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ERI is most important quantity for climate change


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|
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[Trenberth et al., 2009]


TOR: SW
 TOR: LW
TSI/4


ERI = TSI/4 – (TORSW + TORLW) ≈ ?


Total Outgoing Radiation
 Total Outgoing Radiation
Total Solar Irradiance


(ERI = Earth Radiation Imbalance)
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The problem is the absolute value of ERI
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(–1 → –8): Reanalysis [Trenberth et al., 
2011] 


(–2 → +7): Satellite [Loeb et al., 2009] 


Oceanographers [Trenberth, 2009; Lyman et al., 2010; von Schuckmann et al., 2009] 


Climate models [Hansen et al., 2005]; Combination of models and observations 
[Trenberth et al., 2011] 

Climate models [Hansen et al., 2011] 


Satellite [Loeb et al., 2012] 


Note: Not comprehensive, and not all the same time periods 
considered.


ER
I: 

W
/m

2


This is a very challenging measurement to make from 
space.
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Argo network informs our view of OHC




What we need is an “Argo” in space for TOR


•  Accurate, un-tuned measurements of TOR

•  Global, simultaneous, 24/7 coverage

•  Diurnal sampling of rapidly varying phenomena


–  Clouds

–  Plants

–  Ozone/photochemistry

–  Aerosols
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The maturation of smallsat/hosted payload 
and constellation technology provides an 
opportunity for taking a big step forward in 
Earth radiation budget science.




RAVAN is a pathfinder for an ERB constellation
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•  RAVAN: Radiometer Assessment using 
Vertically Aligned Nanotubes


•  CubeSat (a single CubeSat) mission funded 
through NASA ESTO’s InVEST program


•  Combines

– Compact, low-cost radiometer that is absolutely 

accurate to NIST-traceable standards (L-1/APL)

– VACNT radiometer absorber (APL)

–  3U CubeSat bus (Blue Canyon)

– Process engineering analysis (Draper)


•  Launch in 2016(?)

•  Is a technology demonstration


RAVAN payload




RAVAN CubeSat Mission • bill.swartz@jhuapl.edu • Sun–Climate Symposium • 11/12/15
 7


CubeSats are apparently impossible to define

E
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LANDSAT-8 TACSAT-2 PROBA-V O/OREOS 

“CubeSats”


Classically based on 

10 cm x 10 cm x 10 cm “Unit” (U)


1U CubeSat


0

2000
 2015


CubeSats launched each year, by mission type [M. Swartwout 
database]
120




Why a CubeSat experiment?


•  CubeSats provide a reasonably fast, 
inexpensive means to test new hardware 
and techniques on orbit.


•  Increasingly used as a platform for science 
observations.
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RAVAN Technology objective #1: VACNT


•  Demonstrate the use of a vertically aligned carbon 
nanotube (VACNT) absorber within a radiometer 
for high-accuracy on-orbit measurements
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trolled heat sink and cavities. The ERIS mission 
does not have the space, mass or power that was 
available to NISTAR; therefore, the ERIS de-
tector design includes, in addition to the out-
ward looking cavity, a reference cavity viewing 
the inside of the instrument. The temperature 
sensors of the two cavities are connected in op-
posing arms of a resistive bridge which will 
compensate for signal noise produced by the 
thermal characteristics of the instrument hous-
ing. Most prior Earth radiation budget (ERB) 
instruments and all of the total solar irradiance 
instruments have employed this type of refer-
ence cavity design (or reference thermistor flake 
design) with a resistive bridge to remove com-
mon mode thermal changes. 

Vertically Aligned Carbon Nanotube De-
sign Heritage. The Sensor Science Nano/Micro 
Systems group lead by Dr. Stergios Papadakis 
in the Milton Eisenhower Research Center at 
APL, has a history of providing vertically 
aligned carbon nanotube (VACNT) forests for a 
variety of terrestrial and space-based instrument 
applications [Papadakis et al., 2002; Papadakis 
et al., 2003]. Currently, these forests are being 
applied to internally funded stray light control 
applications in infrared (IR) instrumentation as 
well as two NASA ROSES projects, one to de-
velop photon blocking applications for solid-
state energetic particle detectors and another to 
develop field-emission-based harsh-environ-

ment electronics. Terrestrial applications are 
also ongoing to develop an IR scene projector in 
collaboration with APL’s Air and Missile De-
fense Department, and a field-emission-based 
terahertz source supported by the Office of Na-
val Research. APL can produce a large run of 
the ERIS-specified absorbers in a matter of 
weeks. 

Although most institutions, including APL, 
have no direct heritage with space qualified and 
flown VACNT technology it has been shown 
that these absorbers demonstrate extremely flat 
response across a wide wavelength range [Mi-
zuno et al., 2009] and have a number of favora-
ble material properties. Currently, Nanocomp, 
Inc., has operational nanotube technology on 
Juno (launched 5 August 2011), a classified 
DoD cubesat program (2011), and the Interna-
tional Space Station Materials International 
Space Station Experiment (MISSE) 8 (launched 
May 2011). APL currently has TRL-3 vertically 
aligned carbon nanotube technology that will be 
elevated to higher TRL under a trade study and 
space qualification activities during Phase A 
trade study (Fig. F-10). 

Modification for ERIS Mission. As dis-
cussed in section F.3.1, APL plans to mount the 
vertically aligned carbon nanotube absorbers 
for the form factor of ERIS and conduct per-
formance and environmental tests to raise the 
nanotube absorbers to TRL-6 by PDR. While 
the heritage cavity design derived from the 

 
Figure J10-8. An APL technician moves a fresh batch of 
vertically aligned carbon nanotube forests from one of the 
Laboratory’s tube furnaces. Currently these forests can 
be grown in one day or less. 

 
Figure J10-9. Growth from rectangular-patterned catalyst 
region of VACNT substrate. 
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–  Very black, and spectrally flat from UV to far-IR

–  Fast(er) response time

–  Very low mass


1 
m

m





VACNTs grown at APL

•  Silicon wafer is covered with catalyst layer

•  Chemical vapor deposition using ethylene as the carbon source is 

used to produce the VACNT growth

•  Post-growth modification (vapor modifications, plasma etching)

•  IR reflectivity measured to ~16 μm at APL

•  Characterization (likely at NIST) to 100 μm

•  Survive launch simulation (vibration test)
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Technology objective #2: Gallium blackbody


•  Demonstrate the use of a gallium closed-cell 
source for calibration transfer
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Payload includes four radiometer heads

•  Pair of two-channel 

differential bolometric 
sensors

–  Pair #1: VACNT absorber

–  Pair #2: Cavity absorber


•  Total channel(s)

–  UV to 200 μm


•  Shortwave channel(s)

–  Sapphire dome(s)

–  UV to ~5.5 μm


•  Fixed-point gallium BB in 
cover (2)


•  WFOV: ~130° (whole Earth 
disk)


•  SMaP (payload only)

–  Size (volume): <1 U 

(10×10×10 cm3)

–  Mass: <1 kg

–  Power: ~1.9 W (average)
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1 

Mechanical Design 

Cavity  
Radiometers 

VACNT  
Radiometers 

Gallium 
Source 

MASS:  Detectors: 120 g 
  Doors & drive train: 280 g 
  Enclosure: 280 g 

RAVAN BCT PDR • Blue Canyon Technologies • March 26, 2015 

Gallium 
Source Doors 

<1 U (10x10x10 cm3)

<1 kg

<1.9 W (orbit average)


Na
di
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Nadir
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VACNT radiometers smaller and faster


Radiometer FoVs (130°)


VACNT radiometer


Cavity radiometer


VACNT 
radiometer


Cavity 
radiometer


Door stepper 
motors


(payload electronics not shown)




RAVAN CubeSat Mission • bill.swartz@jhuapl.edu • Sun–Climate Symposium • 11/12/15
 14


Earth disk subtends RAVAN FoV


RAVAN


130° FoV




RAVAN capability objectives


•  Provide better than 0.3 W/m2 (climate 
accuracy) absolute Earth outgoing 
radiation measurements


•  Establish an accuracy standard that 
remains stable over time on orbit


•  Provide radiometer units that are 
manufacturable and calibratable at low 
cost so that the required constellations 
remain affordable
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Getting to climate accuracy


•  Ground calibration (at L-1)

–  Component-level and end-to-end calibrations


•  Tied directly to NIST

•  Operational level cal in TVAC chamber

•  Laser-based measurements (SW channel)


–  Fixed-point gallium BB (Total channel)

•  1σ 0.005K (0.03 W/m2)


•  On-orbit calibration: Ga blackbody emitter

–  Transfer standard for Total channels

–  Degradation monitor of both primary and secondary 

Total channels

–  Ga BB coupled with solar and space looks gives offset 

and degradation monitoring

•  Modes of operation/calibration (next slide)
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Multiple modes calibrate instrument on-orbit


Nadir


Solar
 Deep 

space


Internal (Ga BB)
 Cross-cal




RAVAN will fly on a 3U CubeSat

•  Using Blue Canyon Technologies 

XB1 3U bus

–  Integrated XACT attitude 

determination and control system 
(several upcoming launches starting 
in fall 2015)


–  GN&C for 3-axis control, GPS 
receiver, and stellar navigation


–  Electrical power subsystem, 
including batteries and solar arrays


–  Spacecraft command and data 
handling


–  RF communications

•  Radiometer payload occupies 

less than 1U volume (<10×10×10 
cm3)


•  Sensor is typically nadir-pointing
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Mission parameters to achieve objectives


•  Orbit

– Provided by NASA’s CubeSat Launch Initiative

– Desire high (>550 km), high-inclination, not sun-

sync orbit…or sun-sync similar to CERES

– Waiting in queue; Possible launch date: 2016


•  Mission operations

–  1 month check-out

–  4 months minimum operation for demonstration 

(achieves technology and science goals)

– >1 year operation desired (allows for more TOR 

data for comparison with CERES) 
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!  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 

22 APL Proprietary 

!  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.)

Funding: NASA 

Earth Science 
Technology Office


•  RAVAN demonstrates key technologies (VACNT 
absorber, Ga blackbody) for possible ERB mission


•  Flying on a 3U CubeSat

•  Launch 2016(?)



