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1. Introduction

Two papers published in the early 1990s comparing
radiation transfer codes for the infrared (Ellingson et al.
1991) and for the solar (Fouquart et al. 1991) irradiance
concluded that many of the radiation transfer codes
(parameterized to reduce run time) used in climate
models did not agree with state-of-the-art line-by-line
radiative transfer codes; for the most part line-by-line
codes agreed with one another. However, the mea-
surements to confirm that the radiative fluxes pro-
duced by these line-by-line codes represented truth
were unavailable. The Spectral Radiation Experiment
(SPECTRE), a 25-day experiment in the fall of 1991,
(Ellingson and Wiscombe 1996) was conducted near
Coffeyville, Kansas, to simultaneously obtain surface
radiation measurements and the most important of the
inputs needed for these radiative transfer models, in-
cluding temperature, humidity, aerosol, and cloud pro-
files. The ARM Program greatly expanded this initial
effort to include a range of climates and to acquire at least
10 years of measurements with a focus on improving the
number and the quality of the measured inputs needed
for the models and improving the quality of the radiation
measurements and the radiative transfer models.

The ARM Program and Baseline Surface Radiation
Network (BSRN; Ohmura et al. 1998) matured to-
gether. Ellsworth Dutton, who played a significant role
in the ARM Program, also served as the BSRN project
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manager for BSRN’s first 20 years. ARM was focused on
all aspects of trying to close the problem between radi-
ative transfer models and radiation measurements using
measured model inputs. BSRN was focused primarily on
providing state-of-the-art broadband solar and infrared
measurements at sites throughout the world that rep-
resented every type of climate. The BSRN data were
intended for satellite and climate model validation and
for the detection of long-term trends. Consequently,
both programs benefited from each other’s research ef-
forts to improve solar and infrared radiometry. In 1990,
estimates of the standard uncertainty for global hori-
zontal, direct normal, diffuse horizontal solar irradiance,
and downwelling global infrared irradiance were 15, 3,
10, and 30 Wm 2, respectively. The goal of BSRN was
to reduce these broadband measurement uncertainties
t0 5,2, 5, and 20Wm™ 2 (Ohmura et al. 1998). Most of
these goals have been met, and in some cases exceeded,
through efforts in both ARM and BSRN. The radiation
measurements of ARM adhere to the strict specifica-
tions of the BSRN, and five ARM sites report their data
to the BSRN archive making up 10% of the total num-
ber of BSRN sites.

This chapter describes the history of ARM’s ground-
based measurements of broadband solar and broadband
infrared radiation first, followed by a description of
ARM’s spectral solar measurements that are made with
interference filter radiometers. Spectral measurements
made using spectrometers are discussed in Mlawer and
Turner (2016, chapter 14).

Measurements of the broadband (i.e., the spectrally
integrated solar spectrum or shortwave; 280-4000nm)
that come directly from the sun without being absorbed or
scattered are measurements of direct normal irradiance
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(DNI) and are made with a pyrheliometer mounted on a
solar tracker to follow the sun. Measurements of skylight
[diffuse horizontal irradiance (DHI)] arising from sunlight
scattered by molecules, aerosols, and clouds are made
with a pyranometer that has the DNI blocked by a shadow
ball or disk mounted on a solar tracker. Unshaded pyr-
anometers are mounted on a separate stand to measure all
downwelling [global horizontal irradiance (GHI)] or all
upwelling (reflected) solar radiation.

Broadband infrared (spectrally integrated from about
4000 to 50000 nm, or longwave) radiation from the sky is
measured with a pyrgeometer that has a hemispheric
field of view and an (approximate) cosine response.
Broadband infrared emitted by the surface is measured
with a horizontally mounted down-facing pyrgeometer.
Only broadband infrared measurements are covered in this
chapter; high-resolution spectral infrared measurements
are discussed in Mlawer and Turner (2016, chapter 14).

Shortwave spectral measurements are made with
interference-filter radiometers that cover selected por-
tions of the solar spectrum where silicon-based detectors
are responsive (300-1100nm). One exception to this is
the ARM Aeronet Robotic Network (AERONET)
Cimel sunphotometers that have one channel at 1640 nm
that uses an indium gallium arsenide (InGaAs) detector.
The ARM Program primarily uses these narrowband
spectral measurements to determine the spectral de-
pendence of aerosol optical depth, cloud optical depth,
and surface spectral albedo.

These broadband solar and infrared upwelling and
downwelling irradiance measurements are made at the
ARM’s central facilities and at extended sites. Down-
welling narrowband spectral measurements are made at
all of the central and extended facilities. At the Southern
Great Plains (SGP) central facility only, upwelling
measurements are made with multifilter rotating shad-
owband radiometer (MFRSR) heads, referred to as the
multifilter radiometer (MFR), in order to measure
spectral albedo. At the SGP there were 23 extended
facilities covering 142 000 km? until 2009 when the areal
coverage shrank to 22 500 km? and 16 sites. At the North
Slope of Alaska (NSA) site, there was the central facility
near Barrow and one extended facility near Atqasuk.
The Tropical Western Pacific (TWP) site had only cen-
tral facilities on Nauru Island; in Manus, Papua New
Guinea; and in Darwin, Australia. The ARM Mobile
Facilities (AMFs) spend months to a year at selected
sites. AMFs have the same radiation measurement suite
as found at the central facilities of the fixed ARM sites.

NSA and AMF deployments in cold regions present
special problems for radiometry. Ice buildup on in-
struments is the primary issue. A 2-yr intensive operational
period (IOP), led by Scott Richardson, was conducted
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beginning in 2007 and ending in 2009 to study different
techniques to heat and ventilate radiometers to keep the
ice from forming yet minimizing the effects on the integrity
of the measurements. Although improvements have been
made, Arctic radiometry continues to be a challenge.
This chapter includes a discussion of specific broad-
band instruments used for measurements, their calibra-
tions, and changes to the instrumentation including the
data logging. Uncertainties in the field measurements are
covered. A few of the major results using these measure-
ments will be highlighted. Spectral measurements are
discussed following the broadband sections including the
instruments used, uncertainties, and a few significant re-
sults based on these measurements. Albedo measurements
are covered only briefly since these calculated quantities
are only recently beginning to be used. Note, some of the
topics discussed in this chapter are also covered, in more
detail or with a different emphasis, by Mlawer and Turner
(2016, chapter 14), McFarlane et al. (2016, chapter 20), and
McComiskey and Ferrare (2016, chapter 21).

2. Broadband solar measurements

Up-looking pyranometers are mounted about 2m
above the surface and their domes are ventilated with
ambient air to reduce dust and dew buildup. The
broadband solar that is reflected by the surface is mea-
sured with a down-facing, horizontally mounted pyran-
ometer that is not ventilated, and albedo is determined
by taking the ratio of this measurement to the down-
welling GHI. The most accurate GHI is obtained, not
from the unshaded pyranometer, but from summing
DNI and DHI components:

GHI = DNI X cos(SZA) + DHI, (16-1)
where solar zenith angle (SZA) is the angle between the
zenith and the sun’s direction. The unshaded pyranometer
measures global irradiance; however, this measurement is
less accurate and used mainly to compare to the compo-
nent sum in Eq. (16-1) for the purpose of detecting tracker
failure or sensor blockage. The down-facing pyranometer
is mounted near the top of a 10-m tower. The surface
under the tower is chosen to be uniform in the near vicinity
(out to about 4 times the height of the sensor). The solar
spectrum includes all radiation between 280 and 4000 nm.
Pyrheliometers use a glass window that includes this range,
but pyranometer measurements often respond over a
somewhat smaller range (typically, 300-3000 nm). There
are small solar contributions from wavelengths that are
shorter than 300nm and longer than 3000 nm. However,
since pyranometers are calibrated by comparing to a full-
spectrum instrument, their response is very nearly pro-
portional to the full solar spectrum. Pyranometers measure
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hemispheric radiation with a sensor that has an (approxi-
mate) cosine response, and pyrheliometers in ARM
measure direct beam radiation with a field of view of 5.7°
that necessarily includes some diffuse radiation in the sun’s
aureole.

Measurements of global (i.e., total) horizontal solar
radiation are made with the Eppley model precision
spectral pyranometer (PSP). PSPs are designated first-
class instruments according to World Meteorological
Organization (WMO) specifications (Coulson and Howell
1980). ARM measurements of diffuse radiation used
Eppley PSPs until it was (re)discovered (Gulbrandsen
1978) that there is a significant offset with this instrument
(Bush et al. 2000; Dutton et al. 2001). In 2001 all of the
Eppley model PSPs were replaced with the Eppley model
8-48s for DHI measurements at all ARM sites worldwide.
The 8-48 (i.e., black and white) pyranometer has the de-
sirable property that its offset is nearly zero (Michalsky
et al. 2003). The Eppley PSP is now only used for the GHI
backup measurement to the BSRN-preferred component
summation. The preference for summation of observa-
tions from two radiometers [Eq. (16-1)] versus a single
pyranometer measurement is explained in chapters 5 and
6 of Vignola et al. (2012). In essence, the uncertainties are
reduced by at least a factor of 50% when using the com-
ponent sum for global irradiance even compared to GHI
measurements obtained with top-of-the-line pyran-
ometers [see chapter 6 in Vignola et al. (2012)]. The cur-
rent estimates of 95% uncertainties of GHI are about
+3% under very good conditions; therefore, a reasonable
estimate of uncertainty for routine field operations is
higher at =4%. The DHI is measured with a current 95%
uncertainty of about =2% for very good conditions and
+3% under field conditions.

The Eppley model normal incidence pyrheliometer
(NIP) is used to measure broadband direct normal solar
irradiance in ARM. This instrument also received a first-
class designation from the WMO (Coulson and Howell
1980). This instrument is mounted on a solar tracker
(Kipp and Zonen 2AP; http://www.kippzonen.com/?
product/2141/2AP.aspx) to follow the sun to better
than 1°. This same tracker is used to shade the pyran-
ometer used for DHI. In a recent paper Michalsky et al.
(2011) quantified the uncertainty of measurements
made with several pyrheliometers including the Eppley
NIP used in the ARM Program. The comparison was
noteworthy in that the measurements were made in
typical midlatitude field conditions in all seasons. The
results indicated that the Eppley NIP has a 95% un-
certainty of +1.3%, which is actually better than the 2%
uncertainty suggested by the manufacturer. However,
three commercial pyrheliometers in this study had 95%
uncertainties of around 0.7%.

MICHALSKY AND LONG

16.3

The ARM Data Archive (www.archive.arm.gov)
contains broadband solar radiation data that were taken
using a datalogger that sampled once every 20s at the
SGP sites until 1997. New Campbell loggers were ex-
changed for these early ones to allow 2-s sampling with
60-s averaging beginning in 1997. In 2012 a newer ver-
sion of the loggers permitted a step up to 1-s sampling
with 60-s averaging at the SGP sites. All TWP, NSA, and
ARM Mobile Facility sites used loggers with 1-s sam-
pling and 60-s averaging from the outset since they
sampled fewer signals than the radiation facilities at the
SGP. As stated above, the diffuse measurements were
made using the Eppley 848 after 2001; the PSP mea-
surements of diffuse and global irradiance that appear in
the archive have been offset corrected to the beginning
of the datasets. For the best set of measurements with all
corrections implemented, the archive data streams that
include “‘qcrad” in the data stream title should be re-
trieved; the title “‘sgpqcradbrsllongCl.s1,” for example,
contains the last few years of quality-controlled data up
to the current measurements.

3. Broadband solar calibrations

All solar measurements in ARM are ultimately tied
to the World Radiometric Reference (WRR) that
is maintained at the Physikalisch-Meteorologisches
Observatorium Davos and World Radiation Center
(http://www.pmodwrc.ch). The WRR for DNI consists
of several absolute cavity radiometers that have been
carefully characterized (Frohlich et al. 1995); currently,
it includes six radiometers from five different manufac-
turers. Operationally, an absorbing cavity within the
radiometer is heated when the sun impinges on the
cavity through an aperture with a precisely defined area.
A shutter is closed and then the cavity is heated by an
electrical current to the same temperature it had with
the sun shining into the cavity. The solar irradiance is
then calculated as the electrical power to heat the cavity
in watts divided by the area of the aperture with small
corrections applied, based on the characterization of the
cavity radiometer.

Every five years ARM cavity radiometers, which serve
as secondary standards for ARM shortwave measure-
ments, travel to Davos, Switzerland, and are calibrated
against the WRR at the International Pyrheliometer
Comparison (IPC). On the off years, the National Re-
newable Energy Laboratory (NREL) in Golden, Colo-
rado, hosts a comparison [NREL Pyrheliometer
Comparison (NPC)] using several cavity radiometers that
are calibrated at the quinquennial IPCs in Davos. Cavity
radiometers are not used in ARM because they are more
than 10 times the cost of thermopile pyrheliometers and
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FIG. 16-1. The Radiometric Calibration Facility at the ARM Southern Great Plains site near Billings, Oklahoma;
close-up of pyranometers being calibrated at the facility.

operate with an open cavity, which makes it impractical
to use for continuous unattended measurements because
dust and other debris may get into the cavity and con-
taminate the measurements.

The diffuse reference consists of three Eppley model
8-48 pyranometers that are calibrated against the WRR-
traceable cavity radiometers using a procedure known
as the shade/unshade technique. In this method, a hor-
izontally mounted pyranometer under clear and stable
irradiance conditions is shaded and then unshaded from
the direct sun using a blocker of the same angular di-
ameter as the angular diameter of a cavity radiometer
(5°). The difference in voltages from the pyranometer
for the two configurations is equated to the cavity-
measured direct irradiance after multiplication by the
cosine (SZA). These measurements are repeated at
several SZAs, but the average value near the SZA of 45°
is typically used for the single-number calibration factor
for the pyranometer. The average of three 8—48s is used
for the diffuse horizontal standard irradiance.

The ARM Radiometric Calibration Facility (RCF;
see Fig. 16-1) was constructed to calibrate the many
pyranometers and pyrheliometers used at the perma-
nent and mobile ARM facilities. These radiometers are
calibrated en masse in Broadband Outdoor Radiation
Calibrations (BORCALs; Myers et al. 2002) performed
at the ARM SGP site by comparing pyrheliometer
voltage outputs with the ARM cavity radiometer irra-
diances and by comparing pyranometer voltage outputs
with the component sum irradiance, that is,

global irradiance reference

= cavity X cos(SZA) + reference diffuse. (16-2)
Measurements are made under clear, stable conditions
with the DNI over 700 W m 2, but the single calibration
factor is based on measurements near 45°SZA. All
broadband calibrations for ARM are performed at the

SGP RCF and instruments are shipped to the other
ARM sites for deployment. In fact, the RCF is a true
user facility serving as the site for the first International
Pyrgeometer and Absolute Sky-scanning Radiometer
Comparison (Philipona et al. 2001) and the site of three
diffuse irradiance IOPs (Michalsky et al. 2003, 2005,
2007).

4. Broadband infrared measurements

Downwelling infrared radiation from the sky and
upwelling infrared from the surface is measured using
Eppley model precision infrared radiometer (PIR)
pyrgeometers oriented horizontally. The down-looking
pyrgeometer is mounted at about the 10-m level. Up-
looking pyrgeometers are mounted on solar trackers at
2m above the ground and are shaded from direct solar
radiation to minimize solar contributions to the signals
that may arise from pinholes in the silicon dome cov-
ering these instruments or from shortwave leakage of
the interference filter covering the PIR dome. The dome
of the up-looking PIR is ventilated with ambient air.

5. Broadband infrared calibrations

The current calibrations used in ARM for the pyrge-
ometers are those provided by the manufacturer Eppley
Laboratory, Inc. A pyrgeometer produces three elec-
trical signals: a thermopile signal, a dome temperature
signal, and a case temperature signal. The data are
converted to infrared irradiance [;; using

L=V

ir thermo/c + UT?? - kO’(T?) - T??) ’ (16'3)
where o is the Stefan—Boltzmann constant, Vijermo 1S the
thermopile voltage, Tz and T are temperatures (K) of
the case (or body) and dome, respectively, and C and k

are calibration constants. Eppley’s calibration procedure
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PIRs — AERI irradiance vs. surface temperature (2000)
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is outlined in chapter 10 of Vignola et al. (2012). The
pyrgeometer peers into a blackbody whose temperature
is controlled by a circulating water bath first at 5°C and
then at 15°C. In about five minutes after being positioned
to look into the blackbody, the instrument and blackbody
come to equilibrium and Ty and Tp are at the same
temperature. Therefore,

V.
C= thermo 16-4
T~ 1) ey

where Tgp is the blackbody temperature at 5°C and
subsequently 15°C. The calibration constant is based on
the average of its value at the two temperature settings
of the blackbody. The constant k in Eq. (16-2) is
assigned a value of 4 by Eppley.

Using a constant value of 4 for £ may not be appro-
priate since that value was assigned for KRS-5 domes
that are no longer used for the Eppley PIR; all PIR
domes in ARM are silicon, and the manufacturer (via
private communication) now suggests that 3.5 may be a
more appropriate constant for k. Other blackbody cali-
bration methods solve for the value of k [e.g., see
chapter 10 of Vignola et al. (2012)]. In one study, for
example, Philipona et al. (2001) found a range for k of
2.75 to 3.64 for a set of six PIRs that were calibrated at
the World Radiation Center in Davos, Switzerland
(www.pmodwrc.ch).

Figure 16-2 above is a plot of an Atmospheric Emit-
ted Radiance Interferometer (AERI)-based broadband

irradiance estimate subtracted from PIR measurements
of downwelling irradiance. The AERI (Knuteson et al.
2004; Turner et al. 2016, chapter 13) measures spectral
radiance that is converted to infrared irradiances by filling
in missing portions of the spectrum (minor corrections)
and estimating the angular dependence of the radiance
(Marty et al. 2003). While there are uncertainties in the
AFERI-based irradiance estimates, and this method can-
not to be considered a standard, the fact that there are
differences in slopes in Fig. 16-2 for the three in-
dependent PIR measurements collocated with the AERI
points to an issue with pyrgeometer calibration since they
are not producing the same irradiances on average. We
suspect that the issue is the assignment of a fixed value for
k in Eq. (16-3). This suspicion is based on our ability to
reproduce the value of the other calibration constant ¢
with great reliability, and based on our and others’ ex-
perience that PIRs calibrated in other black bodies often
have k values different from the fixed value of 4 used for
the ARM PIRs, as indicated in the previous paragraph.
ARM’s attempt to perform its own blackbody cali-
brations in early 2001 (Reda and Stoffel 2001), using a
newly constructed blackbody calibrator, produced an
unrealistically large offset that was traced to nonuniform
temperatures in the new blackbody cavity (Stoffel et al.
2006). The ARM Radiation Focus Group decided to
change to an outdoor calibration technique that
compares to pyrgeometers that have been calibrated
against the World Infrared Standard Group (WISG) in
Davos, Switzerland. However, as of this writing the PIR
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FIG. 16-3. The radiometer cluster at the ARM Southern Great Plains Central Facility.

measurements in the archive continue to be based on the
original Eppley calibrations.

An interesting side note to the broadband infrared
work is that the RCF at SGP was used in the First In-
ternational Pyrgeometer and Absolute Sky-scanning
Radiometer Comparison (IPASRC I; Philipona et al.
2001) and the ARM NSA site was used in IPASRC II
(Marty et al. 2003) to establish the WISG that ARM
will use for calibrations and that many radiation
installations are already using for pyrgeometer
calibrations.

6. Significant achievements in broadband
radiometry

Figure 16-3, from the SGP site, shows most of the
instruments that make the broadband and narrowband
radiation measurements discussed in this chapter. The
Cimel sunphotometer is shown in the foreground. A
UV-MFRSR, a UVB broadband radiometer, and a
visible MFRSR from Colorado State University are to
the left. Diffuse and infrared downwelling measure-
ments are made on the tracker identified by the two
arms with black spheres at their ends (center right) that
block the sun; this tracker also carries the solar direct
normal instrument. To the right of the tracker is an
unshaded pyranometer that makes the GHI measure-
ment. The tower behind the tracker makes upwelling
solar and infrared measured at 10m. The archive of
BSRN-quality radiation measurements beginning in

1993 at the SGP site and beginning in 1998 at the NSA
and TWP sites is a significant achievement.

In the early years of the ARM Program, the In-
stantaneous Radiative Flux (IRF) working group was
dedicated to improving measurements and radiative
transfer models. Often this was done through quality
measurement experiments where, for example, measured
inputs to radiative transfer models were used to predict the
measured irradiance. Finding explanations for any differ-
ences led to improved measured inputs, improved models,
and improved radiation measurements. An example is
provided in chapter 14 for spectral infrared radiance
(Mlawer and Turner 2016, chapter 14; Turner et al. 2004),
but comparisons of longwave and shortwave flux calcula-
tions with observations were also a prominent focus (e.g.,
Clough et al. 2000; Ricchiazzi et al. 1998; Michalsky et al.
2006). A few achievements are highlighted below.

a. Diffuse irradiance

Using data from the first ARM Enhanced Shortwave
Experiment (ARESE), Kato et al. (1997) performed a
careful study where they compared clear-sky radiation
models with ARM measurements of direct normal and
diffuse horizontal shortwave irradiances. Direct irradi-
ances agreed well with the models with correct inputs of
aerosol optical depth (AOD), water vapor column, and
ozone column. Modeled diffuse irradiances using rea-
sonable aerosol optical properties of absorption and
scattering were consistently higher than DHI measure-
ments by a significant margin. Halthore et al. (1998)
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and diffuse irradiances for the 30 cases are given in the figure title. From Michalsky et al. (2006).

reached a similar conclusion, finding consistently higher
modeled diffuse irradiance than measured using sensi-
ble model inputs for the aerosol load and its optical
properties. These results created a significant debate
within the ARM (and larger) community: Was this bias
between the observations and the model due to some
missing absorption in the radiative transfer model or was
this a problem with the radiation observations or the
observations used to drive the radiative transfer model?
Papers by Bush et al. (2000) and Dutton et al. (2001)
looked into offset problems with thermopile sensors and
found that black disk detector pyranometers, such as the
Eppley model PSP, had significant offsets. Dutton et al.
(2001) found that these offsets were largest during the
midafternoons of clear-sky days. In both Bush et al.
(2000) and Dutton et al. (2001), a much earlier effort by
Gulbrandsen (1978) was cited that clearly pointed to an
early, but forgotten, recognition of this problem; this
offset was largely ignored until measurements and
models reached the level of accuracy occurring in the
BSRN/ARM era. The Dutton et al. (2001) study led to
the replacement of all Eppley model PSPs used for ARM
DHI measurements with Eppley model 8-48s, which do
not have significant offsets. PSPs were retained for the
GHI backup measurements, and all measurements of
GHI made with PSPs were corrected in the ARM ar-
chive. A detailed explanation of the correction used for
the ARM PSPs is given in Younkin and Long (2004).
Halthore et al. (2004) followed these improvements to
the diffuse measurements with a study that concluded

that model and measurement agreement was much im-
proved, but that there were differences at times that
could only be explained by invoking highly absorbing
but perhaps unrealistic aerosol absorption properties.
In a comprehensive study, Michalsky et al. (2006)
compared six shortwave radiation models with direct
and diffuse measurements for 30 cases over a wide range
of aerosol loads and SZAs during an aerosol intensive
campaign at the SGP Central Facility. The 30-case av-
erage bias (model — measurement; see Fig. 16-4) for the
direct normal ranged from a low of —1.0% to a high
of +0.7% for an averaged DNI of 762 W m 2. For the
diffuse irradiance, the range was from —0.6% to +1.9%
for an averaged DHI of 109Wm 2 The improved
agreement compared to Halthore et al. (2004) was at-
tributed to having accurate AODs, reasonable single
scattering albedos (SSA), and asymmetry parameters
(AP) from in situ measurements, and good water vapor
inputs for the model. However, the main cause of the
good agreement in Michalsky et al. (2006) between
the measurements and the model calculations was the
change from using a broadband albedo, which was the
same for all wavelengths, in the calculation to a six-band
spectral albedo measurement with reasonable assump-
tions for the wavelength dependent interpolation and
extrapolation; this change led to a 7% reduction of the
diffuse irradiance in the model calculations.

A major improvement in radiation measurements was
ARM’s development of a standard procedure for cali-
brating the DHI; this standard did not exist prior to the
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ARM Program. After three IOPs to find pyranometers
with consistent behavior for diffuse measurements,
Michalsky et al. (2007) proposed and demonstrated a
procedure for developing a diffuse working standard that
reduced the uncertainty of diffuse measurements. Those
results apply to clear-sky measurements, which are argu-
ably the most difficult diffuse measurements to make re-
liably. Clear skies with low aerosol burden have the lowest
irradiance since aerosols increase the diffuse irradiance.

b. Direct irradiance

Under ideal circumstances, direct irradiance would be
measured by windowless absolute cavity radiometers
(Vignola et al. 2012). Since operating with an open cavity
is not practical for long-term operations and cavity radi-
ometers are expensive, pyrheliometers based on ther-
mopile detectors are used for routine measurements. To
determine the uncertainty of these instruments a com-
parison was conducted for nearly a year to compare
pyrheliometers for all seasons under realistic field con-
ditions. The results are reported in Michalsky et al.
(2011). In general, DNIs are measured with better accu-
racy than is claimed by the manufacturer. The good news
for ARM is that Eppley pyrheliometers that are used in
ARM were found to have a 95% measurement un-
certainty of =1.3%, much better than the +2.0% claimed
by the manufacturer. However, three competitively
priced pyrheliometer manufacturers had instruments
with 95% uncertainties of about +0.7%. This study, for
the first time, provided a clear understanding of the un-
certainty of this primary measurement made by ARM
and the BSRN community as a whole.

¢. ARESE and ARESE 11

In 1995, three journal articles by Cess et al. (1995),
Ramanathan et al. (1995), and Pilewskie and Valero
(1995) appeared that suggested absorption in clouds was
far greater than theoretical models predicted. Shortly
after these publications, ARM mounted a campaign
called the ARM Enhanced Shortwave Experiment
(ARESE; Valero et al. 1997a) to measure radiation
above and below clouds from aircraft flying in tandem
and then to compare those measurements with radiation
measurements when there were no clouds. The experi-
ment, which was conducted in the fall of 1995, was
marked by exceptionally clear weather; therefore, the
analysis relied heavily on a single overcast day to esti-
mate absorption in the clouds. Analyzing those data,
Valero et al. (1997b) and Zender et al. (1997) found
excess absorption consistent with the 1995 papers. Other
experiments conducted elsewhere at about the same
time by British researchers (Francis et al. 1997) and
Japanese researchers (Asano et al. 2000) found that the
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measured absorption differed from theoretical calcula-
tions by less than 10% compared to the more than 50%
deviation reported by Valero et al. (1997b) and Zender
et al. (1997).

To resolve the issue, a second experiment called
ARESE II (Valero et al. 2003), conducted in the winter
of 2000, used three sets of radiometers on the aircraft
that flew above the clouds of the ARM SGP central
facility. Multiple sets of radiation measurements also
were made at the surface of the central facility to cal-
culate the net radiation at the surface that was compared
with the net radiation measured at the aircraft. All
ground and aircraft radiometers were calibrated to the
same standard simultaneously (Michalsky et al. 2002)
after the offset issues were found and dealt with by using
zero offset radiometers or offset corrections. Ackerman
et al. (2003), using two state-of-the-art radiative transfer
models, analyzed the results on three cloudy days of
ARESE II and found that measurements and models for
the atmospheric absorption in the clouds agreed to
within 10%, which was within the estimated model and
measurement accuracy. Cloud absorption on the order
of 50% more than model predictions was clearly not
observed in this experiment. A good discussion of this
appears in Kerr (2003) that emphasizes that both mea-
surement and model improvement led to this result.

d. Radiative flux analysis

Long and Ackerman (2000) used ARM data to
develop a technique to understand the effect of clouds
on downwelling solar irradiance (GHI) at the surface.
The technique uses the GHI and DHI time series to
detect periods of clear (i.e., cloudless) skies. If a day’s
detected clear-sky period spans a sufficient range of
SZA, the data are used to fit functions with the cosine
of the SZA as the independent variable. The coefficients
of the fit are then linearly interpolated between clear
periods to produce continuous estimates of clear-sky
GHI and DHI over that period. Since the predicted
clear-sky irradiances are affected by whatever water
vapor, aerosols, and other constituents are present, the
irradiance differences (radiative effects) when clouds
are present are only due to clouds; the assumption is that
aerosol, water vapor, and the other constituents remain
relatively constant over the day.

Figure 16-5 demonstrates the technique developed by
Long and Ackerman (2000). The clear-sky global solar
(GHI) model closely matches the measured global solar
in the morning and the extrapolation assumes that a clear
sky prevails the rest of the day. The deviations of the
measured GHI from this model represent the clouds’
effects on the radiation budget. The same argument holds
for the diffuse solar (DHI) plotted in the blue colors.
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FIG. 16-5. Demonstration of radiative flux analysis where clear portion of morning is used to
estimate what the rest of a clear-sky day’s pattern in global and diffuse would be expected
to follow if it remained clear. Deviations from the clear-sky global and diffuse are attributed to

cloud radiative forcing.

Later, techniques were developed to produce contin-
uous estimates of clear-sky downwelling infrared I;;
(Long and Turner 2008) irradiance, and upwelling solar
and infrared (Long 2005) irradiance. These clear-sky
estimates are used along with the corresponding mea-
surements in various combinations to calculate the
complete net radiative cloud forcing, and infer cloud
macrophysical properties such as daylight fractional sky
cover (Long et al. 2006), I}, effective sky cover (Diirr and
Philipona 2004), cloud optical depth (Barnard et al.
2008), cloud transmissivity, effective clear-sky emissiv-
ity, and sky brightness temperature.

Using the long-term surface radiation datasets avail-
able, several papers have used radiative flux analysis
(RFA) estimates in model-measurement comparisons of
surface radiation and cloud amounts. Wild et al. (2006)
used RFA clear-sky results to test the general circulation
models (GCMs) that participated in the atmospheric
model intercomparison projects (AMIP I and AMIP 1I)
and the model intercomparisons for the Fourth Assess-
ment Report (AR4) of the Intergovernmental Panel on
Climate Change (IPCC 2007), while Qian et al. (2012)
tested the AR4 models’ accuracy for cloud fraction and
radiative effects. Zhang et al. (2010) show that the RFA-
related suite of retrieved parameters allows for compar-
ison of satellite and surface data sorted by when both are
experiencing similar cloudiness, thus getting around
many of the previous problems inherent in comparing
values that represent differing spatial coverage, an age-
old satellite—surface comparison issue.

The RFA data have been used in analyses of surface
cloud effects and trends. Long et al. (2009) showed sig-
nificant decadal brightening over the continental United
States that is attributed to changes in cloudiness rather
than changes in aerosol loading. For clear sky, the in-
crease was manifested in the diffuse shortwave rather
than the direct shortwave that would be expected for the
documented decreased aerosol loading across the decade
of the study. Mace et al. (2006) studied cloud radiative
forcing at the ARM SGP site and comparisons to satel-
lites, while Berg et al. (2011) studied surface radiative
forcing specifically by single-layer shallow cumulous
clouds at SGP. At the ARM NSA site Dong et al. (2010)
studied the cloud radiative forcing climatology. In the
ARM TWP sites Wang et al. (2011) used RFA cloud
effects and sky-cover retrievals to show that the Madden—
Julian oscillation is detected and quantified in the Manus,
Papua New Guinea, site data; May et al. (2012) in-
vestigated the diurnal cycle of the Australian monsoon
including cloudiness and radiative effects; and McFarlane
et al. (2013) analyzed the climatology of surface cloud
radiative effects, by cloud type, at all three TWP sites.

7. Spectral solar measurements for aerosol
retrievals
a. Cimel sunphotometers

ARM solar spectral measurements have focused
mainly on the retrievals of AOD and aerosol optical
properties. In the late 1990s ARM became part of
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AERONET (Holben et al. 1998) with the introduction
of Cimel sunphotometers at the central facility sites in
Oklahoma, Alaska, and on Nauru. The Cimel sunpho-
tometers (see Fig. 16-3) are now at all ARM permanent
central facilities and ARM mobile facilities; in addition,
spares are kept for replacements. The spares are critical
because it takes a month or more to calibrate the sun-
photometers, which is done by sending the instrument to
AERONET headquarters at the Goddard Space Flight
Center in Greenbelt, Maryland. These spares fill sig-
nificant gaps in the data stream that would otherwise be
created. Calibration is via comparisons to other Cimel
sunphotometers that have been calibrated at Mauna
Loa Observatory in Hawaii using Langley plot analyses.

The wavelengths that are standard in all of the ARM
Cimels are 340, 380, 440, 500, 675, 870, 940, 1020, and
1640nm. All are used for AOD retrievals except the
940-nm channel, which is used to estimate the amount of
water vapor in the column. Measurements to calculate
AOD are made at every half air mass if the air mass is
greater than 2, or every 15 min if the air mass is less than
2. The uncertainties for AOD are estimated at 0.01 to
0.02 (Gregory 2011). The four channels at 440, 675, 870,
and 1020 nm are used to scan in the solar almucanter and
in the solar-zenith plane measuring radiance at defined
angles. These scans, occurring four times daily for each
scan plane, are used, along with the direct spectral ir-
radiance measurements, to retrieve AP (a measure of
the forward versus backscattered radiation), SSA (a
measure of the absorption by the aerosol), and aerosol
size distributions (Dubovik et al. 2000).

b. Multifilter rotating shadowband radiometer

Several variants of the MFRSR are used in the ARM
Program. The MFRSR was developed with ARM
funding in the early 1990s (Harrison et al. 1994) and was
licensed to Yankee Environmental Systems, Inc., in the
mid-1990s. While the Cimel is a traditional pointing
sunphotometer with a 1.2° field of view and a filter wheel
that cycles to sequentially sample all nine channels, the
MFRSR makes simultaneous measurements in seven
temperature-controlled channels. The GHI is measured
with the rotating band out of the field of view. The band
rotates about an axis parallel to Earth’s rotation allow-
ing the required steps in hour angle to be calculated to
block the diffuser from direct solar radiation in order to
measure the DHI (http://yesinc.com/products/radvis.
html). Finally, the DNI is calculated from these two
measurements [see Harrison et al. (1994) for complete
details]. Six of these channels contain 10-nm filters; five
are used for AOD measurements and one for water
vapor. The seventh channel is an unfiltered silicon de-
tector that is used to estimate broadband solar after
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corrections for spectral response are applied. This un-
filtered channel’s measurements can be used as backup
to the broadband thermopile measurements of short-
wave irradiance.

The MFRSR samples wavelengths at 415, 500, 615,
673, and 870 nm for AOD determinations. Instruments
are calibrated for AOD retrievals after first screening all
of the data for acceptable Langley plots as outlined in
Harrison and Michalsky (1994). Robust estimates of the
calibration constants using all of the acceptable Langley
plots are obtained following the procedures described in
Michalsky et al. (2001), which provide uncertainties in
the derived AOD, due to uncertainties in calibration, of
0.01 to 0.02. These methods use field measurements to
continuously update the calibration; therefore, the in-
struments are not removed from the field for calibration
unless there is an instrument failure. Several studies
(e.g., Michalsky et al. 2010) have compared the Cimel
sunphotometer estimates of AOD with the MFRSR
AODs and found results clearly within the uncertainties
cited above. In that paper, a 15-yr AOD climatology
(through the early part of 2008) was produced for the
SGP aerosols based on the continuous monitoring pos-
sible using the field calibration procedure just outlined;
the importance of this result is discussed in McComiskey
and Ferrare (2016, chapter 21). Although the 940-nm
channel measurements are made, the data have not been
used to routinely retrieve water vapor in the ARM
Program, although comparisons with other methods to
retrieve precipitable water vapor have been performed
(e.g., Alexandrov et al. 2008, and references therein;
Turner et al. 2016, chapter 13). The MFRSR sampling is
every 20 s although some early data were sampled every
15s. While Cimel almucanter and solar-zenith plane
scans are used to retrieve AP and SSA, as explained
above, the MFRSR diffuse and direct irradiances are
used in a different procedure to retrieve the same pa-
rameters. Kassianov et al. (2007) demonstrated these
retrievals for AP and SSA and compared their retrievals
with in situ techniques and AERONET retrievals with
good agreement. The most extensive effort to use
MFRSRs for the characterization of aerosols was by
Alexandrov and his colleagues at the Goddard Institute
for Space Studies in New York City (Alexandrov et al.
2008, and many references therein). Their focus was on
retrieving size distributions including the separation of
fine and coarse modes. They found good agreement
when comparing derivations using two different
MFRSRs and when comparing MFRSR retrievals to the
Cimel sun—sky-based retrievals.

A key input for the retrieval of the SSA and AP is the
spectral albedo of the land surface. Later in this chapter
we note that surface albedo is key to deriving cloud
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optical depths. As discussed earlier in this chapter, sur-
face spectral albedo was a key factor in achieving radi-
ative closure between clear-sky broadband models and
measurements (Michalsky et al. 2006). The albedo
measurements used for that study were made with the
MFRSR for downwelling irradiance; the upwelling
measurements were made with the detector head of the
MFRSR, the MFR. The filters for the MFR and MFRSR
are at the same wavelengths. At the SGP central facility
one MFR is placed near the top of a 10-m tower not far
from the MFRSRs. This site is pastureland and is con-
sidered representative of fallow land around the ARM
site. Another MFR is sited at the 25-m level of the 60-m
meteorological tower that is within a cultivated field
some 350m WNW of the 10-m tower. This field was
planted mostly with winter wheat in the early years of
ARM, but after the fall of 2004 corn, soybeans, and
wheat have been rotated (McFarlane et al. 2011). The
field is tilled before planting and after harvest reveal-
ing bare soil until weeds or planted crops emerge.
McFarlane et al. (2011) developed a value added prod-
uct (VAP), useful in radiative transfer calculations, to
derive a continuous surface spectral albedo dataset us-
ing the MFRs and MFRSRs plus a calculation of Nor-
malized Difference Vegetative Index (NDVI) from
these albedos to provide an understanding of the surface

type.
¢. Normal incidence multifilter radiometer

Two straightforward modifications of the MFRSR
were made for specific purposes in ARM. The normal
incidence multifilter radiometer (NIMFR) has the same
filter-detector package as the MFRSR, but is equipped
with a baffled tube to restrict the field of view to 5.7° to
match the Eppley model NIP pyrheliometer. Samples in
all channels are obtained simultaneously every 20s. It is
calibrated in the same way as the MFRSR using multiple
Langley regressions and deriving a robust estimate of
the extraterrestrial response for each aerosol channel
from these. The AODs derived from the NIMFR should
have less uncertainty than those obtained with the
MFRSR because there are no cosine response correc-
tions to apply, which add uncertainty. Michalsky et al.
(2010) show agreement within 0.014 with the MFRSR,
which is slightly better than the agreement of the
MFRSR with AERONET, since the sampling and
wavelengths are better matched in the former case.

8. Spectral solar measurements for cloud retrievals

a. Multifilter rotating shadowband radiometer

The MFRSR can be used to measure cloud optical
depths for totally overcast skies filled with water clouds
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(no ice). The instrument is calibrated when the sky is
cloud free using Langley plots as described earlier,
which calibrates the direct beam for top-of-the-
atmosphere response. Moreover, the calibration ap-
plies to the diffuse and global irradiance as well, since
the same sensor is used in all three measurements.
Measurements of irradiance under clouds then can be
used to calculate the transmission by taking the ratio of
this measurement to the top-of-the-atmosphere global
irradiance (i.e., the direct irradiance multiplied by the
cosine of the solar zenith angle). A radiative transfer
model that has estimated or measured surface albedo
and assumed or obtained independently cloud droplet
radius can be run iteratively changing the optical depth
until the transmission matches the measurement. Min
and Harrison (1996) have shown that there is only a
small added uncertainty in the cloud optical depth if a
fixed reasonable estimate of cloud droplet radius is as-
sumed. Their procedure uses measurements at the
shortest MFRSR wavelength, 415nm, because the sur-
face albedo is low there, and small differences from the
true value have little effect on the estimated cloud optical
depth. If the liquid water path is measured by a collocated
microwave radiometer (see, e.g., Shupe et al. 2016,
chapter 19), then this algorithm can retrieve the cloud
droplet radius and produce an improved estimate of the
cloud optical depth. In later studies, Min et al. (2008)
demonstrated the retrieval of cloud fraction from spectral
measurements made with the MFRSR. Wang and Min
(2008) further developed methods to retrieve thin and
mixed-phase cloud optical depths using the MFRSR.

b. Two-channel narrow field-of-view and Cimel
radiometers in cloud mode

The narrow field-of-view (NFOV) radiometer was
developed to measure zenith radiances at 1-s temporal
resolution with two channels, one in the red (673 nm)
and one in the near-infrared (870 nm), for the purpose of
retrieving cloud properties. Cloud optical properties at
these two wavelengths are nearly identical, but green
vegetative surfaces reflect these two wavelengths very
differently. This instrument uses some MFRSR tech-
nology, but is different in that it does not use a diffuser
over the two separate receivers since that would cut the
signal to unusably low levels. This instrument also uses
higher gain for the low radiance signals. The current
field of view is 1.2°, down from the original 5.7°, with the
smaller field of view matching the Cimel, allowing
comparisons of the two instruments’ cloud retrievals.
This smaller field of view allows successful sampling of
geometrically smaller clouds; for the technique to work
the cloud must fill the field of view. Chiu et al. (2006)
demonstrated that 1-s data captures the frequency at
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which clouds evolve naturally. They estimate that cloud
optical depths using this technique are measured with an
uncertainty of about 15%. Chiu et al. (2012) recently
used the ARM Cimel in its zenith radiance mode mea-
suring with visible and near-infrared (1640nm) wave-
lengths to retrieve cloud optical depth, effective cloud
droplet radius, and liquid water path.

9. The future of broadband and narrowband
radiometry in ARM

Remarkable improvements have been made in the
accuracy of radiation measurements over the past 20
years based on research in the ARM Program and
BSRN. The DNI was measured with good accuracy
before, but the accuracy of commercial pyrheliometers
is now better understood (Michalsky et al. 2001). These
DNI measurements can now be made with accuracies of
0.7% using an all-weather instrument. The measure-
ment of DHI is much better now since a procedure to
produce a DHI standard has been developed (Michalsky
et al. 2007); DHI accuracies of around 2% are possible.
Infrared measurements have shown the most improve-
ment. [PASRC I/II studies conducted at SGP and NSA
were pivotal in establishing the WISG. These measure-
ments can be made at the 2%-3% level, where they
were at about the 10% uncertainty level at the outset of
the ARM Program.

a. Multifilter rotating shadowband radiometer

MFRSRs were refurbished with new filters and better
temperature control in the late 2000s. The new filter sets
have better throughput resulting in better signal-to-
noise ratios. Close attention was paid to reducing the
out-of-band light getting through the filters, which was
adding nonnegligible uncertainty to AOD retrievals.
The temperature is controlled very closely near the set
point except on a few hot summer days when the in-
ternal temperature exceeds the set point; the improved
temperature control improves the calibration stability of
the instrument for long time periods between successful
Langley calibrations. A Campbell datalogger controls
the MFRSR, allowing them to be operated in more
flexible modes. ARM is considering a slight change to
the filter set where the 615-nm channel would be
swapped for a 1625-nm channel to enable several new
scientific studies, and the feasibility of this change has
been demonstrated. This change would permit a better
estimate of the shortwave surface albedo in the near-
infrared; it would allow a two-channel retrieval of cloud
optical depth and cloud particle radius simultaneously,
and it would allow a better retrieval of large aerosol
sizes.
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b. Broadband

In the comparison of pyrheliometers reported in sec-
tion 6b (Michalsky et al. 2011) it was found that the
current ARM pyrheliometers measured direct irradi-
ance with an estimated accuracy of 1.3% within 95%
confidence limits. It would seem prudent to upgrade the
ARM pyrheliometers to one of the instruments in that
comparison that measured with an accuracy near 0.7%.
This would result in a substantial uncertainty im-
provement of the measurements since direct beam is
the largest contributor to downwelling shortwave
irradiance.

Infrared measurements should improve significantly
with the impending improvement in the calibration
procedure. Outdoor calibrations to the WISG should
reduce the absolute uncertainty of these measurements
to around =5Wm 2. Given the long-term stability of
the Eppley model PIR, the calibrations should be valid
from the earliest measurements in ARM. This will allow
for an interesting analysis of surface net infrared
changes over the past 20 years in the case of the SGP and
NSA central facilities.
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