high-resolution radiometers; (3) spectral 
band-pass requirements that isolate the ERB components into 
their shortwave (0.3-4.0/.tin) and long-wave (5.0-50.0+ /.tin) 
spectral bands; and (4) on-board calibration for shortwave 
measurements using direct solar radiation and dark space and 
for long-wave measurements using a hot black source and 
cold space. These factors allow a logical breakdown of the 
evolution of ERB observational systems into three generations 
of instruments leading to the current Earth Radiation Budget 
Experiment on the ERBS, NOAA-F, and NOAA-G satellites. 
Table 1 summarizes the generations of satellites and missions 
making significant contributions to ERB science. 

First-Generation Missions 

The first-generation instruments were mounted on satellites 
with orbital inclination angles reaching mid-latitude regions of 
the earth (Table 1), space spin stabilization, measurement du- 
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Fig. 2. First dedicated ERB satellite, Vanguard 2, mounted on the rocket prior to launch in 1959. 

1 and 2; also National Aeronautics and Space Administration 
[1961]); this satellite and the ERB instrument are shown in 
Figure 3. The radiometers consisted of black and white hemi- 
spheres, attached to rectangular mirrors that were mounted 
on the equator of the spacecraft. Once more the instrumenta- 
tion was built by the University of Wisconsin team and con- 
sisted of a modification of the measurement concept for Van- 
guard 2 in Figure 2. A number of ground stations acquired 
data during overpasses of the satellite, since there were no 
data storage recorders on board. Explorer 7 provided 
measurements of the ERB for about 7 months before the radio 
transmitter failed. 

The first problems of optical degradation of radiometers 
were apparent from the measurements of Explorer 7. The 
paint of the black hemisphere appeared quite stable in space, 
but the wh{te hemisphere showed noticeable degradation or 
darkening in time after launch. This problem rendered the 
daytime data useless, since it was not possible to determine 
the degradation trend conclusively from the limited amount of 
observations. Yet both radiometers provided usable observa- 
tions of LW irradiances at night when the satellite was in the 
earth's shadow. 

As a point of historical reference in the processing of satel- 
lite data the first instrument model to describe radiometric 

performance employed the following equation to process Ex- 
plorer 7 nighttime data' 

O•flMLw = 2[2z•eoT 4 + H(dT/dt)- k(T- Tm)] (7) 

where • = e, the infrared absorbtivity and emissivity; fi, the 
solid angle subtended by the earth or configuration factor in 
(2a); a, Stefan-Boltzmann constant; T, the measured temper- 
ature of the radiometer; H, a heat capacity term correcting for 
detector time response using the derivative of temperature 
with time, dT/dt; and k, coefficient of thermal conductivity for 
the mounting post whose measured temperature gradient was 
(T -- Tin) with Tm being the mirror temperature. The reflection 
image of each hemisphere in the mirrors made the radiometers 
appear as "spheres" in space. The factor of 2 multiplier before 
the expression in brackets accounts for the spinning spacecraft 
in that the radiometers viewed the earth as spheres half the 
time, as hemispheres all the time, or as some combination of 
the two. 

Figure 4 shows an analysis of Explorer 7 measurements 
where Weinstein and Suomi [1961] compared LW exitance 
observations with synoptic weather patterns. These results 
confirmed the expectation that large magnitudes of LW exi- 
tances are associated with cloud-free, high-pressure areas and 

House et al. [1986]
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RAVAN is a LEO non-scanning (WFOV) radiometer
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Table 2. Alternative TSI levels at solar minimum. TCTE: Total Solar Irradiance Transfer Experiment.

Instrument Year Launched TSI Level Solar Minimum (W/m
2
)

TIM/SORCE 2003 1360.5
DIARAD/SOVIM 2008 1362.9

TIM/TCTE 2013 1361.2
Mean DS TT 1362.0 +/ � 0.9

3. Earth Radiation Budget Instruments

Measurement of the ERB from space started with the measurements of Explorer VI and VII in 1969,
as reported by Vonder Haar and Raschke [23]. Early measurements of the ERB have been reviewed
by House et al. [24]. Measurements with dedicated broadband instruments started on Nimbus 6
in 1975 by Jacobowitz et al. [25]. Nimbus 6 contained two types of instruments: a Non-Scanning
(NS) or Wide Field Of View (WFOV) instrument which measures the radiation of the earth from limb
to limb, and a scanning Narrow Field Of View (NFOV) instrument, which measures the radiation from
the Earth with higher resolution.

Table 3 lists the non-scanning ERB instruments flown in space.

Table 3. Non-Scanning Broadband Earth Radiation Budget space instruments. IKOR: Short-wave
outgoing radiation monitor; ERM: Earth Radiation Monitor; RAVAN: Radiometer Assessment using
Vertically Aligned Nanotubes.

Period Instrument References

1975–1978 ERB on Nimbus 6 [25]
1978–1987 ERB on Nimbus 7 [25]
1984–1999 ERBE on ERBS [26]
1985–1990 ERBE on NOAA 9 [26]
1986–1994 ERBE on NOAA 10 [26]
1994 IKOR (SW only) on Meteor-3 7 [27]
1998 IKOR (SW only) on Resurs-1 [27]
2008–2011 ERM NS on FY3A [28]
2009–2014 IKOR-M (SW only) on Meteor-M 1 [29]
2011 ERM NS on FY3B [28]
2013–present ERM NS on FY3C [28]
2014–present IKOR-M (SW only) on Meteor-M 2 [30]
2016 RAVAN [31]

Non-Scanning ERB instruments have a similar design to the TSI radiometers, e.g., the Earth
Radiation Budget Experiment (ERBE) NS ERB instruments are a derivative of the ACRIM TSI
radiometer (see Barkstrom and Smith [26]). The main difference is in the opening angle which is 120�

for a WFOV radiometer while it is a few degrees for a TSI radiometer. WFOV ERB radiometers measure
the true radiative flux at satellite altitude. The reflected solar radiation with wavelengths shorter than
4 microns is also called ShortWave (SW) radiation. The emitted thermal radiation with wavelengths
longer than 4 microns is also called LongWave (LW) radiation. A black radiometer without front
window measures the total (TOT) radiation, which is the sum of the SW and the LW radiation. A SW
radiometer is obtained by putting a quartz window in front of a TOT radiometer. LW radiation can be
measured as TOT minus SW.

The size of the Field Of View (FOV) of a WFOV radiometer is several thousand kilometers,
which prohibits, for example, the discrimination between clear sky and cloudy scenes. Higher spatial
resolution is obtained with the NFOV instruments, with a spatial resolution of the order of 10 to 100 km.
In order to capture the Earth’s radiation at all viewing zenith angles, these radiometers are scanning.

Table 4 lists the scanning ERB NFOV instruments flown in space on Low Earth Orbit satellites.
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Table 4. Scanning Broadband Earth Radiation Budget space instruments on Low Earth Orbit satellites.
CERES: Clouds and the Earth’s Radiant Energy System; ScaRaB: Scanning Radiometer for Radiation
Balance; TRMM: Tropical Rainfall Measuring Mission; NPP: National Polar-orbiting Operational
Environmental Satellite System Preparatory Project.

Period Instrument References

July-August 1975 ERB on Nimbus 6 [25]
1978–1980 ERB on Nimbus 7 [25]
1984–1989 ERBE on ERBS [26]
1985–1987 ERBE on NOAA 9 [26]
1986–1989 ERBE on NOAA 10 [26]
1994–1995 ScaRaB-1 on Meteor-3 7 [32]
1997–1998 CERES on TRMM [33]
1998–1999 ScaRaB-2 on Resurs-1 [34]
2000–present CERES FM1 on Terra [33]
2000–present CERES FM2 on Terra [33]
2003–present CERES FM3 on Aqua [33]
2003–present CERES FM4 on Aqua [33]
2008–2010 ERM on FY3A [28]
2011–present ScaRaB-3 on Megha-Tropiques [35]
2011–present CERES FM5 on Suomi NPP [33]
2011 ERM on FY3B [28]
2013–present ERM on FY3C [28]

A NFOV instrument does not measure a flux but a radiance. To convert the radiance to a flux
estimate, an Angular Dependency Model (ADM) is needed. The ADM’s used for ERBE were derived
from the Nimbus 7 Scanner instrument by Suttles et al. [36,37]. The Clouds and the Earth’s Radiant
Energy System (CERES) instruments have a rotating azimuth capability, which has been used to derive
improved ADM’s by Loeb et al. [38].

A polar satellite provides global spatial sampling, but has limited temporal sampling with only one
daytime and one nighttime measurement per day for all locations but the polar regions. For a proper
sampling of the diurnal cycle of the ERB, the Geostationary Earth Radiation Budget (GERB) instruments
described by Harries et al. [39] are flown on the Meteosat Second Generation (MSG) satellites described
by Schmetz et al. [40].

Table 5 lists the GERB instruments flown in space.

Table 5. Broadband Earth Radiation Budget space instruments on geostationary satellites. GERB:
Geostationary Earth Radiation Budget; MSG: Meteosat Second Generation.

Period Instrument References

2003–present GERB2 on MSG1 [39,41]
2007–2012 GERB1 on MSG2 [39,41]
2012–present GERB3 on MSG3 [39,41]
2015 GERB4 on MSG4 [39,41]

Nominally, the MSG satellites are located at a longitude close to 0�. Since October 2016, the oldest
of the MSG satllites, MSG-1 also called Meteosat-8, has been relocated to 41.5� east longitude.

4. Calibration

ERB instruments are calibrated on-ground with absolute calibration sources; typically a blackbody
is used as a LW calibration source, and a lamp with an irradiance known relative to a primary standard
is used as a SW calibration source. In flight, the stability of the calibration is checked or maintained
using relative calibration sources.
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estimate, an Angular Dependency Model (ADM) is needed. The ADM’s used for ERBE were derived
from the Nimbus 7 Scanner instrument by Suttles et al. [36,37]. The Clouds and the Earth’s Radiant
Energy System (CERES) instruments have a rotating azimuth capability, which has been used to derive
improved ADM’s by Loeb et al. [38].

A polar satellite provides global spatial sampling, but has limited temporal sampling with only one
daytime and one nighttime measurement per day for all locations but the polar regions. For a proper
sampling of the diurnal cycle of the ERB, the Geostationary Earth Radiation Budget (GERB) instruments
described by Harries et al. [39] are flown on the Meteosat Second Generation (MSG) satellites described
by Schmetz et al. [40].

Table 5 lists the GERB instruments flown in space.

Table 5. Broadband Earth Radiation Budget space instruments on geostationary satellites. GERB:
Geostationary Earth Radiation Budget; MSG: Meteosat Second Generation.

Period Instrument References

2003–present GERB2 on MSG1 [39,41]
2007–2012 GERB1 on MSG2 [39,41]
2012–present GERB3 on MSG3 [39,41]
2015 GERB4 on MSG4 [39,41]

Nominally, the MSG satellites are located at a longitude close to 0�. Since October 2016, the oldest
of the MSG satllites, MSG-1 also called Meteosat-8, has been relocated to 41.5� east longitude.

4. Calibration

ERB instruments are calibrated on-ground with absolute calibration sources; typically a blackbody
is used as a LW calibration source, and a lamp with an irradiance known relative to a primary standard
is used as a SW calibration source. In flight, the stability of the calibration is checked or maintained
using relative calibration sources.

Dewitte et al. [2017]

LEO non-scanning

(WFOV)

LEO scanning

(NFOV)

GEO



Energy budget measurement requires an extensive ocean-
observing system like Argo
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(OHC = Ocean Heat Content)
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Motivation for RAVAN: “Argo in space”
• The small imbalance (~1 W/m2) between incoming solar irradiance and Earth outgoing 

energy (solar reflected + Earth’s thermal emission) drives climate change

• Current space-based assets cannot quantify Earth’s outgoing radiation well enough to 

resolve the Earth energy imbalance from space (~1% accuracy...0.1% needed)

• RAVAN is an Earth radiation (energy) budget constellation pathfinder

TSI/4≈
341 W/m2

TSI = Total Solar Irradiance

RAVAN CubeSat Mission • NASA Small Spacecraft Systems Virtual Institute Community of Practice Webinar • bill.swartz@jhuapl.edu March 16, 2022

TOE = Total Outgoing Energy RAVAN-like constellation

RAVAN
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RAVAN is part of a progression of effort toward a new 
Earth energy budget measurement

• 2011/APL: Earth Radiation Imbalance System (ERIS)
- Proposed to NASA Earth Venture program (not selected)
- Fly ~69 radiometer payloads on Iridium NEXT constellation
- Science: “The accurate ERIS measurements of TOR and ERI at high spatial and temporal 

resolution are highly relevant to NASA Earth science activities and science in general. There is 
no way that NASA, by itself, could reproduce these measurements for anything close to the 
proposed cost.” (from Earth Venture debrief)

- Weaknesses:
§ Calibration not demonstrated (including Ga blackbody source)
§ Payload cost (thought to be too low, but there’s no precedent)

• 2012/APL: Radiometer Assessment using Vertically Aligned Nanotubes 
(RAVAN)
- Proposed to NASA ESTO/InVEST (selected)
- Fly single radiometer payload on a CubeSat: Technology demonstration
- Pathfinder for an Earth radiation imbalance mission
- Directly addresses ERIS weaknesses
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Response to NASA AO NNH11ZDA012O on 29 September 2011

from the
Johns Hopkins University Applied Physics Laboratory
Principal Investigator: Lars P. Dyrud
Authorizing Offi cial: Timothy J. Galpin, Assistant Director

11-02822

Radiometer Assessment Using
Vertically Aligned Nanotubes



(Vertically aligned) carbon nanotubes are at the heart of 
RAVAN
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VACNT SEM image

RAVAN radiometer
head

RAVAN carbon nanotubes developed at APL with previous internal/external investments



VACNTs further developed and tested under RAVAN
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Gallium phase-change black bodies also demonstrated

• Demonstrate the use of a gallium closed-cell source for stability 
monitoring

RAVAN CubeSat Mission • NASA Small Spacecraft Systems Virtual Institute Community of Practice Webinar • bill.swartz@jhuapl.edu

T

Tm
29.76°C

Heat energy

solid
solid + 
liquid liquid

– Repeatable, stable IR source

– Degradation monitoring
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Radiometer, black body designs
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Figure 2, below, shows a cross section of a VACNT shortwave radiometer along with a 
photograph of the detector prior to integration. Both the baffle and the heatsink are screwed to 
the spacecraft, which is not shown. The heatsink mounts provide thermal isolation from the 
spacecraft; they are made of Ultem®—a very strong plastic with low thermal conductivity. The 
sapphire dome is soldered to the heatsink and maintains a stable long wave infrared 
background. Sapphire was chosen over quartz for its high thermal conductivity which minimizes 
temperature gradients.  
 

 

 
 

Figure 2. VACNT shortwave radiometer solid model cross-section and photograph of assembly without the baffle prior to 
integration, top and bottom panels, respectively.  
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temperature gradients.  
 

 

 
 

Figure 2. VACNT shortwave radiometer solid model cross-section and photograph of assembly without the baffle prior to 
integration, top and bottom panels, respectively.  

 

 
Figure 3. Cavity shortwave radiometer solid model cross-section and photograph, top and bottom panels, respectively. 

2.2 Gallium Black Bodies 

 

 
 
Figure 4. (Top panel) Solid model cross-section of one of the two Gallium BB reference sources that is integrated into each door 
(light gray). The Gallium is contained by a 1-mm thick Silicon wafer (dark grey), a rubber gasket (green), and a stainless-steel 
cover (red). A clamp (orange) compresses the two gaskets; the lower forms a seal between the cover and Silicon wafer while the 
upper allows for vertical expansion of the contained volume during a freezing transition. A Teflon gasket prevents facture of the 
silicon wafer and provides some thermal isolation from the doors. (Bottom panel) Photograph of a detached door showing the 
emitting side of a Ga BB reference source. Note that the photograph contains a temporary cover used to protect the VACNT 
surface prior to integration.  
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Figure 4. (Top panel) Solid model cross-section of one of the two Gallium BB reference sources that is integrated into each door 
(light gray). The Gallium is contained by a 1-mm thick Silicon wafer (dark grey), a rubber gasket (green), and a stainless-steel 
cover (red). A clamp (orange) compresses the two gaskets; the lower forms a seal between the cover and Silicon wafer while the 
upper allows for vertical expansion of the contained volume during a freezing transition. A Teflon gasket prevents facture of the 
silicon wafer and provides some thermal isolation from the doors. (Bottom panel) Photograph of a detached door showing the 
emitting side of a Ga BB reference source. Note that the photograph contains a temporary cover used to protect the VACNT 
surface prior to integration.  
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Compact (1U) payload hosts radiometers, Ga black bodies
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Cavity

radiometers

VACNT

radiometers

Gallium

source

Gallium

source

Doors

10 cm
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Cavity 

SW

Cavity 

Total

VACNT 

Total

VACNT 

SW

GaBB

GaBB
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RAVAN Payload



Earth, solar, and cold space views
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RAVAN (~575 km)

130° FoV

March 16, 2022

(dark space)
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Near-death experiences (selected)
• Proposed APL CubeSat bus not really an option
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“Just wait. It will get worse.”—Phil Huang
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Bus was a moving target
Quoting Y1 Annual Review (mid-2014):

• State-of-the-art advances since MBD 

(ORS Tech) design/development

• Radios need updating (frequency 

allocation)

• Attitude control (pointing limitations)
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Original plan was APL 
ORS-Tech bus 
(launched Nov 2013)

Preliminary BCT concept



Payload fits, with room to spare
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GlobalStar
Radio

GlobalStar Antenna Deployment 
Switch

Deployment Switch

Tracker Baffle

6 Cell Battery Pack

GPS Antenna
UHF Antenna

Payload Adapter Housing

Payload Thermal Control
- Heaters
- Thermistors

RAVAN 
Instrument

Tracker Lens

Lithium Radio

GPS

3X Torque 
Rods

Flex Circuit 
Harnessing

Release Mechanism
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Near-death experiences (selected)
• Proposed APL CubeSat bus not really an option

• Choice: Gamble on early, uncertain launch (with “success-oriented” schedule) vs. wait 

two years for CSLI

• Payload delivery delay and late-in-the-game bus problems use every bit of launch 

integrator schedule margin
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“Just wait. It will get worse.”—Phil Huang
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RAVAN at Blue Canyon
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RAVAN flight spacecraft
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RAVAN in perspective
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RAVAN

March 16, 2022 28

Suomi NPP (pre-launch configuration)



RAVAN, ready for launch vehicle integration
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(b) Credit: Tyvak/Cal Poly
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Near-death experiences (selected)
• Proposed APL CubeSat bus not really an option

• Choice: Gamble on early, uncertain launch (with “success-oriented” schedule) vs. wait 

two years for CSLI

• Payload delivery delay and late-in-the-game bus problems use every bit of launch 

integrator schedule margin

• Obtained FCC license one day before dis-integration from launch vehicle

March 16, 2022RAVAN CubeSat Mission • NASA Small Spacecraft Systems Virtual Institute Community of Practice Webinar • bill.swartz@jhuapl.edu

“Just wait. It will get worse.”—Phil Huang
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Atlas V rocket, before original launch day (9/15/16)

Source: Spaceflight Now
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Launch scrub #2 (wildfires): Sun 9/18/16
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Launched Nov 11, 2016
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Credit: United Launch Alliance, 
Lockheed Martin

RAVAN (~575 km)

130° FoV

Launch 11/11/16

RAVAN 3U CubeSat

Blue Canyon Technologies bus

March 16, 2022

(dark space)
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Near-death experiences (selected)
• Proposed APL CubeSat bus not really an option

• Choice: Gamble on early, uncertain launch (with “success-oriented” schedule) vs. wait 

two years for CSLI

• Payload delivery delay and late-in-the-game bus problems use every bit of launch 

integrator schedule margin

• Obtained FCC license one day before dis-integration from launch vehicle

• Communication problems

- None for first 11 days
- Winter weather at ground station (Boulder, CO)
- Ground interference
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“Just wait. It will get worse.”—Phil Huang
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“First Light”: The VACNT and cavity radiometers 
track very well
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(eclipse) (eclipse)

Cavity 
SW

Cavity 
Total

VACNT 
Total

VACNT 
SW
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Near-death experiences (selected)
• Proposed APL CubeSat bus not really an option

• Choice: Gamble on early, uncertain launch (with “success-oriented” schedule) vs. wait 

two years for CSLI

• Payload delivery delay and late-in-the-game bus problems use every bit of launch 

integrator schedule margin

• Obtained FCC license one day before dis-integration from launch vehicle

• Communication problems

- None for first 11 days
- Winter weather at ground station (Boulder, CO)
- Ground interference

• Bus SD card failure
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“Just wait. It will get worse.”—Phil Huang

36



Payload data not continuous but provided what we 
needed for tech demo
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Bus 
commissioning

Winter 
weather

Bus SD card failure

UHF interference @450 MHz

APL/BCT firmware update to 
restore payload telemetry

Lessons learned from RAVAN on-orbit operations have been 
implemented in future experiments
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Gallium melt provides repeatable reference
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Gallium melt temperature consistent

RAVAN CubeSat Mission • NASA Small Spacecraft Systems Virtual Institute Community of Practice Webinar • bill.swartz@jhuapl.edu March 16, 2022 39



Gallium melt observed by radiometer
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BB temperature

Radiometer signal
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BB: Instrument long-term stability, but short-term 
fluctuations
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Ga BB 
observations

Black body for VACNT Total channel failed in March 2017

0.1%

0.1%

0.
1%

Climate 
accuracy 
goal
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Solar: Instrument long-term stability, but short-term 
fluctuations
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VACNT Total

0.1%

VACNT SW
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Solar Stares

0.
1%

Climate 
accuracy 
goal

0.1%



Solar (eclipse) observations
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Earth-viewing dataset is episodic (not by design!)
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Data downlink hampered by 
ground-level UHF interference
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Nadir observations of outgoing flux well correlated: 
Old tech vs. new tech

March 16, 2022RAVAN CubeSat Mission • NASA Small Spacecraft Systems Virtual Institute Community of Practice Webinar • bill.swartz@jhuapl.edu

Total

SW
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VACNT and cavity radiometers well correlated,
but with absolute differences of 3 and 6%
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Total SW
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Qualitative agreement with CERES TOA flux
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a compensation between RSF cooling and OLR heating. The exceptions are the marine stratocumulus
clouds for which the RSF cooling is not compensated by OLR heating.

Figure 4. The 10-year mean CERES EBAF Reflected Solar Flux.

Figure 5. The 10-year mean CERES EBAF Outgoing Longwave Radiation.

Figure 6 shows the climatology of the OLR from the ERBS WFOV between +/� 57 degrees
from 1985 to 1997. Although it clearly has a lower spatial resolution than CERES—see Figure 5— it shows
similar features.
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Figure 6. The 13-year mean ERBS Wide Field Of View (WFOV) Outgoing Longwave Radiation.

6. Interannual Variability and Long-Term Changes

Tropical convection is caused by the diurnal wave of solar heating travelling around the Earth from
east to west. Land masses heat up more quickly than oceans, and therefore tropical convection occurs
preferentially over land. Two stable convection maxima—visible as OLR minima in Figure 5—exist
over the land masses of South America and Central Africa. A third convection maximum exists
around Indonesia, with a western branch towards the Indian Ocean, and an eastern branch towards
the Pacific. Since not much land is present in this area, the ‘Indonesian’ convection maximum is
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Figure 6. The 13-year mean ERBS Wide Field Of View (WFOV) Outgoing Longwave Radiation.

6. Interannual Variability and Long-Term Changes

Tropical convection is caused by the diurnal wave of solar heating travelling around the Earth from
east to west. Land masses heat up more quickly than oceans, and therefore tropical convection occurs
preferentially over land. Two stable convection maxima—visible as OLR minima in Figure 5—exist
over the land masses of South America and Central Africa. A third convection maximum exists
around Indonesia, with a western branch towards the Indian Ocean, and an eastern branch towards
the Pacific. Since not much land is present in this area, the ‘Indonesian’ convection maximum is

10-year mean CERES EBAF Flux, Dewitte et al. [2017]

CERES SW

CERES LW
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“Single-pixel camera” contains spatial information
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Single day (June 27, 2017) of RAVAN LW flux (Total – SW)



...however, wide FOV (130°)
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Single day (June 27, 2017) of RAVAN LW flux (Total – SW)



Spatial reconstruction from a single day of data
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MERRA-2

reanalysis,
TOA LW flux,
daily mean
June 27, 2017

Reconstruction:

RAVAN 

sampling 

of MERRA-2

hourly TOA 
LW flux

Reconstruction: RAVAN LW flux data

50



More satellites provide greater spatial (and temporal) 
resolution and less error
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10 satellites

1 satellite

Model

PDF of absolute error 
(W/m2) of individual pixels

1 sat

2 sats

10 sats
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Improvements for a future mission
• Climate-level thermal knowledge and control are challenging in a CubeSat

• Significant improvements in future RAVAN-type sensors on a larger small satellite
(more volume and power)

- Better active and passive temperature control of the electronics and the structures around the radiometers
- Better radiometer baffles, with more space afforded by an even modestly larger small satellite bus and/or 

fewer radiometers in close proximity, these baffles could be made deeper, which would help to minimize 
the glint associated with passing out of eclipse. Radiometers built with a narrower field of view, such as 
CERES and scanner radiometers in general, would allow for smaller baffles and better thermal control. 

- Better gallium black bodies, with more space along the optical axis allowing the doors to accommodate a 
cavity emitter and a longer melting transition. 

• More frequent calibration
- UHF interference often limited how often we could make observations, but capturing and understanding 

shorter-term changes would enable us to account for more payload variability. 

• Extensive pre-launch calibration
- Such calibration impossible for RAVAN given compressed launch schedule 
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RAVAN technology incorporated into subsequent projects
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VACNT low-TRL development 

(2003–2012)

APL IRAD; NASA

VACNT, Ga BB demonstration

RAVAN (2016)

NASA ESTO InVEST

VACNT radiometer/
BCT 6U bus
LASP CSIM (2018)
NASA ESTO IIP, 
InVEST

VACNT radiometer/
BCT 6U bus
LASP CTIM (2022)
NASA ESTO InVEST

VACNT BB emitter; Ga BB
LaRC/APL Trutinor next-gen “CERES”
LaRC IRAD (2018–2019)

 3 

 

Yolanda Shea, NASA Langley Research Center 
CLARREO Pathfinder   
 

Tom Stone, USGS Astrogeology Science Center, 
Flagstaff, AZ 

The Need for a New Solar Irradiance Reference Spectrum 
in Lunar Irradiance Modeling, with a focus on GSICS 
Needs 

 

Valerie Trouet, Univ. of Arizona, Laboratory of Tree-
Ring Research 

Reduced Caribbean Hurricane Activity during the Maunder 
Solar Minimum   

 

Lisa Upton, Space System Research Corp. (SSRC) 
Reconstructing Historical Sunspot Cycles with the 

Advective Flux Transport Model 
 

Location / Venue 
Tucson, AZ is 

most famous for its 
dramatic beauty! 
The Sonoran Desert 
covers this region 
with spectacular 
cacti – including the 
giant saguaro, a 
symbol of the 
American Southwest. They have captivated visitors for 
decades. To complement the legendary year-round sunshine 
and saguaro- and sunset-landscape, there are scenic 
mountain ranges surrounding the city. On the flip-side to its 
Old West heritage, Tucson offers a thriving visual and 
performing arts scene, not to mention the amazing 
restaurants (UNESCO designated City of Gastronomy). 
Once you immerse yourself in the laid-back atmosphere of 
Tucson, you may never want to leave! 

We will be meeting at the Tucson Marriott University 
Park Hotel, a state-of-the-art full service conference facility 
near the University of Arizona campus.  

 

Logistics and Registration 
 

Please visit the 2020 Sun-Climate Symposium website 
for logistical information, including maps and 
transportation options. Registration and lodging 
reservations are available *now*. 

 

   

http://lasp.colorado.edu/home/sorce/news-events/meetings/2020-scs/ 
   

 

Join us for this interesting symposium! 

TCTE / SORCE / TSIS Update – 
 

On June 30 the Total Solar Irradiance Calibration 
Transfer Experiment (TCTE) successfully finished its 
journey linking the SORCE TSI calibration scale with 
TSIS-1. The Solar Radiation and Climate Experiment 
(SORCE) is planning to conclude its historic mission on 
January 15. SORCE Phase F, starting the day after 
passivation, will continue through September 2020 to 
produce and archive the final data products. The Total and 
Spectral Solar Irradiance Sensor (TSIS-1) continues to 
produce high quality solar irradiance data on its perch 
aboard the International Space Station. TSIS is currently 
midway through its second year of a 5-year prime mission. 
And to keep things moving forward, preparations for TSIS-
2 have already begun – with a launch-readiness date of 
February 2023. Exciting! 

 

 
TSIS-1 onboard the International Space Station. 
 
 
 

CTIM Update – 
 

The Compact Total Irradiance Monitor (CTIM) is a 
technology demonstration mission funded by the NASA 
Earth Science Technology Office that will test a next-
generation TSI 
instrument on a 6U 
CubeSat. The key 
new technologies in 
CTIM are silicon 
bolometers with 
vertically-aligned 
carbon nanotube 
optical absorbers. 
These bolometers 
have higher optical 
absorptivity than 
the SORCE/TSIS 
TIM cavities with 
only 10% of the 
mass. The CTIM 

One CTIM engineering head showing 
four detectors. 
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VACNT radiometer array
LASP Black Array of Broadband Absolute Radiometers 
for Imaging Earth Radiation (BABAR)
NASA ESTO IIP-2019

VACNT radiometer
LASP Libera (2027)
NASA EVC-1



SRR/MDR I 19-20 January 2022 Science 54

NASA (APL) EZIE mission leverages RAVAN’s bus heritage

• Electrojet Zeeman Imaging Explorer (EZIE)
• Measurement of Electrojet Temporal Evolution:
- 3 6U CubeSat flying in a pearls-on-a-string 

formation with varying separation managed by 
differential drag.

• Measurement of Electrojet spatial structure:
- A compact payload consisting of four identical 

O2 118-GHz spectropolarimeters to remotely 
measure and image electrojet induced 
magnetic fields 

• Deployment orbit:
- Circular, 525- to 625-km altitude
- Near Sun-Sync, 09:00–11:00 or 

22:30–00:30 LTAN
- Launch Date:  Late 2024 or early 2025



Summary
• RAVAN (InVEST-2012) launched Nov 11, 2016 for 20-month mission

- Four radiometers worked well
- One (of two) gallium black bodies failed; the second performed throughout mission

• Primary conclusions

- NASA ESTO technology demonstration success
- Earth radiation budget science measurements harder problem

• The good

- Carbon nanotubes (“VACNTs”) work in space, specifically as radiometer absorbers
- Gallium phase-change black bodies for calibration monitoring
- Long-term stability demonstrated
- Qualitative (at least) agreement with reanalysis and CERES
- Reconstruction of spatial information from WFOV “single pixels”

• The “less good”

- Short-term fluctuations problematic (for 0.1% climate-level observations), most likely due to 
inadequate thermal knowledge and control

• RAVAN serves as a benchmark for future EEB science missions that use 

RAVAN technologies and/or smaller spacecraft 

March 16, 2022RAVAN CubeSat Mission • NASA Small Spacecraft Systems Virtual Institute Community of Practice Webinar • bill.swartz@jhuapl.edu

!  The objective of RAVAN is to demonstrate a 
radiometer that is compact, low cost, and 
absolutely accurate to NIST traceable 
standards.  

!  RAVAN and CubeSats allow for constellations 
that are affordable in sufficient numbers to 
measure Earth’s radiative diurnal cycle and 
absolute energy imbalance to climate 
accuracies (globally at 0.3 W/m2) for the first 
time. 

!  This is very aggressive….. 
"  We have a plan. 

Sensor Head continued 
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!  Two Channel Bolometric Sensor 
"  Total Channel 

•  responsivity out to >200 µm 
"  Short Wave (SW) Channel 

•  Sapphire Dome transmission ~150 nm to  ~6 µm 
"  Wide Dynamic Range of 1400 W/m2  

•  This covers the Earth (100 to 750 W/m2) and the Sun (1361 W/m2) 
"  WFOV ~130 Degrees  

•  Which is wider than the Earth disk 
•  FOV defined by the Earth disk and a precision NIST measured aperture 

"  Vertically Aligned Carbon Nano Tubes (VACNT) 
•  Capable of Spectrally Flat absorbtance from UV to < 200 µm 
•  SW: SIRCUS-Type Spectral Resp.Cal 1σ<0.05% 
•  Full solar reflected range 

"  Fixed-Point Gallium BB in Cover 
•  Repeatable and Stable Source  

-  Goal: 1σ 0.005 K (.03 W/m2 ) 

!  VACNT Investigation 
"  Spectral Absorptivity is the key  

RAVAN Sensor Head 

23 APL Proprietary 

Images)from)NanoLab)Inc.)

Payload

RAVANSwartz, W. H., et al. (2019), RAVAN: CubeSat demonstration for multi-point Earth radiation budget measurements, Remote Sens., 11, 796.
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