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1. Introduction

The spectral signatures of radiation produced by vari-

ous atmospheric constituents are key to our understanding

of many issues related to climate and weather. Ground-

based measurements of spectrally resolved radiation are

particularly rich sources of information on atmospheric

gases, clouds, and aerosol properties. For there to be

confidence in simulations by atmospheric models, in-

cluding general circulation models (GCMs), it is essential

that calculations by the most accurate radiative transfer

codes be able to reproduce these spectral measurements

for a broad range of conditions. This perspective was

central to the founding objectives of the ARM Program,

provided an essential focus of the program during its early

years, and was at the core of many of the program’s im-

portant accomplishments during its history.

A critical motivation for establishing the Atmospheric

RadiationMeasurement (ARM)Programwas to develop

the capability to evaluate and improve line-by-line radi-

ation codes, which are themost physically based radiative

transfer algorithms, through extensive comparisons with

high-quality spectral radiation measurements. In partic-

ular, results from the Intercomparison ofRadiationCodes

in Climate Models (ICRCCM; Ellingson and Fouquart

1991; Ellingson et al. 2016, chapter 1), although directed

at the evaluation of the performance of fast radiation

parameterizations, were key to establishing the impetus

for a program such as ARM with a spectral radiation

focus. A key conclusion from the analysis of longwave

ICRCCM results (Ellingson et al. 1991) was that, al-

though many fast radiation codes used within climate

models had spectral errors that partially canceled out

when fluxes over a wide spectral range were computed,

line-by-linemodelers did not have sufficient confidence in

their own models to advocate using them as references.

The participants in this study therefore recommended

that ‘‘a program be organized to simultaneously measure

the spectral radiance at high spectral resolution along

with the atmospheric variables necessary to calculate the

radiance, particularly for clear-sky conditions’’ (p. 8952).

The ARM Program was developed as the answer to this

challenge, and this chapter (along with other related

chapters in this monograph) details the research program

that was followed toward its successful resolution.

The initial response to the ICRCCM recommendation

to improve radiative transfer parameterizations through

the analysis of field observations was the organization

of the Spectral Radiation Experiment (SPECTRE;

Ellingson and Wiscombe 1996; Ellingson et al. 2016,

chapter 1). This one-month field experiment deployed

several infrared interferometers to Coffeyville, Kansas,

to measure the downwelling infrared spectral radiance

along with a range of sensors, both in situ (e.g., radio-

sonde, flask measurements of trace gases like carbon

dioxide and methane, etc.) and remote (e.g., Raman li-

dar, Radio Acoustic Sounding System, cloud radar), to

characterize the atmospheric state needed as input to

drive the radiation models. SPECTRE, although lim-

ited, had a number of successes. The Atmospheric

Emitted Radiance Interferometer (AERI; Knuteson

et al. 2004a,b), which was developed by theUniversity of

Wisconsin–Madison, was demonstrated to have a robust
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calibration, and the initial comparisons showed a much

better level of agreement between the observed and

line-by-line calculated radiances than the range between

calculations that was demonstrated during ICRCCM.

The SPECTRE dataset, however, was from a single lo-

cation and from a short duration campaign, a limitation

that the ARM Program, which was developed based on

the SPECTRE experience and science plan, was de-

signed to overcome. A central objective of the ARM

Program was to ‘‘relate observed radiative fluxes in the

atmosphere, spectrally resolved and as a function of

position and time, to the atmospheric temperature,

composition (specifically including water vapor and

clouds), and surface radiative properties’’ (Stokes and

Schwartz 1994, p. 1203). ARM data would provide the

observations at the different climatic locations over

longer time periods to fulfill the critical recommendation

of ICRCCM.

This chapter provides a history of some of the ARM

Program’s accomplishments in the analysis of spectral

radiation measurements. The program has had greater

successes in the thermal infrared spectral region than in

the solar, primarily due to the development of the AERI

in the early years of the program. [See Turner et al. (2016,

chapter 13) for a short history of the development of this

instrument.] Progress in the shortwave portion of the

spectrum was more challenging due to the relatively few

groups developing instruments to measure spectrally re-

solved radiance observations in that spectral region; in-

strumental challenges (especially for accurate radiative

and spectral calibration) weremore daunting than for the

longwave. Much of the analysis of spectral radiation fo-

cused on clear skies in order to improve the accuracy of

the emission and absorption of atmospheric gases and

aerosols, with valuable results obtained from ARM

spectral radiometers deployed in a number of diverse

locations. As will be seen below, a recurring theme of

these investigations is the nature of continuum absorp-

tion due to water vapor, an important factor in the flow

of radiant energy in our atmosphere. As the program’s

cloud observations matured and new algorithms were

developed to retrieve cloud macro- and microphysical

properties (Kollias et al. 2016, chapter 17; Shupe et al.

2016, chapter 19), characterizing and improving the

spectral radiative transfer algorithms in cloudy atmo-

spheres has taken on a more prominent role. This topic

is addressed in section 5 of this chapter.

2. Clear-sky longwave studies

The paradigmused in theARMProgram for analysis of

spectral radiation observations is the radiative closure

study, which involves the simultaneous critical evaluation

of 1) the spectral radiance observations, 2) the physics and

implementation of the radiative transfer model, and

3) the specification of the temperature, humidity, and other

atmospheric and surface properties relevant to radiation.

The evaluation includes any observations on which these

properties are based and are required by the radiative

transfer model. The efforts to evaluate and improve radi-

ative transfer models in the ARM Program through this

approach were undertaken and led by members of the

Instantaneous Radiative Flux (IRF) working group, most

notably Bob Ellingson, Tony Clough, and Hank Rever-

comb, within the ARM Science Team. Since the ARM

data were collected routinely, the IRF developed the idea

of the Quality Measurement Experiment (QME; Turner

et al. 2004) to routinely perform the radiative transfer

calculations and some higher-order processing needed

for the radiative closure experiment.

With respect to the evaluation and improvement of line-

by-line radiative transfer codes, the ARM closure studies

focused mostly on the spectroscopic properties of water

vapor. Although the strengths, widths, and other proper-

ties of H2O absorption lines were scrutinized in these

studies, a great deal of attention was focused on analysis

related to H2O self and foreign continuum absorption.

This was anticipated in the longwave ICRCCM study,

which concluded that uncertainty in the H2O continuum

led to significant limitations in climate studies (Ellingson

et al. 1991). As will be seen, efforts within the ARM Pro-

gram directed at attaining a comprehensive understanding

of the properties of the longwave H2O continuum ended

up requiring spectrally resolved observations from several

different locations. Although the program did provide

some support for directed spectroscopic studies (e.g.,

Rothman 1992; Varanasi 1998), the primary avenue within

ARMfor advancement in this area relied on the analysis of

field observations of spectrally resolved radiances.

a. Improvements to the modeling of water vapor
absorption

The primary QME organized by the IRF compared the

spectral infrared radiances observed by the AERI and

computed by the line-by-line radiative transfer model

(LBLRTM; Clough et al. 1992; 2005). Atmospheric state

measurements were a critical component of this QME. In

particular, the uncertainty in water vapor profile mea-

surements was determined to be the limiting factor in

improving the clear-sky longwave radiative transfer model

(Revercombet al. 2003). To reduce these uncertainties to a

level where the water vapor profiles could be used with

sufficient confidence, a concentrated effort and a series of

field experiments were conducted at the ARM Southern

Great Plains (SGP) and North Slope of Alaska (NSA)

sites. Turner et al. (2016, chapter 13) provides a history
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of this work, without which improvements in the infrared

radiation modeling would not have been possible.

The prototype AERI-00, which used liquid nitrogen to

cryogenically cool its detectors and thus required manual

attention to refill the liquid nitrogen dewar, was installed

at the SGP site in late 1993. Even with sizable un-

certainties in theH2O profiles, the IRF anticipated similar

results from AERI-LBLRTM comparisons from this de-

ployment as were experienced during SPECTRE. How-

ever, the comparison between the AERI and LBLRTM

in clear skies showed a much larger bias than was seen in

SPECTRE; importantly, this large bias was seen in all

seasons. The change in the size of the bias between the

SPECTRE and early ARM results led to many heated

discussions on the source of the bias: was it a problemwith

the AERI observations, aerosols that needed to be in-

cluded in the calculation (perhaps the SPECTRE results

were just ‘‘lucky’’ to have very low aerosol loading), or

some problem with the atmospheric state (temperature

and humidity) observations? This problem was not re-

solved until the AERI-01—the first AERI that could be

run operationally by using a mechanical Sterling cooler to

keep the detectors at cryogenic temperatures—was de-

ployed to the SGP site. The side-by-side comparison of

the AERI-01 and the AERI-00 showed that the bias was

in the AERI-00 observations, which was traced to a small

obscuration in the field of view of theAERI-00 (Knuteson

et al. 1999). This served as an important lesson in de-

ploying AERI instruments operationally, and all future

AERIs (from the AERI-01 onward) were deployed dif-

ferently than the AERI-00 in order to eliminate the pos-

sible obscuration bias that affected the original AERI.

While the IRF was trying to understand the bias between

the AERI-00 and LBLRTM, the Pilot Radiation Observa-

tion Experiment (PROBE) was conducted in 1993 in

Kavieng, Papua NewGuinea. A Fourier transform infrared

(FTIR) spectrometer from the National Oceanic and

Atmospheric Administration (NOAA) was among the

instruments deployed as part of PROBE, and initial

comparisonsbetween theFTIRandLBLRTMshowedvery

large biases between 800 and 1000cm21 in the very moist

tropical atmosphere above Kavieng. This ARM-funded

analysis suggested that the absorption in version 1 of the

Clough–Kneizys–Davies (CKD) H2O continuum model1

used within the LBLRTMwas too weak, and a modified

version of the continuum model (version 2.1) was cre-

ated. A subsequent cruise to the western Pacific by the

research ship Discoverer in 1996, which again included

the NOAA FTIR and a newer generation AERI, con-

firmed the results from PROBE (Han et al. 1997). Thus,

the ARM Program had made its first major advancement

in our understanding of H2O continuum absorption.

Meanwhile, the IRF continued to develop theQMEat

the SGP site, with comparisons between AERI-01 ob-

servations and LBLRTM calculations that were pre-

sented in a series of ARM Science Team Meeting

presentations from 1994 to 1999 by Pat Brown, Tony

Clough, and colleagues. A great deal of effort was fo-

cused upon the improvement of the H2O observations;

ultimately the uncertainty in the accuracy of the mea-

surement of precipitable water vapor (PWV) at SGP

would drop from order 15% in the early 1990s to 3% by

the early 2000s (Turner et al. 2016, chapter 13). The

extended dataset at the SGP, together with these im-

proved PWV observations, allowed the CKD model to

be further refined in the 800–1300 cm21 spectral region

(Turner et al. 2004), the ‘‘atmospheric window’’ so im-

portant to planetary energy balance. The SGP QME

data also were extremely useful in evaluating new ver-

sions of the high-resolution transmission molecular ab-

sorption (HITRAN) absorption line database, and

especially the H2O line parameters in this database

(Turner et al. 2004). The improvements that were made

in the main infrared window (800–1300 cm21) from the

PROBE, Discoverer, and SGP datasets removed a sig-

nificant amount of spectral cancelation of error, and

contributed significantly to the improvement of the

downwelling longwave flux calculation by the LBLRTM

by approximately 5Wm22 (Turner et al. 2004).

The SGP QME and tropical PROBE andDiscoverer

results were instrumental in improving the modeling

of H2O absorption, most notably H2O continuum ab-

sorption in the atmospheric window. However, these

results did not address spectroscopic issues within

strong H2O absorption bands, such as the pure rotation

band from 0 to 625 cm21 (.16mm). With its partici-

pation in the Surface Heat Budget of the Arctic Ocean

(SHEBA) field campaign (Uttal et al. 2002), ARM

radiative closure studies were extended to these spec-

tral regions. An extended range AERI,2 which was

modified to have sensitivity to downwelling radiation

at wavenumbers as low as 400 cm21 (25mm), was de-

ployed on the icebreaker that SHEBA used as its

1 The water vapor continuum model used within LBLRTM

during the first decade of the ARM Program was the CKD model

(Clough et al. 1989), which was widely used throughout the com-

munity. In the early 2000s this model was revised and renamed the

MT_CKDmodel (Mlawer et al. 2012). Details on these continuum

formulations and their evolution over time can be found in these

references; a simple explanation of the water vapor continuum is

given in Turner and Mlawer (2010).

2 The typical AERI is sensitive to radiation at wavenumbers as

low as 530 cm21 (19mm).
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floating base. In the very dry Arctic atmosphere during

the winter, a portion of the rotational water vapor band

in the far-infrared between 100 and 625 cm21 (100 to

16mm) is partially transparent. Thus, the accuracy of the

radiative transfer model can be evaluated using surface-

based radiation measurements. (At larger PWV

amounts, such as those seen in midlatitudes or in the

tropics, this portion of the spectrum is opaque and the

accuracy of the water vapor continuum or line pa-

rameters cannot be evaluated.) Tobin et al. (1999) used

the AERI observations at SHEBA to demonstrate that

the absorption of the CKD foreign continuum model

in the far-infrared was nearly a factor of 3 too strong,

leading to a significant modification to the CKDmodel

in this spectral region.

The far-infrared accounts for nearly 40% of the total

outgoing longwave radiation emitted by the planet and

is very important for the radiative atmospheric heating/

cooling rate profiles in the middle to upper troposphere

(Clough et al. 1992; Harries et al. 2008). Thus, the im-

provements made by Tobin et al. (1999) had a big effect

on the atmospheric heating rate profiles. However, the

uncertainty in the water vapor profiles used by Tobin

et al. was on the order of 25%, and this uncertainty

translated directly into the same level of uncertainty in

the continuum model adjustment. Furthermore, the

extended-range AERI did not provide measurements

in a significant portion of the far-infrared spectrum, so

the accuracy of radiative transfer models in this un-

observed spectral region was unable to be evaluated in

SHEBA. This led ARM to organize the Radiative

Heating in Underexplored Bands Campaigns (RHUBC;

Turner and Mlawer 2010) to collect and analyze

additional spectral radiation measurements in dry

environments.

After SHEBA, the ARM Program made solid prog-

ress improving the accuracy of PWV observations in

very dry climates, and by the time of the first RHUBC

campaign new operational microwave radiometers at

183GHz had been developed for deployment to the

ARM NSA site (Turner et al. 2016, chapter 13).

RHUBC-I deployed three of these microwave radiom-

eters and three infrared interferometers to the NSA site

in late winter 2007 to evaluate and refine the Tobin et al.

modification with the improved water vapor observa-

tions. The experiment was a success. RHUBC-I demon-

strated good agreement between all three of the 183-GHz

radiometers, each of which used different technologies

and calibration approaches (Cimini et al. 2009). Analysis

of data from RHUBC-I, along with additional data col-

lected before and after the experiment using one 183-GHz

radiometer that was running operationally at NSA,

demonstrated that adjustments were needed to the

strengths of both the H2O foreign and self-continuum

models in the far-IR, and, importantly, refined the widths

of some of the more prominent H2O absorption lines in

the 400–625 cm21 region (Delamere et al. 2010).

The Delamere et al. (2010) study provided in-

formation on the strength of continuum absorption at

the high wavenumber end of the H2O pure rotation

band (400–650 cm21). At the low wavenumber edge of

the band (i.e., around 5 cm21), radiative closure studies

at a number of microwave frequencies by Payne et al.

(2011) provided analogous and consistent information

on the continuum. The microwave analysis included

observations at 5 cm21 (150GHz) from the deployment

of the ARMMobile Facility (AMF) to Germany in 2007

that were also analyzed by Turner et al. (2009). Based on

these studies, an updated version of the continuum

model (MT_CKD_2.4) was developed, with a nearly

50% change in the strength of the water vapor foreign

continuum at 200 cm21 (50mm). GCM simulations

demonstrated that this large change to the water vapor

continuum model had a significant radiative and dy-

namic impact on a global climate model simulation

(Turner et al. 2012a).

The success of RHUBC-I led to the second RHUBC

experiment, which was conducted in fall 2009 at a high-

altitude site (5.3 km AGL) in the Chilean Andes. The

PWV amounts in RHUBC-II were nearly 5 times drier

than the driest conditions experienced at the NSA site,

and thus a larger portion of the far-infrared region was

partially transparent. In particular, radiative transfer

model calculations at wavenumbers as small as 220 cm21

(45mm) could be evaluated with theRHUBC-II dataset.

Five interferometers were deployed during RHUBC-II,

along with one of the 183-GHz radiometers from

RHUBC-I. This experiment provided the first complete

spectral measurement of the entire downwelling ter-

restrial infrared spectrum from the ground (Turner et al.

2012b) and demonstrated that to first order the current

water vapor continuum model, which includes the big

change at 200 cm21 indicated above, is more accurate

than the continuum model that existed before the

RHUBC experiments.

ARM-related studies also contributed to advance-

ments in our knowledge of the water vapor self-

continuum at the short wavelength end of the AERI

spectral domain. Using AERI measurements from

SGP, two independent studies (Strow et al. 2006;

Mlawer et al. 2012) determined that the MT_CKD

self-continuum was significantly too weak from 2400

to 2600 cm21. This later study also showed that the

result in this spectral region is consistent with certain

laboratory and field observations of the continuum in

the near-infrared.
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b. Other modeling advances in the infrared

Gaseous species other than water vapor also had their

infrared spectroscopy evaluated and improved using

ARM AERI observations. In 2002, AERI measure-

ments from the NSA site were used, along with mea-

surements from the University of Wisconsin’s airborne

High-resolution Interferometer Sounder (HIS) and

ScanningHIS (S-HIS), tomodify the carbon dioxide line

shape and carbon dioxide continuum used in the 500–

900 cm21 region in LBLRTM. After the introduction in

LBLRTM of P- and R-branch line coupling for CO2,

AERI measurements from the ARM Tropical Western

Pacific (TWP) site were used to determine that these

previous adjustments were no longer necessary (Payne

et al. 2007). More recently, SGP AERI measurements

were used along with satellite measurements to modify

the CO2 continuum and line coupling implementation

near 2400 cm21 in LBLRTM (Mlawer et al. 2012).

c. Spectral trends

Among the many achievements of the AERI/

LBLRTMQME was the establishment of confidence in

the accuracy of the AERI radiance observations. Fur-

thermore, since the AERI design allows it to monitor

both its calibration and sensitivity every 10min, it is an

ideal sensor for long-term trend analysis, which was one

of the original design goals of the multidecadal obser-

vations by the ARM Program. Using 14 years of data

(1997–2010) collected at the SGP site by the AERI-01

instrument, an analysis was performed to characterize

the distribution of the downwelling radiance as a func-

tion of clear sky, opaque cloud, and ‘‘thin cloud’’

(Turner and Gero 2011), and then to determine if there

were any trends in these classifications over the entire

record or when analyzed as a function of season or di-

urnal cycle. Gero and Turner (2011) identified numer-

ous statistically significant trends in the downwelling

radiance over the 14-yr period (e.g., Fig. 14-1, bottom).

The trends in the spectrally resolved AERI observa-

tions, such as that shown for the autumn in the top panel

of Fig. 14-1, allowed these trends to be attributed to

trends in PWV (in clear-sky scenes) or in cloud prop-

erties (in cloudy scenes).

3. Radiative transfer model development

It is clear from the previous section that the ARM

Program has been instrumental in establishing

LBLRTM as a state-of-the-science radiative transfer

model. This benefits both the ARM scientific commu-

nity and the larger community as well. LBLRTM is used

to train forward models utilized in operational satellite

retrievals (Clough et al. 2006; Clerbaux et al. 2007) and

data assimilation schemes, to develop radiation codes

for climate applications (Mlawer et al. 1997), and to

provide reference calculations for model intercom-

parison studies (Barker et al. 2003; Oreopoulos et al.

2012). The breadth and importance of these applica-

tions attests to the value of ARM spectral observa-

tions and related research in advancing atmospheric

and climate science.

Figure 14-2 shows the spectral improvements made in

the longwave radiative transfer model over a period

corresponding to ARM’s first 20 years for moist (middle

panel) and dry (bottom panel) conditions. ARM-related

advances are responsible for a large fraction of this im-

provement. As can be seen in Fig. 14-3, which illus-

trates the impact on vertical flux of improvements to

LBLRTM implemented between 1999 and 2009, sig-

nificant enhancement in model quality continued into

ARM’s second decade (Delamere et al. 2010). These

model improvements have reduced the overall re-

siduals to a level such that elevated levels of trace gases

can be observed (Fig. 14-4; Shephard et al. 2003) and

more accurate satellite-based retrievals of temperature

and species abundances can be attained (Alvarado et al.

2013). Further discussion of ARM accomplishments re-

lated to radiative fluxes can be found in McFarlane et al.

(2016, chapter 20).

Although not every application in the infrared re-

quires that scattering be included, the lack of scattering

in the radiative transfer solution in LBLRTM posed a

problem for conditions in which scattering is an impor-

tant consideration. For example, the scattering contri-

bution from a single-layer liquid water cloud in the

downwelling radiance observed by the AERI can be as

large as 12% of the total signal, depending on the liquid

water path and the wavelength of the radiation (Turner

and Löhnert 2014). This limitation prompted ARM-

funded development of two codes that utilize gaseous

optical depths from LBLRTM and scattering properties

of the medium (e.g., liquid or ice clouds, aerosol layers)

to perform scattering calculations at high spectral reso-

lution. The Code for High-resolution Accelerated Ra-

diative Transfer and Scattering (CHARTS; Moncet and

Clough 1997)multiple-scatteringmodel uses the adding/

doubling technique to perform computationally efficient

calculations in plane-parallel atmospheres. For accura-

cies appropriate for remote sensing applications (e.g.,

;0.1% in radiances throughout the thermal region), the

computational gain achieved in the radiance calcula-

tions may be as high as 3000 compared to other existing

multiple scattering algorithms. Among its applications,

CHARTS was applied to the modeling of observa-

tions from the ground-based AERI interferometer in
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cloudy-sky conditions, used for reference calculations in

shortwave radiation code intercomparison studies (e.g.,

Barker et al. 2003; Oreopoulos et al. 2012), and used for

shortwave radiative closure studies (see below).

Another model developed was LBLDIS (Turner

et al. 2003), which is a combination of LBLRTM and

the Discrete Ordinate Radiative Transfer (DIS-

ORT) algorithm (Stamnes et al. 1988). LBLDIS is a

flexible model, and is able to compute radiance and

flux across a spectrum or in specified spectral in-

tervals (such as a selection of microwindows between

absorption lines). This model is the backbone for the

FIG. 14-1. (top) The downwelling spectral radiance trends (% yr21) for clear sky (blue),

opaque clouds (red), and ‘‘thin clouds’’ (green) for the autumn (SON) at the SGP [Fig. 7d from

Gero and Turner (2011)]. (bottom) A subset of the trends at 875 cm21 from Gero and Turner

(2011) that highlights some of the more interesting findings.
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Mixed-Phase Cloud Retrieval Algorithm (MIXCRA;

Turner 2005), which is able to retrieve liquid water and

ice water optical depths and effective radii of both

liquid water and ice particles simultaneously from

AERI-observed radiance spectra. Figure 14-5 presents

the application of LBLDIS to an AERI observation

under extremely dusty conditions observed when the

AMF was deployed to Niamey, Niger (Miller and

Slingo 2007; Turner 2008). Using an external mixture of

kaolinite and hematite spheres, the left panel indicates

that good agreement was found between the LBLDIS

calculation and the AERI observed radiance in the

600–1400 cm21 region, with the inclusion of scattering

in the calculation of radiation making a small, but no-

ticeable, difference. The poor agreement in the 2000–

3000 cm21 region most likely reflects inaccurate speci-

fication of the aerosol scattering phase function, al-

though the importance of including scattering in the

line-by-line calculation is clearly seen.

ARM also contributed to the development of the

Santa Barbara DISORT Atmospheric Radiative

Transfer (SBDART) program (Ricchiazzi et al. 1998),

an easy-to-use moderate resolution code designed for

general (including scattering) radiative transfer prob-

lems in remote sensing and radiation studies. Although

SBDART did not have high enough spectral resolution

to compare with individual spectral elements of in-

struments like the AERI, its convenience for broadband

studies or ones involving some amount of spectral res-

olution made it very popular among researchers. For

example, Dufresne et al. (2002) used SBDART to

compute the spectral dependence of the radiative forc-

ing, including the effects of scattering, due to mineral

aerosols.

4. Clear-sky shortwave studies

The focus of the IRF during the early years of the

program was on spectral radiative closure studies in the

longwave, a spectral region in which the main ab-

sorption sources had clear spectral signatures and

the program possessed a well-calibrated radiometric

FIG. 14-2. (top) Downwelling infrared radiance computed by LBLRTM for two different

cases: a warm, wet case observed at the SGP site (red) and a cold, dry case observed at the NSA

site (blue). (middle) The AERI-observed minus LBLRTM-calculated radiance residuals for

the warm, wet SGP case, where the LBLRTM calculation was performed using the version of

the model that was available at the start of the program in 1990 (brown) and using the version

of the model available in 2010 (green). (bottom)As in (middle), but for the cold, dry case using

the extended range AERI observations at the NSA site. Note that the improvement in the

downwelling longwave (LW) flux includes cancelation of error.
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instrument. Interest and activity in the shortwave region

was stimulated after the publication of the broadband

radiative closure study of Kato et al. (1997). This study

found that, for several clear-sky cases, the modeled

shortwave surface downwelling radiation was ;5%

greater than the surface irradiance measured by

broadband radiometers. This discrepancy also was

shown to be mostly in the diffuse component of the

shortwave irradiance. This study’s analysis of measure-

ment and modeling uncertainties eliminated many pos-

sible causes of this lack of agreement, leading the

authors to speculate that absorption was due to an un-

known ‘‘gas X’’ that may be missing in the model.

Subsequent broadband closure studies (e.g., Halthore

et al. 1997; Halthore and Schwartz 2000) also demon-

strated similar lack of agreement. Given that gaseous

absorption occurs primarily in bands consisting of evi-

dent absorption lines, this issue was well suited to be

addressed through the comparison of spectral shortwave

measurements with line-by-line radiative transfer cal-

culations. Although ARM did not possess a single well-

calibrated instrument that measured spectrally resolved

radiation throughout the entire spectral region in which

the majority of solar irradiance occurs, the IRF, under

the leadership of Warren Wiscombe and Tony Clough,

helped resolve this issue by analyzing measurements

from multiple spectral instruments.

Early in the program, support was provided to the

University of Denver for development of two in-

struments to measure spectrally resolved solar radia-

tion, the Absolute Solar Transmittance Interferometer

(ASTI; Hawat et al. 2002) and the Solar Radiance

Transmission Interferometer (SORTI), the latter of

which was configured to provide spectra from 4000 to

13 000 cm21 (750 nm to 2400nm) with 0.035 cm21 reso-

lution. Unfortunately, the SORTI suffered from a vari-

ety of technical issues and was not used heavily by ARM

scientists. The ASTI, which measures the direct-solar

beam (central 16% of the solar disk) over the spectral

range 2000 to 10 000 cm21 with a resolution of 0.6 cm21

(HWHM), was deployed at SGP for an extended period

in the 1990s. The instrument was calibrated with a ref-

erence tungsten lamp that had a maximum temperature

of 2800K through the same optical path traveled by the

solar radiation; this provided the ASTI with an absolute

calibration uncertainty of better than 5%. The analysis

of the near-infrared spectra from this instrument es-

tablished that LBLRTM was missing a number of

collision-induced oxygen absorption bands, and a pa-

rameterization of these bands was developed for the

FIG. 14-3. Impact of revisions to LBLRTM on clear-sky longwave fluxes (10–2000 cm21) for

a standard tropical atmosphere. (left) Downwelling, upwelling, and net (up minus down) fluxes

computed using LBLRTM from 2009. (right) Differences in computed fluxes (LBLRTM circa

1999 minus LBLRTM from 2009) due to model upgrades.
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CKD continuum model (Mlawer et al. 1998). These

absorption bands, which account for less than 1Wm22

of direct-beam absorption for a solar zenith angle of 608,
were the only large residual features observed in the

analysis of ASTI spectra (Brown et al. 1998). Figure 14-6

shows a ;2000 cm21 portion of an ASTI observation

and the correspondingASTI-LBLRTM residuals, which

indicates overall good agreement despite certain iden-

tifiable issues. [See Mlawer et al. (1998) for residuals in

this region before and after the inclusion of the collision-

induced oxygen bands.] It must be noted that compari-

sons such as these are not able to uncover spectroscopic

errors within saturated bands, nor are they able to detect

issues related to very broad absorbers due to the

piecewise linear scaling that has been performed on the

ASTI spectra to remove the impact of aerosols and in-

strument calibration error. For all the ASTI cases ana-

lyzed, however, there was very good agreement between

measurement and calculations for significantly different

solar zenith angles and PWV amounts.

Analysis of clear-sky absorption in the remainder of

the near-infrared region and the entire visible spectral

region was made possible by the deployment at SGP of

the Rotating Shadowband Spectroradiometer (RSS;

Harrison et al. 1999), developed at the State University

of New York at Albany. The RSS detector is either a

silicon-diode array or a charge-coupled device (CCD)

that is tilted to correct for chromatic aberration and

bring all of the dispersed wavelengths at the detector

surface to a focus. The out-of-band rejection of stray

light is about 105, which is considerably better than that

of a single grating spectrometer. The RSS uses the

shadowband technique to simultaneously measure dif-

fuse and total (and thereby direct) irradiance from 9500

to 28 000 cm21 (360–1050 nm) and can be calibrated with

high accuracy using Langley regression in cloud-free and

horizontally homogeneous scenes. Even though this in-

strument’s resolution was too coarse to resolve indi-

vidual absorption lines, analysis of RSS spectra was able

to eliminate the possibility of significant unmodeled

absorption in the spectral regions observed.

Radiative closure analysis using an early version of

the RSS instrument, measuring in 512 channels with

spectral resolution ranging from 91 cm21 in the near-IR

to 65 cm21 in the ultraviolet, demonstrated that good

agreement with LBLRTM/CHARTS calculations could

be attained for both direct and diffuse irradiances across

the entire spectrum (Mlawer et al. 2001). A sensitivity

analysis indicated that the technique used would have

detected a source of molecular absorption of the mag-

nitude of the Chappuis band of ozone had it been un-

known, which is responsible for less absorbed solar

irradiance than the missing absorption that had been

speculated in earlier broadband studies. Figure 14-7

presents a case from the extension of this analysis

to the 1024-channel RSS. Good overall agreement

FIG. 14-4. (top)AERI radiance observation from SGP on 22 Jul 2001 for a case with 4.5 cm of

PWV; (middle) radiance differences between AERI and LBLRTM calculation using older

spectroscopy (HITRAN 96, CKD_2.4.1). (bottom) Radiance differences between AERI and

LBLRTM with recent spectroscopic updates (line file - aer_v3.2, MT_CKD_2.5). A spectral

feature (the green circle in the bottom panel) associated with formic acid (HCOOH) is iden-

tified in the residuals, and is consistent with an atmospheric abundance of this gas equal to

;9 times its assumed background concentration. [This is an updated version of a figure appearing

in Shephard et al. (2003).]
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between the measurement and calculation is seen, al-

though direct irradiance residuals associated with the

water vapor band at 10 600 cm21 and the oxygenA-band

(13 000 cm21) can be observed. The diffuse residuals in

the near-IR are thought to be due to deviation of the

aerosol optical depth from the assumed Angstrom re-

lation and/or possible spectral dependence of the aero-

sol single-scattering albedo.

Through these closure studies with the ASTI and

RSS, members of the IRF demonstrated that spec-

trally resolved measurements and calculations were in

basic agreement and there were no unknown absorp-

tion bands in the shortwave. Other studies determined

that the primary cause of the lack of closure in the

broadband studies was flawed radiometric calibration

of the instruments (Haeffelin et al. 2001; Dutton et al.

2001). After this issue was corrected, later broadband

closure studies (Mlawer et al. 2003; Michalsky et al.

2006), also benefitting from improved model inputs

with respect to aerosol and surface properties, dem-

onstrated solid measurement-calculation agreement.

[See McFarlane et al. (2016, chapter 20) for further

discussion.]

In addition to radiative closure studies, clear-sky RSS

measurements have been utilized for numerous appli-

cations. Michalsky et al. (1999) used Langley analysis to

obtain optical depths from RSS observations, identified

six collision-induced oxygen absorption bands in the

optical depth spectra, and found no unidentified ab-

sorption bands. Kiedron et al. (2001) used RSS mea-

surements in the 10 500 cm21 (940 nm) water vapor band

to perform PWV retrievals in dry and cold conditions,

and found good correlation with PWV values retrieved

from a collocated microwave radiometer. Gianelli et al.

(2005) determined fromRSSmeasurements that aerosol

size distributions at SGP were bimodal and developed a

retrieval to derive information about both the fine and

coarse modes, as well as column amounts of NO2.

[Further discussion about the accomplishments in the

program with respect to the determination of aerosol

properties can be found in McComiskey and Ferrare

(2016), chapter 21.] A long-term dataset of extraterres-

trial solar irradiance obtained from Langley analysis of

RSS spectra was used by Harrison et al. (2003) to ana-

lyze and identify issues with commonly used specifica-

tions of solar spectral irradiance.

Analyses of measurements of diffuse solar radiation

motivated the development of an approach to specify

the spectral surface albedo in the vicinity of the SGP

site (McFarlane et al. 2011). First, measurements from

each channel of two downlooking Multifilter Radiom-

eters (MFRs) at the SGP site (mounted on the 10- and

25-m towers) are used with the corresponding mea-

surement of total irradiance from the uplooking Mul-

tifilter Rotating Shadowband Radiometer (MFRSR) to

obtain surface albedo values in the five MFR/MFRSR

channels. Based upon observed spectral surface re-

flectances in the Bowker et al. (1985) atlas, the surface

albedo values are used to identify a surface type under

each tower as snow-covered, green vegetation, non-

vegetated (e.g., soil), or partial vegetation, which is a

linear combination of green and nonvegetated surfaces

given by a Normalized Difference Vegetation Index

(NDVI) obtained from the surface albedo values in two

of the channels. Based on the same atlas of spectral

surface reflectances, the surface albedo values are then

used with the identified surface type to obtain a

piecewise linear surface albedo function covering the

FIG. 14-5. Downwelling radiance observed by the AERI (blue)

and computed with the LBLDIS with scattering (red) and without

scattering (green) during a dust storm at Niamey for two spectral

regions (top: 600–1400 cm21; bottom: 200023000 cm21) observed

by the AERI, where the downwelling radiance in the larger

wavenumbers (shorter wavelengths) includes a substantial amount

of scattered solar radiation. The calculation assumed that the dust

composition was an external mixture of kaolinite and hematite

spheres. The gray lines indicate the downwelling radiance that

would be observed if there were no dust aerosols in the sky

(i.e., a pristine-sky LBLDIS calculation). 1 radiance unit (RU) is

1 mW (m2 sr cm21)21.
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entire shortwave region. Validations of these spectral

albedo functions with respect to a spectroradiometer

(Trishchenko et al. 2003) showed good agreement for

all surface types for wavelengths less than 1280 nm

and extending farther into the near-IR for green

and nonvegetated surfaces, although a fair amount of

variability was seen throughout the near-IR for all sur-

face types. Radiative transfer calculations at SGP typi-

cally employ an equal weighting of the spectral surface

albedo functions associated with the two MFRs [avail-

able as aValueAdded Product (VAP) at theARMData

Archive].

FIG. 14-6. From Brown et al. (1998), (top) ASTI radiance spectra for 6300–8200 cm21

measured on 18 Apr 1996 at SGP for a low PWV case at a solar zenith angle of 71.58. Notable

absorption features seen in this panel are a saturated water vapor band centered at 7200 cm21

and a collision-induced oxygen band at 7800 cm21. (bottom) Spectral differences between this

ASTI observation and a corresponding LBLRTM calculation. Dotted rectangle indicates a re-

gion in which the spectral residuals indicated issues with line intensities and widths.

FIG. 14-7. (left top) RSS measurement (red) and LBLRTM/CHARTS calculation (black) of direct irradiance [mW (m2 cm21)21] for

a clear-sky case on 20Mar 2000 at SGP. (left bottom)Direct irradiance differences betweenmeasurement and calculation. (right top) RSS

measurement and LBLRTM/CHARTS calculation of diffuse irradiance for this case. (right bottom) Measurement–calculation differ-

ences for diffuse irradiance. Various specifics of the calculations are listed on the plots.
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Even with the productive applications of ASTI and

RSS measurements, the ARM Radiative Processes

Working Group (RPWG; formerly the IRF) identified

as a high priority the deployment of a spectral shortwave

instrument with greater spectral coverage than both the

ASTI and RSS. This led to the development of the

Shortwave Spectrometer (SWS), which provides zenith

radiance measurements from 4600 to 28 500 cm21 (350–

2170nm). The SWS was deployed alongside the RSS at

SGP in the mid-2000s, and a shortwave (SW) QME was

established to evaluate these instruments, along with

other inputs needed for the SW closure exercise (e.g.,

the spectral surface albedo product from above and

aerosol properties). While radiative closure analysis of a

large number of RSS cases with LBLRTM/CHARTS

indicated agreement similar to that shown in Fig. 14-7,

there were sizeable differences between the SWS mea-

surements and calculations that could not be explained

by any reasonable deficiency in either the model or the

data used as input to the model (Delamere et al. 2009).

Subsequently, field tests determined that the SWS

measurement of zenith radiance is susceptible to con-

tamination from direct solar irradiance incident on the

instrument fore-optics (i.e., a light leak existed in the

instrument). The SWS fore-optics were subsequently

redesigned by the instrument mentor team and the in-

strument was redeployed (Flynn et al. 2010). Evaluation

of measurements from the modified SWS is ongoing.

5. Cloudy-sky spectral analyses

AlthoughARMspectral measurements have not been

exploited as extensively for cloudy-sky applications as

they have for clear-sky studies, there have been several

notable uses of AERI and RSS spectra to further our

understanding of cloud optical and microphysical

properties.

One advantage of having spectral infrared radiance

observations, such as from the AERI, is that they are

very sensitive to changes in cloud properties as long as

the cloud is not optically thick. The AERI is extremely

sensitive to liquid water path (LWP) and effective radius

(Reff) when the LWP is less than ;60 gm22 and

provides a markedly better retrieval of LWP than the

microwave radiometer for these smaller LWP values

(Turner 2007). This advantage is extremely important

since a large fraction of liquid-bearing clouds at all cli-

matic locations have LWP less than 100 gm22 (Turner

et al. 2007a), and the accurate determination of LWP is

critical in order to accurately compute the radiative

impact of these clouds (Turner et al. 2007b; Sengupta

et al. 2003). Furthermore, since liquid water and ice

absorb in different spectral regions observed by the

AERI, these observations can be used to retrieve

properties of mixed-phase clouds. The MIXCRA re-

trieval described above has been used extensively to

study Arctic clouds (Turner 2005), has been validated

with direct measurements of liquid and ice cloud optical

depths observed by the polarization-sensitive high-

spectral-resolution lidar (Turner and Eloranta 2008),

and has been used to retrieve the cloud fraction in the

AERI’s field of view in broken cumulus cases (Turner

and Holz 2005).

Figure 14-8 shows an example of the sensitivity of the

infrared radiance to cloud properties. The AERI ob-

served downwelling radiance during the deployment of

the AMF at Pt. Reyes, California, in 2005 (Miller et al.

2016, chapter 9). MIXCRA was used to retrieve the

cloud properties, and for this case determined that the

LWP was 42.2 gm22 and Reff was 8.2mm. The sensi-

tivity of the AERI radiance to changes in LWP and Reff

is shown in the bottom panel of Fig. 14-8, as well as the

impact on the downwelling radiance if scattering was not

included in the calculation. When the AERI-retrieved

cloud properties were used to compute the downwelling

shortwave radiative flux, the results agreed much better

with the flux observation from a collocated pyranometer

than flux calculations that used the cloud proper-

ties derived from the collocated microwave radiom-

eter (Turner 2007).

An extension of radiative closure studies using RSS

spectra to liquid clouds concluded that good spectral

measurement–model agreement for diffuse irradiance

could be attained with a reasonable choice for effective

radius for a homogeneous single-layer cloud (Mlawer

et al. 2001). This agreement, plus the impossibility of

attaining spectral agreement from adding a small

amount of cloud absorption in the near-IR, provided

evidence that liquid clouds did not have unknown ab-

sorption in the near-IR, as had been speculated (e.g.,

Valero et al. 1997). The difficulty in finding sufficiently

homogeneous clouds limited the applicability of this

type of analysis, in which a single set of cloud properties

accurately represents the entire cloud in the hemispheric

field of view of the RSS. A more sophisticated applica-

tion of RSS spectra for the study of clouds was estab-

lished in a series of papers byMin and collaborators that

explored the information contained in RSS measure-

ments in the oxygen A-band concerning photon path

length and scattering (Harrison and Min 1997; Min and

Harrison 1999; Min et al. 2001). This work was later

extended to develop a detection method for multilayer

clouds (Li and Min 2010), an approach to retrieve ver-

tical profiles of liquid water content, optical depth, and

effective size (Li and Min 2013), and motivated the de-

velopment of the High-Resolution Oxygen A-Band
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Spectrometer (HABS) at theUniversity of Albany (Min

et al. 2011).

Other ARM-related spectral instruments also have

led to notable results. For example, spectra from a

spectroradiometer measuring from 4500 to 28 600 cm21

(350–2200nm, from Analytical Spectral Devices) that

was deployed at NSA in spring 2008 as part of the In-

direct and Semi-Direct Aerosol Campaign (ISDAC)

were used to study single-layer liquid and mixed-phased

clouds. Irradiance measurements in different spectral

regions allowed determination of cloud phase and op-

tical depth, and the impact on surface shortwave irra-

diance of the presence of ice along with liquid in a cloud

of fixed optical depth was determined to be typically

5Wm22, although it could be as great as 8–10Wm22

(Lubin and Vogelmann 2011). Also, in a series of papers

and conference presentations (e.g., Marshak et al. 2009;

Chiu et al. 2009), measurements from the SWS at SGP

were used to explore an intriguing linear relationship

exhibited by zenith radiances measured in the transition

zone between cloudy and clear regions. This relation-

ship allows a straightforward determination of the

optical depth and effective size of liquid clouds

(McBride et al. 2013).

6. Summary and looking ahead

The scientific advances that have resulted from anal-

ysis of ARM spectral radiometric measurements have

been impressive and wide-ranging. Still, several un-

resolved topics remain for which a spectral perspective

will be beneficial, and the program is well positioned to

contribute to further progress. As discussed above, the

far-IR spectral region had been relatively underex-

plored, and ongoing analysis of spectral radiance mea-

surements from the ARM RHUBC-I and -II field

campaigns should provide a conclusive resolution.

There has been preliminary discussion of a third

RHUBC campaign, with a focus on cloud-radiative

processes in the radiatively potent far-IR region.

The near-IR spectral region also has not received a

great deal of attention in the program despite its sig-

nificant amount of solar radiation, mix of gaseous ab-

sorption bands and uncertain amount of water vapor

FIG. 14-8. (a) Downwelling radiance (purple) observed by theAERI at Pt. Reyes, California,

on 6 Jul 2005, with a simulated clear-sky spectrum (gray). (b) The observed minus computed

radiance where the ‘‘best solution’’ (red) used the retrieved cloud properties from the

MIXCRA algorithm (LWP of 42.2 gm22 and Reff of 8.2mm). The blue and brown traces show

the residuals that would result if the Reff was increased by 1mm or the LWP was decreased by

5 gm22, respectively. The green trace shows the residual that would result if the calculation that

used the best solution did not include scattering.
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continuum absorption, and possible utility for constraining

aerosol properties and size distributions, as well as cloud

property retrievals. The design issues that were uncovered

with respect to the SWS (see above) set back potential

progress in this area, but occurred at a fortuitous time since

funding from the American Recovery and Reinvestment

Act (ARRA) of 2009 enabled a significant upgrade of

ARM spectral radiometric instrumentation measuring in

the near-IR shortly thereafter. The reconfigured SWS,

which measures zenith radiance from 4650 to 28500cm21

(350–2150nm) at moderate spectral resolution, was re-

deployed to SGP in 2011.ARRAalso allowed the addition

of four Shortwave Array Spectrometers (SAS) to ARM’s

suite of instruments. The SAS measures from 5900 to

29400cm21 at moderate resolution. One version of the

SAS measures zenith (SAS-Ze) radiance, while a second

version measures hemispheric irradiance (SAS-He); both

types have been deployed for a period of time at SGP and

during various AMF campaigns. Although the effort to

calibrate the SAS has not yet been completed, Lubin et al.

(2013) has exploited the spectral content of the SAS-Ze to

retrieve cloud phase, optical depth, and effective size for

single-phase clouds. Measurements from the SWS and

SAS are expected to be valuable in validating ice optical

property parameterizations, a topic of notable complexity

that has not been the subject of comprehensive radiative

closure analysis.

There have been significant recent advances in spec-

ifying the spectral optical properties of ice clouds, such

as the modified anomalous diffraction approximation

(MADA) of Mitchell et al. (1996) and subsequent

publications and an approach that combines geometric

optics and the finite difference time domain technique

(Yang et al. 2000, 2005). The suite of ARM collocated

zenith-pointing instruments that span much of the solar

and thermal spectrum (SAS, SWS, AERI) will provide

information that will be key to their evaluation.

The accomplishments of the ARMProgramwith respect

to the analysis of spectral radiation measurements have

fulfilled the aspirations of the ICRCCMparticipants and the

objectives of the program’s founders. ARM radiative clo-

sure studies have greatly improved our knowledge of the

absorption properties of atmospheric constituents and sig-

nificantly lowered the uncertainties associated with clear-

sky radiative transfer, thereby establishing a confident

foundation on which to build fast radiative transfer codes

for use in atmospheric prediction models. The ARM Pro-

gram contributed greatly in this area, as detailed in Mlawer

et al. (2016, chapter 15). Spectrally resolved radiation

measurements at the ARM sites, when coupled with ob-

servations from the program’s suite of collocated in-

struments that measure thermodynamic, aerosol, and cloud

properties, have also precipitated substantial advances in

our understanding of atmospheric processes. These ac-

complishments, which are due to the efforts of many ARM

scientists and infrastructure members, have perhaps even

exceeded the ICRCCM recommendations and the original

goals of ARM. In the future, ARM spectral measurements

are likely to lead to further advances in our knowledge, and

add to the program’s catalog of spectral successes.
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