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ES1: History, specifications, and processing of ARM spectral instruments
Additional information on the history and data processing (corrections applied, calibration, 
and reported products) of ARM’s four hyperspectral instrument types are described below.

Rotating Shadowband Spectroradiometer (RSS). The RSS provides hyperspectral measure-
ments of the downwelling direct and diffuse irradiance. Three versions of RSS have been used 
for measurements in the ARM program (Harrison et al. 1999). All versions use a fore-optic similar 
to that in the MFRSR (Harrison et al. 1994) incorporating a transmissive diffuser of Spectralon 
having an approximately Lambertian response followed by an integrating cavity from which 
light exits. While the MFRSR incorporates seven internal detectors to obtain simultaneous mea-
surements at several discrete filter-selected wavelengths, the RSS incorporates an internal slit, 
two prisms, imaging optics, and an array detector to record a continuous spectrum from 360 
to 1,070 nm with spectral resolution ranging between 0.6- and 7-nm full-width half-maximum 
(FWHM). The first RSS version used a 512-pixel silicon diode array. The second and third versions 
used a charge-coupled device (CCD) array with 1,024 pixels. Despite a problem with internal 
outgassing and deposition of condensate on the detector array in the first CCD version, useful 
data were produced by frequently calibrating the instrument against a reference lamp to com-
pensate for response change with condensate buildup (https://iop.archive.arm.gov/arm-iop/0pi-data/
kiedron/rss105/). In the third RSS version the detector was enclosed in a vacuum housing and 
operated well for 4.5 years before experiencing electronic failure and being decommissioned 
in February 2014 (Michalsky and Kiedron 2020, unpublished manuscript).

Final processed data from the RSS consist of direct normal, diffuse hemispheric, and global 
horizontal spectral irradiances (based on lamp calibration) and atmospheric transmittance 
for the same three quantities inferred from Langley calibration. Each of these irradiance and 
transmittance components have “cosine corrections” applied to correct for deviation from 
true Lambertian response. Aerosol optical depths are calculated from the direct normal 
transmittance for times when the sun is unobstructed by clouds and for wavelengths not 
contaminated by absorbing gas species. Figure ES1 is an example of the global horizontal 

Fig. ES1. (left) Clear-day direct normal, diffuse horizontal, and global (or total) horizontal irradi-
ances (dni, dhi, and ghi, respectively) near solar noon on 27 Oct 2009. (right) The same components 
in transmission. Note the wavelength structure mostly disappears for the features that have a 
solar origin (mostly shorter wavelengths), but remain for the atmospheric constituents.

https://iop.archive.arm.gov/arm-iop/0pi-data/kiedron/rss105/
https://iop.archive.arm.gov/arm-iop/0pi-data/kiedron/rss105/


A M E R I C A N  M E T E O R O L O G I C A L  S O C I E T Y M A R C H  2 0 2 1 E64

(ghi), diffuse horizontal (dhi), and direct normal (dni) spectral irradiances near solar noon 
on a clear day and the corresponding transmission for the same time. Note the structure in 
the spectra on the left are caused by solar absorption features plus molecular absorption in 
the Earth’s atmosphere. In transmission on the right the solar absorption features are mostly 
eliminated with only terrestrial molecular bands due to ozone, oxygen, and most importantly 
water vapor. The complete datasets from the latest RSS version are available from ARM via 
https://iop.archive.arm.gov/arm-iop/0pi-data/michalsky/RSS/.

Shortwave Array Spectrometer–Hemispheric (SASHe). The SASHe systems were de-
signed and built at the Pacific Northwest National Laboratory (PNNL) by Connor Flynn, 
Albert Mendoza, Dan Nelson, and Derek Hopkins in consultation with Joe Michalsky and 
Peter Kiedron at NOAA in 2010. The SASHe is patterned on the well-known Multi-Filter 
Shadowband Radiometer (MFRSR) (Harrison et al. 1994) and RSS (described above) in 
using a transmissive diffuser with an internal integrating cavity and an actively con-
trolled shadowband to measure the direct solar and diffuse hemispheric components of 
solar irradiance. However, while the MFRSR simultaneously measures several discrete 
filter-selected wavelengths simultaneously the SASHe incorporates two grating array 
spectrometers to measure a continuous spectrum of thousands of wavelengths span-
ning the range from 340 to 1,700 nm. A fiber-optic umbilical leads from the collector to a 
cooler integrated into the instrument rack where collected light is divided between two 
fiber-coupled Avantes spectrometers: ULS-2048 CCD with spectral response from about 
340–1,015 nm and NIR256–1.7 with spectral response from about 970–1,700 nm. The 
spectral resolution is about 2.4 nm for the ULS-2048 and 6 nm for the NIR256 with pixel 
spacing of about 0.5 nm for the ULS-2048 and about 3.5 nm for the NIR256–1.7 such that 
adjacent pixels share some spectral response. ARM deploys two SASHe systems, one at 
SGP and the other with the AMF1.

The Avantes spectrometers are delivered with vendor-determined wavelength registration 
stored in the spectrometer as a multiterm polynomial that provides the center wavelength of 
each pixel which has been confirmed by reference to known emission lines observed from 
an Hg-Ar discharge lamp.

Following the established practice of the MFRSR and RSS, the response of the SASHe fore-
optic to incident angle was measured from horizon to horizon along the north–south and 
east–west planes. The cosine correction required to recover true Lambertian response at an 
angle of incidence is interpolated between these cardinal planes.

IrradIance calIbratIon. Prior to deployment and infrequently thereafter, nominal irradiance 
calibrations were obtained for the SASHe systems from direct measurement of National Insti-
tute of Standards and Technology (NIST)-traceable quartz–tungsten–halogen (QTH) lamps. 
These are the irradiance values and spectral responsivities contained in the SASHe b-level 
files. These are termed “nominal calibrations” because in practice even well-characterized 
lamps have typical calibration uncertainties of several percent which propagate to unac-
ceptably high errors in optical depth. Therefore, following established ARM practice for the 
MFRSR, after nominal lamp calibration, the SASHe is subsequently calibrated via a collection 
of Langley regressions which yield the instrument response in self-normalized atmospheric 
transmittance which may then be used to infer irradiance via when reference values for top-
of-atmosphere solar irradiance values. The Langley-calibrated atmospheric transmittance and 
a reference solar spectrum are provided in the SASHe c-level aerosol optical depth (AOD) files. 
However, Langley calibration is not applicable for regions contaminated by strong absorp-
tion features. For these regions, scaling of the lamp-derived spectral response to agree with 
the amplitude of the Langley calibrations is expected to provide the most accurate spectral 

https://iop.archive.arm.gov/arm-iop/0pi-data/michalsky/RSS/
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irradiance values. This has not been implemented but may be applied by the end user with 
the responsivities provided in the b-level and c-level products.

Linear response as a function of intensity or raw detected amplitude is assessed by 1) expos-
ing the instrument to a range of calibrated intensities and confirming consistent proportional 
response, and 2) exposing the instrument to a constant stable light source while varying spec-
trometer integration times to span the dynamic range of the spectrometer analog-to-digital 
(A/D) converters. These measurements indicate acceptable linear response over the major-
ity of the SASZe operating range so ARM does not currently apply nonlinearity corrections 
to SASZe radiances. Measurements of internal spectrometer stray light indicate significant 
effects only near the wavelength limits of each spectrometer. Although when expressed as 
irradiance these effects appear small, they propagate to unacceptable biases during Langley 
calibration generating nonphysical below-Rayleigh optical depths. As a result, ARM imple-
mented an empirical stray light correction. This correction has negligible effect over most of 
the spectral range but prevents nonphysical optical depth values for wavelengths near the 
response limits of the spectrometers.

Known Issues. The SASHe active motion control of the azimuthal stage and shadowband op-
eration has reliability issues stemming from mechanical backlash leading to periods when 
the Langley-derived calibrations are inaccurate. Comparisons between AOD retrieved from 
SASHe and collocated MFRSR and Cimel sun photometers provide a means of identifying 
periods when SASHe band alignment is confident. Data quality assessment is an active pro-
cess within the ARM program and is integrated with the ARM Archive data ordering tools 
such that by default periods when data quality issues have been identified are excluded from 
data deliveries.

Shortwave Array Spectrometer (SWS). The SWS, designed and built by Pilewskie et al. at 
NASA Ames Research Center, similar to an airborne spectrometer instrument, Solar Spectral 
Flux Radiometers (SSFR; Pilewskie et al. 2003), measures downwelling zenith radiance at 
1 Hz over the continuous wavelength range from 350 to 2,150 nm. It consists of a vertically 
oriented optical collector mounted outdoors connected to a rack-mounted data acquisition 
system housed away from the elements. The optical collector incorporates a collimation lens 
yielding a field of view of about 2.5° full-width half maximum (FWHM) with a wavelength 
dependence varying less than 1% over the full wavelength range. A fiber optic umbilical con-
nects the collector to the rack-mounted data acquisition system where the collected light is 
divided between two fiber-coupled Zeiss spectrometers: model MMS 1 (NIR enhanced) with 
a spectral range from about 350–1,015 nm and model NIR-PGS 2.2 with a spectral range from 
about 970–2,170 nm. The spectral resolution is about 8 nm for the MMS and 12 nm for the Plane 
Grating Spectrometer (PGS), with pixel spacing of about 3.5 nm for the MMS and between 
4.5 and 6 nm for the PGS such that the spectral radiance is oversampled and adjacent pixels 
share some spectral response.

The SWS was deployed at the ARM Southern Great Plains (SGP) site from May 2006 through 
April 2015. In 2015, the SWS was taken offline for renovation and migration to a supportable 
architecture. The renovated SWS was redeployed to the ARM Eastern North Atlantic (ENA) site 
in April 2017 with a data acquisition system using National Instruments components and a 
Windows-based laptop. The original optical collector, fiber-optic umbilical, and Zeiss spectrom-
eters were retained in the renovated system so the optical specifications remain unchanged.

The Zeiss MMS and PGS spectrometers are delivered with vendor-determined wavelength 
registration stored in the spectrometer as a multiterm polynomial that provides the center 
wavelength of each pixel, which has been confirmed by reference to known emission lines 
observed from a Hg-Ar discharge lamp.
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The linearity of the SWS detectors response as a function of intensity or raw detected am-
plitude has been assessed by 1) exposing the instrument to a range of calibrated intensities 
and confirming consistent response, and 2) exposing the instrument to a constant stable 
light source while varying spectrometer integration times to span the dynamic range of the 
spectrometer A/D converters. These measurements indicate acceptable linear response over 
the majority of the SWS operating range so ARM does not currently apply nonlinearity correc-
tions to SWS radiances. Measurements of internal spectrometer stray light indicate negligible 
contributions except near the wavelength limits of each spectrometer. ARM processing does 
not currently apply stray light corrections to SWS data.

The SWS radiance measurements are calibrated by reference to NIST-traceable sources at 
NASA Ames, NASA GSFC, or on site on an approximately annual basis. Depending on the 
calibration source used, uncertainties are variously quoted at between 1% and 3% over most 
of the SWS spectral range. This should be recognized, however, as a lower limit that applies 
at the time of calibration, and the radiance measurements collected in the field will have an 
effective uncertainty up to several times larger in the worst case, such as after weather events 
resulting in contaminated optical surfaces persisting until the optical surfaces are cleaned 
by local staff. As an alternative to relying exclusively on stabilized, calibrated light sources 
as calibration references, ARM is investigating use of a traveling reference spectroradiom-
eter. This effort can follow the strategy that was successfully employed by researchers at the 
Physikalisch-Meteorologisches Observatorium Davos and World Radiation Center (PMOD/
WRC) who used the Quality Assurance of Spectral UV Measurements in Europe (QASUME) 
instrument to develop a World Calibration Center (WCC) for UV measurements (Gröbner and 
Sperfeld 2005; Hülsen et al. 2016). In contrast to light-source references which exhibit uncer-
tainty of up to a few percent, the QASUME reference instrument has demonstrated repeatability 
to within a few tenths of a percent in the UV.

data collectIon and processIng. The SWS instrument produces data files containing raw 
spectra and housekeeping measurements, all averaged to 1 Hz. Raw files from SGP were 
stored in a proprietary binary format (description is available upon request) containing 
all measurements from both spectrometers in a single file. Raw data from ENA are stored 
as ASCII files, one for each spectrometer along with all relevant housekeeping measure-
ments and metadata. In both binary and ASCII versions, multiple raw spectra measured 
over fixed integration times on the scale of milliseconds are averaged and reported at 
1 Hz. An external shutter located in the optical collector is alternated periodically to per-
mit identification of “dark” spectra collected when the shutter was closed and no zenith 
light presented.

The processing of SWS spectral radiances by ARM is relatively straightforward. Dark 
spectra are identified, screened for aberrant shutter operation, and smoothed with a 10-min 
boxcar. Smoothed averaged dark spectra are subtracted from the raw spectra collected when 
the shutter was open to yield uncalibrated “light” spectra. Dividing by the integration time 
yields uncalibrated light count rates. Dividing light count rates by the spectral responsivity 
(obtained from the aforementioned radiance calibrations) yields calibrated spectral radiance 
for each spectrometer. At SGP, the spectra from both spectrometers were merged using a slid-
ing average over the overlapping wavelength region to produce a single continuous spectrum. 
Processing is currently underway for SWS data at ENA to report distinct calibrated spectra 
for the MMS and PGS spectrometer.

Known or potentIal data Issues. 1 April 2006 to 30 January 2009: Sunlight incident on col-
lector optics contributes to artificially high sky radiances. Measurements in full overcast 
conditions are unaffected, but measurements under partly cloudy or clear sky conditions are 
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susceptible to significant artifacts becoming more serious with increasing wavelength. This 
problem was eliminated by incorporation of a baffle preventing direct solar incidence on the 
collection optics except when the sun is within 5° of zenith.

1 April 2008 to 23 August 2008: Intermittent PGS spectrometer temperature control issues 
rendering the NIR spectra useless for extended periods. Do not use NIR spectra within 10 
min of abrupt changes in InGaAs detector temperature. This problem continued with less 
frequency until 3 December 2012 when the electronics panel was renovated.

All SGP data: The shutter incorporated in the collector occasionally fails to actuate fully 
which can yield abnormally high dark measurements (not truly dark conditions), abnormally 
low radiance measurements (view of the sky is partly obstructed), or both. Processing cur-
rently under development at ENA attempts to identify and exclude these events, this was not 
implemented while the SWS was deployed at SGP.

Shortwave Array Spectrometer–Zenith (SASZe). The SASZe systems, designed and built by 
Connor Flynn, Albert Mendoza, Dan Nelson, and Derek Hopkins at PNNL, measure down-
welling zenith radiance at 1 Hz over the continuous wavelength range from 340 to 1,700 
nm. The SASZe includes a vertically oriented optical collector mounted outdoors and a rack-
mounted data acquisition system located indoors. The optical collector incorporates a reflective 
collimator yielding a 1° FWHM field of view at all wavelengths. A fiber optic umbilical leads 
from the collector to a cooler integrated into the instrument rack where collected light is di-
vided between two fiber-coupled Avantes spectrometers: ULS-2048 CCD with spectral response 
from about 340–1,015 nm and NIR256–1.7 with spectral response from about 970–1,700 nm. 
The spectral resolution is about 2.4 nm for the ULS-2048 and 6 nm for the NIR256 with pixel 
spacing of about 0.5 nm for the ULS-2048 and about 3.5 nm for the NIR256–1.7 such that 
adjacent pixels share some spectral response.

ARM deploys two SASZe systems, the SASZe1 is usually at SGP while the SASZe2 travels 
with the ARM Mobile Facility 1 (AMF1). The SASZe design has evolved from initial deploy-
ment to the current configuration. The initial design required careful north–south align-
ment and motion control of a shadow band to prevent direct sun exposure of collector optics 
and to maintain alignment of a linear polarizer at 45° with respect to the sun to minimize 
sensitivity to the degree of polarization (DoP) of skylight. This design was used with the 
SASZe1 at SGP until July 2012 and with SASZe2 at Nanital (PGH, 2011–2012) and Cape Cod 
(PVC 2112–2113). In August 2010, the SASZe1 collector was modified to support deployment 
on a cargo vessel for the MAGIC field campaign (MAG 2012). Passive baffle tubes were 
used to reduce exposure of the optics to direct sun. The linear polarizer was replaced by 
two depolarizers in series to reduce sensitivity to the DoP of skylight to negligible levels. 
This design modification was retained when SASZe1 returned to SGP in January 2014, 
and was also propagated to the SASZe2 in August 2013 in advance of AMF1 deployment to 
Manacampuru (MAO).

The Avantes spectrometers are delivered with vendor-determined wavelength registration 
stored in the spectrometer as a multiterm polynomial that provides the center wavelength of 
each pixel which has been confirmed by referencing known emission lines observed from a 
Hg-Ar discharge lamp.

Assessments for linear response as a function of intensity are tested in the same method 
as the SWS (see above section for details). Like the SWS, ARM does not currently apply non-
linearity corrections or stray light corrections to SASZe data.

Like the SWS, the SASZe systems are calibrated by reference to NIST-traceable sources on 
an approximately annual basis for the SGP or between deployments for the AMF1. Depending 
on the source used, uncertainties provided are variously quoted at between 1% and 3% over 
most of the SASZe spectral range. As with the SWS, this should be recognized as a lower 
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limit that applies at the time of calibration. Radiance measurements in the field will have 
an effective uncertainty up to several times larger in the worst case, such as after weather 
events resulting in contaminated optical surfaces persisting until the optical surfaces are 
cleaned by local staff. SASZe radiance comparisons versus NFOV2 and Cimel zenith radi-
ances (from PPL and cloud mode) typically confirm acceptable agreement to within several 
percent for the ULS-2048 spectrometer while systematic discrepancies as large as 10%–15% 
have sometimes been observed for the NIR256 spectrometer. The source of these apparent 
discrepancies has not been identified. As with the SWS, ARM is investigating calibrating the 
SASZe relative to a traveling reference spectroradiometer following the successful strategy 
employed by researchers at PMOD/WRC showing potential to achieve repeatability to within 
a few tenths of a percent.

Data collection and processing: The SASZe instrument produces ASCII data files, one per 
spectrometer, containing raw spectra and housekeeping measurements averaged to 1 Hz. 
The data are stored in comma-separated columns preceded by several rows of metadata. Raw 
spectra measured over fixed integration times on the scale of milliseconds are averaged and 
reported at 1 Hz. A shutter is alternated periodically to permit identification of dark spectra 
collected when the shutter was closed and no light was present.

The processing of SASZe spectral radiances by ARM is similar to that of the SWS. Dark 
spectra are identified and subtracted from the raw spectra collected when the shutter was 
open to yield uncalibrated light spectra. Dividing by the integration time yields uncali-
brated light count rates. Dividing the light count rates by the spectral responsivity (obtained 
from the aforementioned radiance calibrations) yields calibrated spectral radiance for 
each spectrometer. Separate datastreams labeled as “vis” and “nir” for the ULS-2048 and 
NIR256–1.7 spectrometer, respectively. To facilitate comparison of spectral radiances to 
other collocated filter-based measurements the “saszefilterbands” datastream provides a 
subset of radiances at wavelengths of common interest including those of MFRSR, Cimel, 
common lidar wavelengths, or significant atmospheric features such as oxygen A band 
or water vapor bands.
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ES2: Review of SW spectral cloud retrievals
A number of cloud retrieval methodologies have been developed that are applicable to ground-
based SW spectral measurements. These retrievals are relevant for different conditions and 
retrieval parameters as summarized in Table ES1. Highlights of some of these retrieval meth-
odologies for ARM instrumentation can also be found in Riihimaki et al. (2020).

Table ES1. List of cloud retrievals from SW spectral measurements applicable to transmittance measurements such as those from 
ARM ground-based measurements. The physical retrieved quantities in column 2 describe whether optical depth (tau), effective 
radius (ref), liquid water path (lwp), cloud hydrometeor phase (phase), cloud fraction, or cloud albedo is retrieved by the meth-
od. The “Focus” and “Where/notes” columns describe the conditions for which the retrievals were developed or other notes on 
the methodology. The next two columns indicate whether the retrievals are valid for zenith radiance (e.g., applicable to CIMEL, 
SWS, SASZE) or irradiance (e.g., MFRSR, RSS, SASHe) measurements, where g day–1 refers to irradiance measurements that in-
clude both global and diffuse components. The “Hyperspectral” column indicates when hyperspectral measurements were used 
with an “x” and multispectral or filter-based measurements with m s–1. In the final column, “Surface-based” refers to whether 
the retrievals were developed using surface-based measurements, where a /c refers to the use of aircraft measurements.

Papers/name
Result/Physical 

quantities Focus Where/notes
Zenith 

radiance
Zenith 

irradiance Hyperspectral
Surface 
based

McBride et al.  
(2011, 2012)

tau, ref, lwp (liq)
Liquid cloud 
retrieval

Ship, dark surfaces x x x x

LeBlanc et al. (2015)
tau, ref, phase, 
(liq + ice)

Liquid/ice cloud 
retrieval

Ground site, various surfaces x x x

Coddington et al. (2013) tau, ref
Sensitivity to 
surface albedo

Vegetated and bare soils, ocean, 
snow, SGP

x x x

Chiu et al. (2006, 2009, 
2010)

tau Cloud Vegetated surfaces x m s–1 x

Wilson et al. (2018) tau, ref Cloud ice Antarctic, snow/ice x x x

Niple et al. (2016) tau Cloud retrieval TCAP, using oxygen-a band x x x

Marshak et al. (2004) tau Cloud Over vegetated surfaces x m s–1 x

Min and Harrison (1996, 
1999)

tau, lwp
Cloud and photon 
pathlength

SGP x m s–1 x

Min et al. (2008) Cloud fraction Scattered clouds SGP g day–1 m s–1 x

Min and Duan (2004) lwp, ref Thin clouds
Forward-scattered lobe, multiple 
shadowband measurements

g day–1 m s–1 x

Min et al. (2004) tau Thin clouds Theory g day–1 m s–1 x

Kikuchi et al. (2006) tau, ref (liq)
Liquid clouds, in 
absence of drizzle

Using water absorption bands x m s–1 x

Daniel (2002); Daniel 
et al. (2003, 2006)

tau, ref, plwp, 
phase

Water absorption 
features

DOAS, using path-integrated 
instead of vertical liquid water 
path Laboratory + ground + a/c

x x x + a/c

Schofield et al. (2007) plwp, ref
Comparison to 
microwave

DOAS + MWR + zen r, Barrow, 
Alaska (now known as Utqiaġvik)

x x x

Harrison and Michalsky 
(1994); Min and Harrison 
(1996)

lwp Warm clouds ARM SGP x m s–1 x

Rawlins and Foot (1990) tau, ref Stratocumulus
Transmittance ref has high 
uncertainty

x m s–1 x

Liu et al. (2011)
Cloud albedo and 
radiative forcing

Warm clouds 
(single and 
multilayered)

SGP x x
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Fig. ES2. (a),(b) Calculated changes in spectral radiance at the surface and reflectance at TOA from a perturbation in cloud 
effective radius of 1 μm, (c),(d) a cloud optical depth perturbation at 0.55 μm of 0.1,  and (e),(f) a surface albedo perturba-
tion of 0.01, with different background cloud optical depth conditions. Calculations produced by Modtran 5.3.0.0 (Berk 
et al. 2006) using parameterized cloud optics from (Slingo 1989), for solar zenith angle of 48°. Gray dashed line on TOA 
plots indicates CPF total uncertainty estimates and indicates SASZe total uncertainty with and without external calibra-
tion activities.

the surface and TOA despite having identical visible cloud optical depths. The figure shows 
four primary features: 1) there is diagnostic information on small atmospheric-state pertur-
bations across a wide range of cloud conditions, though it does vary with those conditions; 
2) the spectral shape of these perturbations provides unique information about cloud and 
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surface properties; 3) what surface or TOA instruments achieve for their uncertainty budget 
can directly trace to the ability to discern surface and atmospheric state perturbations; and 4) 
the signals of these perturbations at the surface and TOA are highly correlated, which ensures 
that spectral closure experiments with surface and TOA measurements are well positioned 
to test radiometry and retrieval products simultaneously.

The CPF hyperspectral instrument, expected to launch for delivery to the International 
Space Station in 2023, will measure between 350 and 2,300 nm with 3-nm spectral sampling, 
with an absolute uncertainty in reflectance of less than 0.3%. The instrument swath width is 
10° (~70 km at nadir) and has a footprint resolution of approximately 0.5 km at nadir.

The best opportunity to undertake a spectral radiative closure experiment in conjunction 
with CPF is likely at SGP using the SASHe and SASZe instruments. The irradiance accuracy 
of these instruments can be established with lamps to ~5% and to within 1% under clear-sky 
conditions where instrument responsivity can be tied to solar irradiance. It is also possible 
to achieve greater accuracy through mobile calibration facilities. Advances in detector-based 
radiometric calibration approaches have made them more accessible for instruments such 
as SASZe and can provide absolute uncertainties <0.5% for large portions of the spectrum 
(McAndrew et al. 2018; Brown et al. 2000) with SI traceability through the Primary Optical 
Watt Radiometer (POWR), a cryogenic electrical substitution radiometer that is the U.S. stan-
dard for the electrical Watt (Houston and Rice 2006).

While CPF will achieve much lower uncertainty than the SASHe and SASZe instruments, 
the use of NIST’s Spectral Irradiance and Radiance Responsivity Calibrations using Uniform 
Sources (SIRCUS) or Goddard’s Laser for absolute Measurement of Radiance (GLAMR) can 
support these field sensors such that they approach the accuracy and repeatability of CPF, 
thereby providing the tools necessary to lead to a better understanding of the source of differ-
ences in closure studies. This effort can follow the strategy that was successfully employed by 
researchers at the Physikalisch-Meteorologisches Observatorium Davos and World Radiation 
Center (PMOD/WRC) who used the Quality Assurance of Spectral UV Measurements in Europe 
(QASUME) instrument to develop a World Calibration Center (WCC) for UV measurements 
(Gröbner and Sperfeld 2005; Hülsen et al. 2016).

The collocation of CPF observations with ARM data will be constrained by CPF’s primary 
mission objectives: to collect one year of primary mission operations and focus on cross-
calibrating only CERES and VIIRS. Nevertheless, there will likely be ~40 brief opportunities 
(15 s or shorter) of simultaneous surface and TOA observations during the first year of opera-
tions while CPF is in its nadir nominal pointing mode. A summary of overpass statistics in the 
first year is shown in Fig. ES3, and indicates that during these brief periods of instrumental 
overlap, a wide range of solar zenith angles could be sampled in the first year. If CPF is ap-
proved to continue operating on ISS beyond its prime operations year, CPF may be able to 
collect more collocated observations over SGP at or near nadir in a given year, by using its 
unique pointing capabilities. CPF observations taken at or near nadir would provide the best 
opportunity to sample similar air masses above SGP, as opposed to more oblique observations.

There are a number of natural ARM datastreams that could be used for radiative transfer 
calculations as part of this closure. These datastreams can help address many of the potential 
challenges associated with constructing a shortwave spectral radiative closure experiment. 
Both TOA and surface spectra are sensitive to surface spectral bidirectional reflectance, the 
three-dimensional distribution of atmospheric condensates and, to a lesser extent, atmospheric 
gases. These products include spectral albedo retrievals derived from MFRSR, the atmospheric 
thermodynamic conditions derived from sondes, microwave, and radiometry, with cloud prod-
ucts from both active [such as the Active Remote Sensing of Cloud Locations (ARSCL; Jensen 
2012) and passive instruments (such as the Atmospheric Emitted Radiometer Optimal Estima-
tion (AERIOE) and the Cloud Optical Properties from the Multifilter Shadowband Radiometer 
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Fig. ES3. Orbital analysis indicating the distribution of solar zenith angles for the approximately 
40 times that CPF will pass over SGP and able to take concurrent nadir measurements during CPF’s 
prime operations year.

(MFRSRCLDOD)]. Some of these have been analyzed to produce ARM Best Estimates (Xie et al. 
2010) and the Radiatively Active Parameter Best Estimate (RIPBE; McFarlane et al. 2011).

Given the footprint size of CPF, it is expected that there will be little to no spatial heterogene-
ity in surface reflection and condensates. However, this can be tested directly with a number 
datastreams that can characterize this heterogeneity at ~10-m resolution. The surface reflectance 
heterogeneity can be characterized by satellite products such as MODIS and by the ~50-point 
time series of observations of surface reflection surrounding this site. The Total Sky Imager (TSI) 
provides 30-s images of the two-dimensional heterogeneity in clouds that can be compared 
directly to satellite products (Kleiss et al. 2018), while the Clouds Optically Gridded by Stereo 
(COGS) provides the three-dimensional heterogeneity in clouds in shallow-convective regimes 
(Romps and Öktem 2018). Aerosol optical depth heterogeneity can also be observed with mul-
tiple MFRSR instruments distributed throughout the Extended Facility (Kassianov et al. 2018).
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low clouds. This challenge is 
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Fig. ES4. Frequency and cumulative distribution function (CDF) of the areal-
averaged surface albedo estimated from MFRSR data at (a) 870- and (b) 
675-nm wavelengths at the DOE ARM Facility observatory (Graciosa Island) 
during the 19-month period considered here (Kassianov et al. 2017). The cor-
responding mean and standard deviation of the estimated areal-averaged 
surface albedo are (a) 0.23 and 0.04 and (b) 0.10 and 0.02, respectively.
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persistently large uncertainty (~17 W m–2) in surface radiation budget estimates from satel-
lites (Stephens et al. 2012) In contrast, frequently occurring overcast conditions are favorable 
for radiation studies based on surface measurements and create a path toward reducing the 
uncertainty in TOA-based surface radiation budget estimates.
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ES5: Spectrally invariant approximation technique
To study the transition zone using high-spectral-resolution and high-temporal-resolution ob-
servations by the ARM shortwave spectrometers, we have developed a new radiative transfer 
technique called “the spectrally invariant approximation” (Marshak et al. 2009, 2011; Chiu 
et al. 2010; Yang et al. 2016, 2019). The spectrally invariant approximation uses the fact that 
the spectrum in the transition zone (from cloudy to clear) can be represented by a linear 
combination of adjacent cloudy and cloudless spectra that are assumed known, i.e.,

 I(t, λ) = a(t)I(tcloudy, λ) + b(t)I(tclear, λ), tcloudy ≤ t ≤ tclear. (ES1)

By normalizing both sides of this equation to the spectra of the known clear-sky radiance, it 
can be rewritten as

 I(t, λ)/I(tclear, λ) = a(t)I(tcloudy, λ)/ I(tclear, λ) + b(t). (ES2)

This linear relationship results in linear properties, slope a(t) and intercept b(t), that are 
spectrally invariant and depend only on the adjacent cloudy and clear sky properties. One 
of the advantages of the proposed technique is its weak sensitivity to the aerosol and surface 
spectral properties due to normalizing the spectrum of transition zone by the known clear-
sky spectrum (Chiu et al. 2010). Another advantage of this technique is that it uses spectra 
of ratios-to-clear that are much more robust than spectra themselves as was demonstrated 
by using SASZe observations at the Southern Great Plains Central Facility site (SGP) and 
during the Marine ARM GPCI Investigation of Clouds (MAGIC) field campaign (Yang et al. 
2016, 2019). Of the whole shortwave spectrum, we select two spectral regions, visible with 
non-absorbing water wavelengths and near-infrared (NIR) with water-absorbing ones. We 
found (Yang et al. 2016) that the slope in the visible region is positively correlated with cloud 
optical depth while the intercept in the NIR spectral region is negatively correlated with 
cloud droplet size (Fig. ES5).

Recently (Yang et al. 2019) we have analyzed 22 cloud-edge cases from the SGP and MAGIC 
and found that in the transitions from cloud to clear (i) the slopes of the VIS band decrease, 
indicating the decrease of cloud optical depth toward cloud edges, and (ii) the intercepts of the 
NIR band show a much more significant increase at the SGP than from the MAGIC. The results 
from observed cases suggest that while optical depth decreases for all cases, the decrease 
in effective radius is much more significant for cloud over land at the SGP site compared to 
the ocean counterpart during the MAGIC campaign. When the out-of-cloud relative humidity 
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close to saturation, mixing turns into a degenerate case in which the difference between 
homogeneous and inhomogeneous mixing disappears: entraining air would not lead much 
droplet evaporation and thus mixing results in reduction of the droplet concentration without 
changing droplet size (Pinsky et al. 2016).

https://doi.org/10.5194/acp-16-9273-2016.
Ricchiazzi, P., S. Yang, C. Gautier, and D. Sowle, 1998: SBDART: A research and 

teaching software tool for plane-parallel radiative transfer in the Earth’s at-
mosphere. Bull. Amer. Meteor. Soc., 79, 2101–2114, https://doi.org/10.1175 
/1520-0477(1998)079<2101:SARATS>2.0.CO;2.

Yang, W., and Coauthors, 2016: Observation of the spectrally invariant proper-
ties of clouds in cloudy-to-clear transition zones during the MAGIC field 
campaign. Atmos. Res., 182, 294–301, https://doi.org/10.1016/j.atmosres 
.2016.08.004.

—, A. Marshak, and G. Wen, 2019: Cloud edge properties measured by the 
ARM shortwave spectrometer over ocean and land. J. Geophys. Res., 124, 
8707–8721, https://doi.org/10.1029/2019JD030622.

Fig. ES5. Slope a(t) and intercept b(t) [see Eq. (ES2)] of the spectrally invariant approach as a function 
of cloud optical thickness and effective radius from SBDART (Santa Barbara DISORT Atmospheric 
Radiative Transfer; Ricchiazzi et al. 1998) calculations for SZA = 0.7 over a vegetated surface. (left) 
The spectrally invariant slope fit over the wavelengths 400–870 nm. (right) The spectrally invariant 
intercept fit over the wavelengths 1,530–1,660 nm. The black contours show the percentage of 
cloud absorption at 1,600 nm calculated with SBDART (adapted from Yang et al. 2016).
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