
AGENDA

• Intro & Summary of SW Spectral Strategy Review meeting (30 min)

• Talks highlighting innovative use of SW spectral measurements (40 min)

• Sasha Marshak — ARM shortwave spectrometers to study the clear-cloud transition zone and mixing processes

• Dan Lubin—Cloud optical properties over west Antarctica from shortwave spectroradiometer measurements during AWARE

• Jake Gristey—Surface solar irradiance variability under shallow cumulus clouds at SGP: Insights from observations and LES

• Christine Chiu — Using spectral radiance observations to constrain cloud-drizzle-aerosol processes

• Discussion (50 min)

• Science goals and instrument needs

• Case studies—Planning for retrieval development and comparison at LASIC, TCAP, and ACE-ENA

• Presentation of BAMS article plans & formation of a group for future discussion



SUMMARY OF SW SPECTRAL 
RADIOMETER STRATEGY MEETING

FEBRUARY 25-27, 2019

Organizers: Laura Riihimaki, Connor Flynn, Allison McComiskey

Participants: Gary Hodges, Adam Theisen, Sasha Marshak, Hagen Telg, 
Evgueni Kassianov, Joe Michalsky, Kathy Lantz, Steve Jones, Diane 
Stanitski, Sam Leblanc, Sebastian Schmidt, Jake Gristey, Dan Lubin, 

Rick Wagener, Dan Feldman, Bruce Kindel, Herman Scott, Christian 
Herrera, Aron Habte, Mark Kutchenreiter



OUTLINE

• Motivation

• What is meant by SW Spectral Radiometers? 
• List of ARM SW Spectral Radiometers in categories—Slides from Connor

• Topics covered at workshop—What is the current state of the science 
driving these measurements?
• Retrievals for process studies

• Radiative Studies

• Outcomes/Action Plans



MEETING GOAL: MAKE RECOMMENDATIONS TO HELP ARM 
INVEST MORE STRATEGICALLY IN GROUND-BASED 

SHORTWAVE SPECTRAL RADIATION MEASUREMENTS

Why Now?
--We now have several years of measurements with the SASHe/Ze at multiple sites

--Upgrades to filter-based measurements in process (MFRSR, CIMEL) to expand capabilities (e.g. add 
1.6 micron channel to MFRSR, add lunar tracking to CIMEL)

--New commercially available hyperspectral measurements

--More retrieval methodologies in literature that take advantage of shape of SW spectrum so 
depend less on absolute calibration

--ARM’s focus on model-obs in LASSO need for cloud retrievals in challenging conditions (partially 
cloudy, low LWP, etc)



ARM SPECTRAL RADIOMETERS

Hyper Spectral
(Connor, Joe Michalsky)

● SAS-ZE (zen. radiance 350-1700 nm)
● SAS-HE (hemis. irr. 350-1700 nm)
● SWS (zen. radiance 350-2170 nm)
● RSS (hemis. irr. 360-1070 nm, retired)

Filter-based 
(Gary/Christian, Rick/Laurie/Lynn)

• MFRSR (hemis. irr.)

• Cimel Sun Photometer (radiance)

• NFOV2ch (zen. radiance)

• NIMFR (direct normal irr.)



WORKSHOP TOPICS: 
WHAT ARE THE SCIENCE NEEDS FOR 

SW SPECTRAL MEASUREMENTS?



RETRIEVALS FOR PROCESS STUDIES: CLOUDS

• Currently only operational cloud retrieval is MFRSRCLDOD
• Uses hemispheric irradiance, so limited to overcast conditions
• Assumes small albedo at 440 nm, so doesn’t work over ice/snow
• Only valid for liquid clouds
• Christine Chiu’s work has shown the utility and importance of zenith radiance 

measurements for constraining liquid cloud optical properties (Tau, Re) in 
combination with active sensors & microphysical process studies
• Ideally high temporal resolution, constraint in near IR helpful for Re, accuracy of better 

than 10%

Cloud microphysical retrievals identified as opportunity & need 
for SW spectral measurements  



RETRIEVALS FOR PROCESS STUDIES: CLOUDS

• Outcome of previous spectral breakout session was to start with science 
problems that don’t necessarily need SW spectral calibration to be perfect
• E.g. Sam Leblanc’s method:

• 15 parameters from spectra shape

• Identifies liquid/ice

• Optical depth, Re for both

• Flexible over high or low albedo

Hyperspectral retrieval techniques based on ratios & shape of spectra promising

S. E. LeBlanc et al.: Cloud property retrieval using transmitted spectra 1367

Figure 5. Radiance spectra normalized by its value at 1000 nm for liquid (left) and ice (right) clouds with re = 20 µm and ⌧ varying from 1 to
100 (where darker colors denote optically thicker clouds). Three spectral features, which vary with changes of ⌧ (see text), are quantified by
the first three parameters, ⌘1, ⌘2, and ⌘3. The normalized radiance that contribute to calculating ⌘1, ⌘2, and ⌘3 are highlighted with a thicker
line for a few radiance spectra with varying ⌧ and are indicated by the numbers 1, 2, and 3, respectively. The shaded areas indicated by 1
overlap for different optical thickness. To increase visibility of the smaller shaded areas (denoted by lighter blues and darker oranges), these
are plotted in front of the larger shaded areas.

precipitable water observed over Boulder, where the mean is
about 11mm.
The largest variability in spectral features is found in the

three wavelength regions identified in Figs. 3 and 4 and
has been quantified by 13 of the 15 parameters, where both
absorption and scattering processes modulate transmittance.
The transmitted radiance in a subset of wavelengths used to
calculate the first three parameters are highlighted in Fig. 5.
The first spectral feature is the peak radiance in the wave-
length range (1). It is quantified by the curvature of the radi-
ance spectrum, normalized by the radiance at 1000 nm, and
denoted by parameter 1, or ⌘1. The curvature is calculated
from the area bounded by the normalized radiance and a lin-
ear interpolation between 1000 and 1100 nm and is the sum
of the difference between the normalized radiance and the
linear interpolation at every wavelength. It is represented by
the shaded area in Fig. 5. As ⌧ increases, the shaded area for
liquid clouds increases (for ice clouds it decreases), which
consequently increases (decreases) ⌘1. The change in spec-
tral normalized radiance transmitted through ice clouds in
(2), which is transformed from convex to concave curva-
ture around 1230 nm as ⌧ increases, is quantified by the sec-
ond parameter, ⌘2. This parameter is the spectral derivative
of transmitted normalized radiance at 1200 nm, at the edge
of the convex/concave shape with a maximum/minimum at
1230 nm. ⌘2 is identified by “2” and is highlighted to illus-
trate the trend with varying ⌧ for ice clouds in Fig. 5. The
spectral feature in (3), the curvature, is diminished as ⌧ in-
creases. This spectral feature is quantified with parameter ⌘3.
⌘3 is defined by the spectral derivative of transmitted normal-
ized radiance at 1500 nm, which decreases with increasing ⌧

for both ice and liquid clouds.

Ten more parameters were defined to quantify the similar
spectral features in the three wavelength ranges. ⌘7, ⌘9, ⌘12,
and ⌘13 are defined within region (1) by the mean magnitude
of normalized radiance (⌘7), the slope of the spectral deriva-
tive (⌘9), the value of the normalized radiance at one wave-
length (⌘12), and the ratio of radiances at two different wave-
lengths (⌘13). In region (2), three additional parameters were
defined by the ratio of radiances at two different wavelengths
(⌘4), the mean magnitude of normalized radiance (⌘5), and
the slope of the spectral derivative (⌘10). For region (3), ⌘8
quantifies the curvature by the same method described for
⌘1. In addition, ⌘6 and ⌘15 quantify the mean normalized ra-
diance and the spectral slope in region (3), respectively. The
equations used calculate all 15 spectral parameters, and short
descriptions of the spectral parameter with expected behavior
are listed in Table 1.
The characteristics in a fourth spectral region, between

530 and 610 nm, exhibiting spectral variability in cloud trans-
mittance are the basis for defining an additional parameter.
For clouds with ⌧ < 4, the spectral slope in this regions be-
comes progressively more negative and the magnitude of
transmitted normalized radiance decreases as ⌧ decreases,
until it reduces to the clear sky spectrum (see Fig. 6a). ⌘11
quantifies the spectral slope of normalized radiance between
530 nm and 610 nm, highlighted in Fig. 6a. The slopes calcu-
lated from these and other normalized spectra increase with ⌧

until a maximum is reached (see Fig. 6b) at a value of ⌧ ⇠ 3
for ice clouds and ⌧ up to 7 for liquid clouds. The spectral be-
havior in this fourth spectral region is modulated by changes
in scattered radiation.

www.atmos-meas-tech.net/8/1361/2015/ Atmos. Meas. Tech., 8, 1361–1383, 2015

From Leblanc et al. 2015 AMT



TWST (THREE WAVEBAND SPECTRALLY 
AGILE TECHNIQUE)

● New instrument by Aerodyne + 
proprietary optical depth retrieval

○ Retrieval uses the oxygen A-Band shape 
to distinguish low and high optical depths

● High Temporal resolution, zenith 
radiance

● Currently only Silicon sensor for 350-
1000 nm, working on expanding to add 
NIR spectrometer to be able to also 
retrieve effective radius

4170 E. R. Niple et al.: Cloud optical depth measurement

Table 1. TWST cloud optical depth sensor specifications.

TWST COD sensor specifications
for ambient temperature range �10 to +40 �C

Weight 20 lbs
Power and communication for optical head 5 Vdc, < 250 mA via a single USB 2.0 cable connection to computer for

power and data
Size 11 ⇥ 8 ⇥ 8 in. plus 12 in external sun baffle, or 13 ⇥ 10 ⇥ 6 in. with

internal sun baffle
Operating range Blue sky to COD 100
COD sensitivity 0.001 for optically thin clouds
Weatherproof environmental container IP66, NEMA 4X sealed enclosure with desiccant
Data-logging rate 1 Hz (typical), variable sampling interval from 0.1 to 60 s
Field of view 0.5�
Spectral range, resolution 350–1000 nm, ⇠ 2.5 nm
Spectral bands currently used in COD retrieval 440, 760, and 870 nm

Figure 2. A view inside the TWST cloud optical depth sensor. See
text for labeled component descriptions.

tion records for each TWST unit are kept and compared over
periods of years to monitor the stability of each unit for its
lifetime. Having records for some units over 2–4 years, we
find changes in the calibration of 1–3 %, well within the un-
certainty of our calibration lamps, which as noted above is
on the order of 5 %.

The spectrometer’s silicon CCD detector outputs are sus-
ceptible to offset drift, typically driven by changes in ambi-
ent temperature, but the detector array contains light-shielded
dark-reference detectors intended to automatically track and

Figure 3. Example spectra measured by TWST sensor, delineating
the three spectral factors currently used in TWST retrieval algo-
rithm. Spectra measured at SZA = 65� within 1 min.

subtract such drift. In addition, TWST employs a mechan-
ical shutter for frequent collection of dark spectra, typi-
cally a 1 s dark spectrum every 60 s. The dark correction
(offset subtraction) applied to each recorded spectrum is
spline-extrapolated from earlier collected dark spectra. In
Sect. 4.2.1, the effectiveness of these calibration methods is
evaluated by comparison to coincident AERONET spectral
radiance observations over a period of several weeks.

3 TWST cloud optical depth retrieval method

3.1 Section outline

The TWST retrieval algorithm employs model-generated
lookup tables to convert zenith spectral radiance at 440 nm
(SR440) to a numerical value of COD. However, the TWST
algorithm first determines the cloud optical thickness regime,
thin or thick, and thus whether to reference the thin or thick
branch of the SR440 to COD lookup table. We first discuss
the somewhat conventional spectral radiance to numerical

Atmos. Meas. Tech., 9, 4167–4179, 2016 www.atmos-meas-tech.net/9/4167/2016/

4172 E. R. Niple et al.: Cloud optical depth measurement

Figure 5. Relationship between spectral radiance at 440 nm wave-
length and (a) liquid water path (LWP) and (b) cloud optical depth,
for four different cloud types: effective radii of 12.0 (cumulus), 7.2
(altostratus), 8.3 (stratus), and 6.7 µm (stratocumulus).

(Stamnes et al., 1988). These results are corroborated by the
more extensive sensitivity results of McBride et al. (2011).
This relative insensitivity of COD with effective radius gives
us some confidence in reporting COD values in the face of
the variety of water clouds.

Inter-reflections between the ground and a thick cloud can
be significant unless the Earth albedo is low. At the 440 nm
lookup table wavelength most Earth cover types have albedo
of 0.2 or less as shown in Fig. 6 with samples of the Ad-
vanced Spaceborne Thermal Emission and Reflection Ra-
diometer (ASTER) database (Baldridge et al., 2009); notable
exceptions are for white sand, fresh snow, and ocean ice. To
characterize the sensitivity of retrieved COD due to albedo
uncertainty, we used MODTRAN to compute 440 nm zenith
radiances for a low-altitude stratus cloud for albedos of 0.0,

Figure 6. Spectral albedos of common Earth cover types from the
ASTER database.

Figure 7. COD vs. 440 nm spectral radiance for solar zenith angles
of 10, 30, and 70� and for ground albedos of 0 and 50 %.

0.1, 0.2, and 0.5, over a range of solar zeniths and cloud op-
tical thicknesses. Figure 7 presents a first-order indication of
sensitivity and plots 440 nm radiances vs. COD for albedo
bounds of 0.0 and 0.5. The thin–thick ambiguity, the strong
variation with solar zenith, and the weaker variation with
ground albedo are evident in these plotted results.

The plot in Fig. 8a further explores this sensitivity and
shows the signed change in retrieved COD value for an unex-
pected increase in the ground albedo from 0.1 (for which the
radiance-to-COD lookup tables are computed) to 0.2. Each
curve, for either thick or thin cloud, pertains to some fixed
percentage of the aforementioned 1DRT bright-point radi-
ance “Lbrt” (which varies with SZA; cf. Fig. 4). These curves
show that a higher-than-expected albedo implies retrieval of
a lower (higher) COD in the thick (thin) regime. The largest
change we found was 1COD of 5, but that occurred for very
thick clouds, such that the relative change was only 10 %.
Near the bright point (red curves in Fig. 8a) the COD vs. ra-
diance is quite nonlinear (Fig. 4), and thus the red curves,

Atmos. Meas. Tech., 9, 4167–4179, 2016 www.atmos-meas-tech.net/9/4167/2016/

From Niple et al (2016) AMT



RETRIEVALS FOR PROCESS STUDIES: AEROSOLS

• Aerosol optical depth—mature product, one of most downloaded ARM 
products from MFRSR, Cimel, and SASHE
• Aerosol optical properties (eg. SSA, Asymmetry parameter)—will use 

additional info in near IR to constrain coarse mode aerosols
• Multi-instrument aerosol property retrievals
• Incorporate additional measurements (e.g. TSI) to better determine clear 

conditions
• Different approaches are complementary an improve information content and 

accuracy
• Needed constraint to improve accuracy in lidar derived profiles



RETRIEVALS FOR PROCESS STUDIES: LAND SURFACE 
HETEROGENEITY

• Spectral Albedo
• Potential of 1.6 micron MFR channel to provide a better constraint on albedo
• Use spectral measurements to understand ice melt at high latitudes
• As we start looking at distributed cloud/aerosol effects at high spatial resolution with 

projects like LASSO we also need to think about the land surface heterogeneity 
(combine with distributed measurements and/or aircraft measurements, new areal 
average retrievals like Kassianov et al. 2014)

• Other parameters
• Photosynthetically Active Radiation (PAR)—BSRN planning an instrument 

intercomparison campaign, could contribute MFRSRs to study



Radiative Processes & Distributed 
Measurements
spectral measurements can enhance understanding of changes in the 
radiation budget and the processes that are driving them

• Radiative effects in complex aerosol-cloud-
surface fields (Christine Chiu)
• can be achieved without hyperspectral for aerosol 

and maybe cloud
• large gap between 1 and 1.6 um in filter measurements

• for aerosol UV measurements would be useful for 
BrC studies, hyperspectral desired
• subsets of high quality data to explore (LASIC/ORACLES) 

Schmidt et al. 2009



Radiative Processes & Distributed 
Measurements
• Clear-to-cloud continuum is a large piece of the radiation budget –

ground-base measurements are critical (Sasha Marshak):
• to inform radiation budget studies from space
• novel measurement options: NIMFR (NFOV)
• better characterization of aerosol near cloud to improve aerosol-cloud 

interaction process understanding
• understanding cloud edge transition zone can also inform mixing processes 

(homogeneous vs. inhomogeneous) 



Radiative Processes & Distributed 
Measurements
• Distributed Measurements for characterizing spatial heterogeneity 
• Spectral irradiance for model evaluation and diagnosing flux contributions

• evaluating simulated radiative effects in process-scale models requires spatially 
distributed measurements

• modeling of Radiation Budget through cloud properties characterization (Jake Gristey)
• Spectral surface albedo/properties 

• provides surface cover characteristics
• contributes understanding of cloud development processes and surface drivers
• required for accuracy in retrieval of aerosol and cloud properties.

• How do distributed measurements fit in to modeling frameworks?



MEETING OUTCOMES



SCIENCE GOALS AND INSTRUMENT NEEDS

Meeting approach create summary tables of:
• Retrieval methods appropriate for different science applications

• Measurement availability/quality from current ARM sensors

• Instrument capabilities from new commercial instruments

https://docs.google.com/spreadsheets/d/1TQmm6fowj0GTvKSS
IFudLl_CSDflXvfamxAxJ4XQ-4o/edit#gid=796466369

https://docs.google.com/spreadsheets/d/1TQmm6fowj0GTvKSSIFudLl_CSDflXvfamxAxJ4XQ-4o/edit


CASE STUDIES: PROVIDE USER COMMUNITY WITH 
QUALITY DATA & RETRIEVALS FROM SPECIFIC PERIODS

These three campaigns were identified as periods with science questions being worked on by 
those in the group,  interesting spectral measurements,  and/or potential in situ data for 
comparison

• LASIC—Retrievals/radiative effects in complex environments—partially cloudy, absorbing 
aerosol & cloud, etc

• NFOV2ch, SASHE, SASZE, MFRSR, CIMEL

• TCAP—Aerosol Cloud Interactions, different aerosol loadings, data from new measurements

• MFRSR with 1.6 micron, TWST, CIMEL, SASZE, SASHE, NFOV2ch

• ACE-ENA—drizzle formation/low cloud retrievals

• SWS, MFRSR, CIMEL



BAMS ARTICLE: “ADVANCES IN ARM SHORTWAVE SPECTRAL 
RADIOMETRY FOR ATMOSPHERIC AND CLIMATE SCIENCE”

LAURA RI IHIMAKI , CONNOR FLYNN, ALL ISON MCCOMISKEY, DAN LUBIN, DAN FELDMAN, 
JAKE GRISTEY, CHRISTIAN HERRERA, GARY HODGES, EVGUENI KASSIANOV, SAM LEBLANC, 

SASHA MARSHAK, JOE MICHALSKY, SEBASTIAN SCHMIDT, R ICK WAGENER

• Summary of available measurements/instruments/data products with brief description of 
recent advances/current state of data quality (Connor, Gary, Rick, Laura, Evgueni, Joe, others)

• Examples of process level science that has currently been done with ARM SW spectral data
• Polar work—Dan Lubin

• Clear-Cloudy Transition zone—Sasha Marshak

• Spectral surface albedo—Evgueni Kassianov

• Potential new science that could be done with ARM measurements
• Table of retrieval methodology (from Sam and Sebastian), Sebastian’s figure summarizing information 

from SW spectra

• Distributed measurements/3D effects—Jake Gristey

• Spectral Radiative Closure in conjunction with CLARREO--Dan Feldman



EXTRA SLIDES



HYPERSPECTRAL AOD, PVC SASHE





2 MONTH COMPARISON SASHE & AERONET AT PVC



Instrument Measure WL (nm) Comment, modes:
mfr 10m irrad 415, 500, 615, 673,870,940,Si upwelling hemisp, 10 m tower
mfr 25m irrad 415, 500, 615, 673,870,940,Si upwelling hemisp, 25 m tower

MFRSR C1 dirh, difh, toth 415, 500, 615, 673,870,940,Si shadowband direct horizontal, diffuse hemisp, total hemisp

MFRSR E13 dirh, difh, toth 415, 500, 615, 673,870,940,Si shadowband direct horizontal, diffuse hemisp, total hemisp

CIMEL C1 dirn, rad
340, 380, 440, 500, 675, 870, 1020, 
(1640)

sun-tracking, sky-scanning, cloud-zenith, 1640 nm after 
2007-03

NIMFR C1 dirn 415, 500, 615, 673,870,940,Si direct normal

CIMEL S01 dirn, rad
340, 380, 440, 500, 675, 870, 1020, 
1640

sun-tracking, sky-scanning, cloud-zenith, 1640 nm after 
2007-03

NFOV rad 870, 1.2 deg zenith

NFOV2 673, 870 1.2 deg zenith, moved to AMF1 after 2006-11

SWS rad Si (350-1000), InGaAs (970-2200) 1.4 deg zenith, moved to ENA in 2016-04

SASHe dirh, difh,toth Si (350-1000), InGaAs (970-1700)

SASZe rad Si (350-1000), InGaAs (970-1700) 1 deg zenith



TWST Aerodyne Si (350-1000)
Aerodyne, Scott, AMF1 TCAP 2013/5-6, AMF1 
BAECC 2014/7-8

TWST-NIR Aerodyne Si (350-1000), InGaAs (950-1650)

ASD
Si (350-1000), InGaAs
(970-2200)

Lubin, NSA 2008/4-5 (ISDAC), NSA 2009/4-10, 
AWARE

Stellarnet
MS-700N EKO 350 1050
MS-701 EKO 300 400
MS711 EKO 300 1100
MS-712 EKO 900 1700
MS-713 EKO 900 2550
MS-711-DNI EKO 300 1100
HPN DeltaT


