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1. Introduction and motivation
The geographical and vertical distribution of absorption of solar radiation and emission of longwave (LW)
radiation in the atmosphere and at the surface are major
drivers of the large-scale circulation and the hydrological cycle. Understanding and modeling the processes by
which atmospheric gases, clouds, and aerosol particles
affect the distribution of radiant energy in the atmosphere are essential to accurate simulations of Earth’s
climate. Figure 20-1 shows the key elements of Earth’s
energy budget (Trenberth et al. 2009). While satellites
provide measurements of the global distribution of reflected and emitted broadband fluxes at the top of the
atmosphere (TOA), less information is available on the
radiative budget at the surface and the vertical distribution of absorption and emission in the atmosphere.
Key goals of the Atmospheric Radiation Measurement
(ARM) Program are to quantify the radiative energy
balance profile in Earth’s atmosphere, to understand the
physical processes controlling this balance, and to improve the representation of these processes in global
climate models (GCMs; DOE 1990).
To address these questions, the ARM site measurements were planned to provide a full characterization of
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the radiatively important properties of the atmospheric
column, as well as measurements of the radiative fluxes
themselves. The simultaneous measurement of surface
broadband radiative fluxes (Michalsky and Long 2016,
chapter 16) and cloud/aerosol properties (Shupe et al.
2016, chapter 19; McComisky and Ferrare 2016, chapter
21) enables both assessment of the overall impact of
clouds and aerosol on the surface radiation budget as
well as analysis of how those impacts vary with changes
in cloud and aerosol properties. Additionally, comparison of measured broadband surface fluxes to those calculated using atmospheric properties measured or
retrieved from other ARM instruments provides a test of
how well the ARM measurements are able to characterize
the full set of cloud, aerosol, atmospheric state, and surface properties in the vertical column. Such ‘‘radiative flux
closure’’ exercises can identify weaknesses in measurements, retrievals, or radiative transfer models and indicate
under what conditions ARM measurements are representative of the large-scale atmospheric conditions.
While spectral radiance and fluxes are important for
understanding details of specific atmospheric processes
that affect the radiative balance (Mlawer and Turner
2016, chapter 14), accurately measuring and modeling
broadband radiative fluxes is critical since they represent the integrated impact of atmospheric processes on
Earth’s energy budget. In this chapter, we describe the
contributions that the ARM Program has made toward
understanding and characterizing the processes that
control broadband radiative fluxes and radiative heating
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FIG. 20-1. The global annual mean Earth’s energy budget for the March 2000 to May 2004
period (W m22; from Trenberth et al. 2009).

in the atmosphere. In particular, we focus on the impact
of clouds on broadband surface fluxes and atmospheric
heating rate profiles.

2. Early efforts to close the radiation budget
Around the time that the ARM Program was being
established, several studies (Cess et al. 1995; Pilewskie
and Valero 1995; Ramanathan et al. 1995; Zhang et al.
1997) reported large differences between estimates of
broadband shortwave (SW) absorption in the column
derived from radiative transfer calculations and those
derived from combining satellite and ground-based observations of broadband radiative fluxes. In these studies, radiative transfer models typically underestimated
the amount of absorption in the atmosphere relative to
the observationally derived estimates, by up to 40%
(Cess et al. 1995). These results led to the theory that
there was an unknown source (or sources) of atmospheric absorption being neglected in radiative transfer
models. The detailed observations of clouds and radiative fluxes at the ARM site, as well as several dedicated
field experiments, were instrumental in helping resolve
the ‘‘anomalous absorption’’ issue.

a. Clear sky
Using ARM data, several detailed clear-sky broadband flux closure studies were performed to explore
whether clear-sky conditions were contributing to the
uncertainty in modeled cloudy-sky absorption. Several

studies (e.g., Kato et al. 1997; Halthore et al. 1997;
Halthore and Schwartz 2000) used collocated measurements of atmospheric state, aerosol optical depth
(AOD), and downwelling direct and diffuse SW irradiances from the ARM Southern Great Plains (SGP) site
to compare modeled and observed fluxes under noncloudy conditions. These papers found that radiative
transfer models overestimated total downward SW irradiance by up to 5% and that the overestimate was
almost entirely in the diffuse flux. Discrepancies in clearsky radiative transfer contributed to the cloudy-sky flux
anomaly but were not the major factor. However, detailed investigations of potential uncertainties in the
model calculations did not identify a clear cause for the
clear-sky diffuse discrepancy. The results of these studies prompted further examination of pyranometer
measurements and measurements of input parameters
to the radiative transfer models (particularly aerosol and
surface albedo properties).
Several ARM studies (e.g., Haeffelin et al. 2001;
Dutton et al. 2001) identified and developed correction
procedures for large offsets in pyranometer measurements due to thermal loss in the instruments. These instrument offsets could produce underestimates in
measured diffuse SW of up to 10 W m22, which may
have accounted for some of the model/measurement
discrepancies in the earlier studies. While Halthore and
Schwartz (2000) did account for this thermal offset, they
noted that their conclusions showed some dependence
on the method used to estimate the offset. Detailed
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studies of the offset issue by ARM scientists (see
Michalsky and Long 2016, chapter 16) led to correction
procedures for the pyranometer measurements
(Younkin and Long 2003) as well identification of a new
standard for diffuse measurements.
Later clear-sky radiative closure studies at the SGP
site performed as part of ARM’s Broadband Heating
Rate Profile (BBHRP) project (Mlawer et al. 2002,
2003), discussed in depth below, and by Michalsky et al.
(2006) were able to achieve agreement with measured
diffuse fluxes (after corrections for nighttime offsets).
The latter study examined several different radiative
transfer models and found significant effects on the
calculated diffuse flux from the assumptions used to
treat the spectral dependence of AOD and surface albedo in the radiative transfer models. Using new observations of wavelength-dependent AOD and surface
albedo, they were able to achieve agreement to within
1.9% of measured diffuse fluxes and concluded that
overestimates of diffuse fluxes in previous studies were
due primarily to details of the specification of the spectral dependence of aerosol and surface properties.

b. Cloudy sky
To improve understanding of SW absorption in
cloudy skies, ARM sponsored many theoretical studies,
as well as two observationally focused experiments.
Marshak et al. (1997, 1999b) performed a series of theoretical radiative transfer studies to examine various
issues (e.g., horizontal and vertical offsets between aircraft measurements, cloud inhomogeneity, and method
of estimating absorption) associated with estimating
cloud absorption from measurements above and below
clouds and identified methods to minimize these biases
in analyzing observational results. Li and Trishchenko
(2001) found that surface estimates of cloud radiative
effects (CREs) were much more sensitive to clear-sky
scene identification than satellite estimates, potentially
leading to overestimates in atmospheric absorption derived from combined satellite/surface measurements.
Several other studies (e.g., O’Hirok and Gautier 1998;
Marshak et al. 1998;, Titov 1998; Fu et al. 2000b)
examined the potential impact of neglecting threedimensional (3D) effects in the radiative transfer calculations of cloud absorption and found that including
3D radiative transfer effects in the calculations resulted
in small increases in calculated column absorption, but
not enough to account for the reported discrepancies.
The ARM Enhanced Shortwave Experiment (ARESE)
consisted of collocated measurements of upwelling and
downwelling broadband fluxes on two aircraft flying
above and below the cloud (Valero et al. 1997a). Initial
results (Valero et al. 1997b; Zender et al. 1997; O’Hirok

et al. 2000) appeared to confirm that clouds absorbed
significantly more SW radiation than theoretical estimates. However, further analysis of the ARESE results
indicated potential calibration problems with the aircraft
and satellite measurements that may have affected the
estimates of column absorption from the observations (Li
et al. 1999; Minnis et al. 2002). To address these issues, a
second campaign (ARESE II) was sponsored by the
ARM Program. Three sets of broadband solar radiometers were mounted on the Twin Otter aircraft and used in
combination with the ground-based instruments at the
SGP site to examine atmospheric absorption. Instrument
redundancy and cross-calibration of measurements were
key components of this campaign (Michalsky et al. 2002).
Ackerman et al. (2003), O’Hirok and Gautier (2003), and
Asano et al. (2004) analyzed measurements and radiative
transfer calculations for several case studies observed
during ARESE II (Fig. 20-2). Calculated and observed
fluxes agreed within 10% for the clear-sky days and two of
the three cloudy-sky days and within 14% for the third
cloudy day. Including AOD in the cloudy-sky calculations
reduced differences to approximately 5%. Around the
same time, Li et al. (2002) was able to match observed
surface and TOA fluxes for other cases at the SGP by
including realistic representations of surface albedo, particularly in the near infrared, in the radiative transfer
calculations. These studies indicated that although there
were still some disagreements between the modeled and
estimated absorption, they were much less than those
identified in the early studies, and could generally be attributed to sampling issues, inhomogeneity of the cloud
field, or were within the known uncertainties of the observations and model inputs.

3. Broadband Heating Rate Profile
Motivated by both the value and limitations of previous ARM radiative closure studies, ARM investigators initiated the BBHRP project in the early 2000s
(Mlawer et al. 2002). In the decade before BBHRP
began, several important achievements resulted from
an ARM Quality Measurement Experiment (QME;
Turner et al. 2004; Mlawer and Turner 2016, chapter 14)
in which many years of radiance measurements from
the Atmospheric Emitted Radiance Interferometer
(AERI) at SGP were compared to corresponding calculations by a line-by-line radiation code. This AERI
QME led to improvements to the instrument, radiation
code, and the specification of the atmospheric profile
above the site. Despite these successes, the focus on radiance rather than flux limited this effort’s significance to
the climate modeling community. BBHRP was designed
to be a comprehensive flux-based expansion of ARM’s
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FIG. 20-2. Cloudy-sky absorption values for the atmospheric column from the surface to 7 km
from 3 days during the ARESE II experiment (from Ackerman et al. 2003). The bars labeled a,
c, and e are calculated using aircraft data from three different instruments at 7 km and the
surface albedo measured by the 10-m tower at the SGP central facility. Bars b and d are calculated from two of the aircraft instruments at 7 km and their respective albedo values calculated from low-level aircraft passes. Bars f and g are model calculations using two different
radiative transfer models.

successful radiative closure initiatives, taking advantage
of the long time series of ARM observations to run extended measurement–calculation comparisons for a
range of atmospheric, aerosol, and cloud conditions. By
running a long-term closure experiment instead of focusing on case studies, more statistical evaluation of
closure results could be performed, leading to identification of issues in input data streams and/or radiative
transfer models, as well as providing better understanding
of atmospheric conditions for which closure worked well
and the ARM observations could be considered representative of the large-scale atmospheric state.
The goals of the BBHRP project were to
d

d

d

d

extend long-term flux closure studies, which had been
limited to clear-sky surface longwave flux at SGP, to
cloudy conditions, TOA flux, the shortwave spectral
region, and sites other than SGP;
generate radiative heating rates directly from
measurement-based specifications of the atmospheric
state using a validated radiation code;
generate a long-term dataset of calculated radiative
fluxes and heating rates along with the corresponding
atmospheric state; and
establish a ‘‘test suite’’ that would allow researchers to
use radiative closure to evaluate new approaches with
respect to any of the components of the closure study.

This last goal was especially targeted at the evaluation of
cloud retrieval algorithms.
The breadth of the BBHRP project led to the involvement of multiple ARM working groups, resulting
in the development of several ‘‘best estimate’’ products
to specify the needed input for the radiative transfer

calculations. The Instantaneous Radiative Flux Working Group provided the overall leadership as well as the
radiation code [the rapid radiative transfer model
(RRTM); Mlawer et al. 1997], flux measurements at the
surface and TOA, microwave retrievals of precipitable
water vapor and liquid water path, spectral surface albedo, and trace gas profiles. The Aerosol Working
Group provided a best estimate vertical profile of
aerosol optical properties (Flynn et al. 2012). The Cloud
Properties Working Group (CPWG) developed a
baseline best estimate cloud retrieval product, called
Microbase (Dunn et al. 2011; also see Shupe et al. 2016,
chapter 19), and a product that provided a continuous
specification of the temperature and water vapor profiles above the site (Mergesonde; Troyan 2010). The
radiative closure studies performed within the BBHRP
project were then used to further develop and refine all
of these best estimate products, particularly Microbase.
Although different methodologies were explored for the
closure studies, the final methodology chosen was to use
each individual cloud retrieval at 60-s resolution as input
to a separate radiation calculation, average the calculated flux values over a 30-min period, and compare to
the instantaneous flux measurement at the middle of
that time period. The 30-min averaging was determined
to give optimal results for this type of measurement–
calculation comparison for the different cloud types at
SGP (Mlawer et al. 2007).
In a series of conference presentations and papers, the
results from the radiative closure studies were presented.
Even though the first dataset analyzed included cases from
only a single month, March 2000, notable conclusions
were attained. The average measurement–calculation
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FIG. 20-3. Seasonal averages of calculated clear-sky radiative heating rate profiles from BBHRP dataset for 2000 at SGP for (a) longwave,
(b) shortwave, and (c) total.

differences for clear-sky cases were 4.2 W m22 [standard
deviation (std dev) 5.9 W m22] for SW diffuse and
5.1 W m22 (std dev 8.1) for direct normal, demonstrating
agreement within the overall uncertainty and providing
persuasive evidence against clear-sky anomalous absorption (Mlawer et al. 2003). Analysis of this same
dataset showed that the radiative closure results for ice
clouds were much improved if the effects of aerosols
also were included in the calculation. The expansion of
this dataset to a full year (March 2000 to February 2001)
established that vertical profiles of clear-sky total radiative heating rates, especially in the lower troposphere,
had relatively little seasonal dependence despite the
extensive seasonal variability of the LW and SW heating
rates (Fig. 20-3; Mlawer et al. 2006). In subsequent years
the SGP dataset was extended to 5 years and ARM’s
North Slope of Alaska (NSA) site dataset was developed for 2 years. These longer datasets firmly established that radiative transfer model calculations using
the ARM best estimate products as inputs were well
able to reproduce clear-sky surface LW and SW diffuse
fluxes, two fields that were key motivators for the genesis of the BBHRP project. For these fields, the
measurement–model difference over the multiple years
of data averaged to just 2.4 W m22 (.22 600 cases, std
dev 4.1 W m22) for clear-sky surface LW fluxes
and 22.4 W m22 (.7700 cases, std dev 4.0 W m22) for
clear-sky surface SW diffuse fluxes.
The detailed and systematic analysis performed as
part of the BBHRP project detected several problems
with various ARM data streams that were not obvious
from other analyses. Examples of these issues (which
were all corrected) include calibration issues impacting
measurements by the Normal Incidence Pyrheliometer
and LW pyrgeometers, systematic errors in the AOD
obtained from the multifilter rotating shadowband radiometer (MFRSR), issues with microwave retrievals
of liquid water path, and systematic time-dependent

inaccuracies in the TOA fluxes obtained from the
Geostationary Operational Environmental Satellite
(GOES). Although detection of these issues proved very
helpful to the ARM Program and led to improvements
in the best estimate products, their resolution led to
significant delays in the BBHRP project.
Extensive analysis was performed of the closure results to assess different cloud retrieval methods. Analysis of the Microbase cloud retrieval method determined
that the ice cloud optical depths provided by this retrieval approach were too large (Fig. 20-4). Here, the
power of using the long-term statistics to evaluate cloud
retrievals is evident as the large scatter indicates that a
few case studies probably would not have been able to
show the systematic error in the calculated fluxes as a
function of ice water path. The BBHRP test bed was also
used to examine the performance of five other cloud
retrieval algorithms at SGP (provided by the CPWG)
and one mixed-phase cloud property retrieval at NSA
compared to Microbase (Shupe et al. 2015). Radiative
closure results from these studies established that the
Microbase liquid cloud retrieval was superior to the
radar-based liquid cloud retrieval of Frisch et al. (1995),
but other methods with simple, but different, assumptions than Microbase about the cloud’s microphysical
properties provided more or less the same level of
agreement as Microbase (Mlawer et al. 2008). This
result may reflect a limit in retrieval quality for approaches involving simple microphysical assumptions,
or the inherent cloud inhomogeneity might impose a
limit on the ability of a flux-based analysis like BBHRP
to distinguish between more and less accurate retrieval
approaches.
At the NSA, the comparison for mixed-phase clouds
between the Microbase retrieval provided more definitive results, with the multisensor Shupe–Turner retrieval (Shupe et al. 2015) showing superior closure
results, particularly in the downwelling LW (Fig. 20-5).
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FIG. 20-4. For 1667 overcast ice cases from March 2000 to February 2004 in the BBHRP
dataset, measurement-calculation residuals for shortwave diffuse flux plotted vs ice water path.
The results are consistent with ice cloud optical depths that are too high. Also, the residuals for
thin clouds suggest that the aerosol optical depths are too low.

Two primary reasons for the superior results of the
Shupe–Turner algorithm were that it used a multisensor
methodology, rather than a simple temperature threshold, to determine cloud phase and the location of liquid
water and it used improved liquid water path retrievals
(Shupe et al. 2015). Additional studies inspired by
BBHRP, and using similar methodology, have examined ice cloud retrievals at the Darwin site (Comstock
et al. 2013).
The BBHRP dataset was also used to evaluate advances in radiation parameterizations used in GCMs.
Closure results (Mlawer et al. 2007) demonstrated that
the GCM version of RRTM (RRTMG) using the
Monte Carlo Independent Column Approximation
(McICA; Pincus et al. 2003; Barker et al. 2008) stochastic approach to cloud overlap had similar residuals
as the reference approach used with RRTM in
BBHRP, but performed significantly better than the
existing European Centre for Medium-Range Weather
Forecasts (ECMWF) operational shortwave code.
ECMWF subsequently adopted RRTMG/McICA as its
new shortwave code (Ahlgrimm et al. 2016, chapter
28). In addition, the BBHRP dataset also provided
most of the cases used in the Continuous Intercomparison of Radiation Codes (CIRC; Oreopoulos
and Mlawer 2010), an initiative sponsored by the
Global Energy and Water Exchanges (GEWEX) Radiation Panel and the International Radiation Commission to evaluate the quality of radiation codes used
in global models. The measurement–calculation radiative closure for LW and SW flux at both the surface
and TOA for the BBHRP cases used in CIRC was
critical to providing confidence in the validity of the
input profiles and reference line-by-line calculations
used in the study.

BBHRP uses ARM observations both to derive the
atmospheric state inputs to the radiative transfer calculation and to provide radiative fluxes for evaluating
those radiative transfer calculations. The Clouds and the
Earth’s Radiant Energy System (CERES)/ARM/
GEWEX Experiment (CAGEX; Charlock and Alberta
1996; Rutan et al. 2006) used a combination of ARM
measurements and satellite data for the purpose of
evaluating satellite-based retrievals of the surface and
atmospheric radiative fluxes. The CAGEX investigators
considered the model inputs, the evaluation datasets,
and the model itself as an integrated framework—any
component of which needed to be evaluated as a possible source of error. Issues investigated included 3D
CREs; challenges with satellite measurements, including calibration and narrow band to broadband
conversions; the representativeness of the surface validation measurements; and potential issues with the radiative transfer code, including the water vapor
continuum. The CAGEX studies and evaluation methodology were important in developing improved algorithms and quantifying uncertainties in the CERES
Surface and Atmospheric Radiation Budget (SARB)
product.

4. Impact of clouds on broadband surface fluxes
and radiative heating profiles
Clouds impact the climate system directly through
their reflection of SW radiation and absorption and
emission of LW radiation, but also indirectly through
feedbacks associated with their effects on surface and
atmospheric heating that in turn affect the large-scale
circulation (Stephens 2005; Mace et al. 2006b). To
accurately simulate cloud feedbacks, models must
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FIG. 20-5. Histograms of measurement-calculation differences
for surface (top) LW and (bottom) SW diffuse fluxes for the Microbase (red) and Shupe–Turner (blue) retrievals for overcast
mixed-phase clouds. This analysis uses two years of data from NSA
(March 2004 to February 2006) and includes only cases where both
algorithms indicated single-layer clouds. Number of cases and
mean (RMS) biases are given in the figure legend. Figure courtesy
of Dave Turner, NOAA.

accurately partition the cloud radiative impact between the surface and the atmosphere and how that
partitioning might change as temperature and humidity profiles change in a warmer climate. A given cloud
has different effects on the TOA, surface, and atmospheric radiation budgets, and the sign and magnitude
of these radiative effects are complex functions of
cloud temperature, phase, and optical properties and
also depend on the geographic location, atmospheric
profile, and surface properties. The effect of clouds on
the TOA radiation budget has been documented both
globally and regionally by satellite instruments such as
the Earth Radiation Budget Experiment (ERBE) and
CERES. However, the effect of clouds on the radiation
budget at the surface and within the atmosphere is less
well known because of the relative lack of surface
observations and detailed observations of cloud vertical structure. Studies indicate that accurate simulation of the TOA radiation budget is not adequate to
constrain cloud feedbacks because multiple vertical

structures with different distributions of atmospheric
and surface heating can produce the same TOA budget
(Webb et al. 2001). Stephens (2005) presents a review
of cloud–climate feedbacks and emphasizes that
studies of cloud feedbacks must move beyond examination of surface and TOA budgets to consider perturbations to the atmospheric radiative heating, which
‘‘dictate the eventual response of the global-mean
hydrological cycle of the climate model to climate
forcing.’’
The long-term observations at the ARM sites have
been used to make significant advances in quantifying
our understanding of the impact of clouds on broadband
surface fluxes and atmospheric heating rate profiles and
have provided important datasets for evaluating model
simulations. As discussed in Stokes (2016, chapter 2),
each of the ARM fixed sites was located in a climatically
important geographic location where CREs need to be
better understood. The simultaneous observations of
the vertical distribution of clouds and the broadband
surface fluxes across the diurnal cycle at various geographic locations provide a unique dataset for studying
how the macrophysical (cloud base and top height, cloud
vertical structure) and microphysical (water content,
phase, particle size) properties of clouds alter the clearsky radiative fluxes. In the remainder of this section, we
discuss results from studies using ARM data to quantify
the impact of clouds on surface fluxes and heating rate
profiles, which we refer to as the CRE. Throughout this
field, investigators have used different terminology and
methods to quantify the impacts of clouds on the energy
budget, which in some cases makes it difficult to directly
compare studies at different sites. In describing the results of each study, we try to clarify the methods and
terminology used, although in some cases readers may
need to refer to the original paper to obtain all of the
details of the methodology.

a. Surface cloud radiative effects
Long and Ackerman (2000) pioneered a method of
deriving SW surface clear-sky radiation from broadband
radiometer measurements, enabling estimation of SW
CREs at the surface from observations alone. Further
work by Long et al. (2006) developed a method for retrieving cloud fraction from the SW radiometer measurements, and Long and Turner (2008) extended the
methodology to broadband LW measurements, providing estimates of LW CREs. These radiative flux
analysis methods have been applied to all ARM sites for
multiple years, resulting in a comprehensive dataset of
the magnitude and variability of cloud SW and LW
CREs at the surface in a variety of different geographic
regions.
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FIG. 20-6. Monthly LW (top panels) and SW (bottom panels) CRE at (a) the three TWP sites
and (b) SGP and Barrow. Cloud radiative effect is calculated as all-sky downwelling flux minus
clear-sky downwelling flux. Figure courtesy of Chuck Long, Pacific Northwest National
Laboratory.

Figure 20-6 shows the monthly averages of LW and
SW CREs at the surface from each of the ARM fixed
sites. Here we define CRE as the difference between the
measured all-sky and the estimated clear-sky fluxes at
each time. The LW CRE is relatively small and fairly
constant at the three tropical sites, because of the large
amounts of water vapor in the tropical atmosphere.
However, LW CRE is larger for SGP, with some seasonal and interannual variability. The LW CRE dominates the energy budget at Barrow, especially during the
winter months when there is little solar radiation. The
SW CRE also varies substantially across the sites. Manus has the largest-magnitude SW CRE, and the values
are fairly steady across all the years of data. Nauru shows
significant interannual variability in CREs—some years
are similar in magnitude to Manus while other periods

have much smaller magnitude of the SW CREs. Darwin
shows strong interseasonal variability associated with
the Australian monsoon—values of SW CREs are as
large as those at Manus during the wet season but significantly smaller during the dry season. SGP and Barrow also show significant seasonal cycles, with the SW
CREs going to zero during the winter at Barrow.
To further understand how cloud properties impact
the magnitude and variability of surface fluxes, ARM
scientists have combined the CRE estimates from the
broadband radiometer measurements with measurements from other instruments (e.g., radars, lidars, microwave radiometers, and ceilometers) that provide
information on cloud macrophysical and microphysical
properties. Studies have been conducted at all of the
ARM fixed sites to relate the observed broadband CREs
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FIG. 20-7. Observed monthly mean (a) LW, (b) SW, and (c) net cloud radiative forcing
(CRF) for overcast clouds as a function of cloud type at the ARM SGP site from 1997 to 2002.
Monthly average cloudy- and clear-sky surface fluxes were calculated by the following procedure: 1) bin observed fluxes by sky conditions (clear or cloudy), 2) average binned fluxes over
1-h intervals, 3) calculate the monthly mean diurnal cycle by averaging all of the means corresponding to the same hour of the day within the month, and 4) average over the mean diurnal
cycle to produce a monthly mean flux. CRF was then calculated as the difference between the
monthly averaged net surface fluxes (downwelling minus upwelling) for observed cloudy and
clear conditions (figure from Dong et al. 2006).

to specific cloud characteristics, such as cloud fraction,
type, altitude, phase, and optical depth (e.g., Dong and
Mace 2003; Dong et al. 2006; McFarlane and Evans
2004; McFarlane et al. 2013).

1) SOUTHERN GREAT PLAINS
Dong et al. (2006) performed a comprehensive study
that examined the surface radiative impact of single-layer

clouds at the SGP and found large seasonal and diurnal
variability in cloud amount and radiative impact as
a function of cloud type (Fig. 20-7). Here, they include
upwelling surface fluxes when defining the CRE.
Overall, they find that the net CRE at the surface
was 220 W m22, and the magnitude of SW cooling at
the surface was approximately twice as large as the LW
heating. Low clouds dominated the total surface CRE,
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and corresponding to seasonal changes in cloud frequency, their impact was greatest during the spring and
fall and least during summer. Dong et al. (2006) also
quantified the impact of changes in the environment
associated with clear and cloudy conditions on the
CRE. Typical estimates of CREs from observations
alone simply subtract average observed clear-sky fluxes
from average observed cloudy-sky fluxes, neglecting
the fact that atmospheric profiles are often different in
cloudy and clear skies. Over the ARM SGP site, for the
single-layer cloud cases examined in Dong et al. (2006),
changes in humidity and surface albedo between clear
and cloudy conditions offset 20% of the net radiative
impact of the clouds alone. Their analysis indicated
that for monthly averaged CREs, changes in cloud
properties dominate the SW CREs, while the increase
in water vapor between clear and cloudy conditions
was a significant contributor to the LW flux changes.
Berg et al. (2011) focused specifically on the radiative
impact of midlatitude shallow cumuli, a cloud type that
is often not captured well in large-scale models or satellite measurements because of its small-scale variability. Although the net effect of the shallow cumuli was to
decrease the SW flux at the surface, the spatial and
temporal inhomogeneity of cumuli also resulted in periodic episodes of cloud-induced enhancement of the
surface SW flux. These events occurred approximately
20% of the time that cumuli existed and produced occurrences of positive SW CREs with instantaneous
values as large as 175 W m22.

2) NORTH SLOPE OF ALASKA
The Arctic is one of the most rapidly changing regions
on the planet, and clouds play an important role in climate feedbacks in this region (Curry et al. 1996; Stamnes
et al. 1999). The melting of snow and sea ice in the Arctic
is influenced strongly by the amount of downwelling LW
radiation at the surface, which depends primarily on
cloud amount and microphysical properties. Determining the characteristics of Arctic clouds from satellite observations is difficult because the highly
reflective surface makes it difficult to distinguish clouds
from the surface with visible wavelengths, and the nearly
constant presence of a surface-based inversion makes
thermal techniques challenging, as the cloud and the
surface can be nearly the same temperature. Therefore,
ground-based instruments provide a critical set of observations for determining properties of Arctic clouds
and their concurrent impacts on the surface radiative
budget. The Surface Heat Budget of the Arctic
(SHEBA) campaign (in which ARM participated)
provided an unprecedented dataset on cloud and radiative properties over the Arctic sea ice for a year (e.g.,
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Shupe and Intrieri 2004) while the ARM NSA site near
Barrow, Alaska, which has been operating since 1997,
provides a unique source of long-term data for studying
the seasonal and interannual variation of Arctic cloud
properties and their impact on the surface radiative
budget (Verlinde et al. 2016, chapter 8).
At NSA, single-layer overcast low-level stratus clouds
show a significant annual cycle, with cloud fraction increasing significantly in the spring, staying high and
relatively constant in the summer, and then decreasing
from November to the following March (Dong and
Mace 2003; Dong et al. 2010). The surface LW CRE,
which is also influenced by changes in cloud liquid water
path and temperature, shows a corresponding strong
seasonal variation with a maximum in August and
minimum in March. The SW CRE has maximum values
during July and August. Although the annual average
net surface CRE is only 3.5 W m22, there is a seasonal
dependence with low-level stratus clouds cooling the
surface during the summer and warming the surface
during spring and fall (Dong and Mace 2003; Dong et al.
2010). The Arctic stratus clouds appear to produce a
positive feedback on Arctic change; relative to cloudfree skies, the presence of clouds increases the downwelling LW at the surface, which acts to enhance the
melting of snow and ice in the spring and slows the
freezing of the ice in the fall.
Mixed-phase clouds and aerosol indirect effects also
play an important role in the Arctic surface radiation
budget. Mixed-phase stratiform clouds are a prevalent
cloud type in the Arctic and one of the most difficult for
models to capture correctly. Lubin and Vogelmann
(2011) used unique spectral SW irradiance measurements made during the ARM Indirect and Semi-Direct
Aerosol Campaign (ISDAC) to examine the influence
of mixed-phase stratiform clouds on the surface SW irradiance. Compared with liquid-water clouds, mixedphase clouds during the Arctic spring cause a greater
reduction of SW irradiance at the surface. Two studies in
Nature (Garrett and Zhao 2006; Lubin and Vogelmann
2006) used aerosol and radiation measurements from
the ARM NSA site to show that enhanced aerosol
concentrations in the Arctic affect the properties of
Arctic clouds and hence increase the downwelling LW
surface fluxes under cloudy skies by 3.3–5.2 W m22.
Given the small average net surface CRE, these studies
indicate that small changes in cloud or aerosol properties may have a large impact on the surface radiative
budget in the Arctic.

3) TROPICAL WESTERN PACIFIC
Understanding cloud radiative impacts in the Tropical
Western Pacific (TWP) is extremely important as the
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FIG. 20-8. Example of detailed structure in atmospheric radiative heating rate profile that can
be calculated from ARM measurements. Figure shows calculated net heating rate for 10 March
2000 at Manus. Blues represent net cooling while reds represent net warming. Very dark colors
represent heating/cooling rates greater than 620 K day21. To aid in interpreting the figure, note
that local solar noon at Manus occurred at 0220 UTC.

absorption of solar energy in the tropics and transport of
the excess energy to the poles is a primary driver of the
meridional general circulation. However, because of the
remote location and difficulty of finding observational
sites in the tropics with suitable infrastructure, most
understanding of tropical cloud radiative impacts was
derived from short-term field experiments or satellite
measurements. The establishment of the ARM tropical
sites on Manus (1996) and Nauru (1998) provided the
first long-term, detailed measurements of collocated
cloud and radiative properties in the oceanic tropical
western Pacific (Long et al. 2016, chapter 7). The extension of the ARM measurements to the Darwin site
(2002) provided contrasting data from a tropical land
site that exhibits strong seasonal variability associated
with the Australian summer monsoon.
Because of their locations, the three ARM TWP sites
exhibit very different time series of cloud properties and
surface radiative fluxes. McFarlane et al. (2013) characterize the climatological mean and variability of the
surface CRE at the three ARM tropical locations and
examine differences in the CREs as a function of simple
cloud type definitions that could be applied easily to
climate models. The Nauru and Darwin sites show significant variability in sky cover, downwelling radiative
fluxes, and surface CREs due to El Niño–Southern Oscillation (ENSO) and the Australian monsoon, respectively, while the Manus site (which is located in the
tropical warm pool) shows little intraseasonal or interannual variability (Fig. 20-6). As at the other sites,
clouds with low bases are the primary contributors
(approximately 70%) to the surface SW and LW CREs,

although clouds with midlevel and high bases also have
important impacts on the surface radiative budget.

b. Impacts on atmospheric heating profiles
Clouds impact not only surface and TOA fluxes, but
also redistribute energy within the atmosphere, which is
important for climate feedbacks on the large-scale circulation and hydrological cycle. Before the ARM Program was established, understanding of the details of
this redistribution of energy was limited by the lack
of information on cloud vertical structure. Estimates of
radiative heating profiles were limited to theoretical
examination of idealized cases, a few case studies from
field campaigns, and estimates from satellite measurements, which required large assumptions about cloud
vertical structure. ARM investigators pioneered the use
of combining retrievals of cloud microphysical properties from remote sensing instruments (Shupe et al. 2016,
chapter 19) with detailed radiative transfer calculations
to study the impacts of cloud microphysical properties
and cloud vertical structure on atmospheric heating rate
profiles. Figure 20-8 illustrates an example of the detailed structure of the atmospheric heating rate profile
that could be calculated from the high-resolution ARM
measurements.
Since there are very few observational constraints on
radiative heating profiles, the flux closure concept described above is generally used to validate the calculated
broadband surface and/or TOA fluxes in these studies,
providing confidence in the derived cloud properties and
the radiative transfer models used to calculate the
heating profiles. However, the flux closure method
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FIG. 20-9. Average CRE (black line) on atmospheric (left) SW, (center) LW, and (right) net heating profile
calculated from over 20 years of data at SGP. Zero CRE is indicated in each panel by the red line. See text for more
details. Figure courtesy of Jay Mace and Sally Benson, University of Utah.

cannot definitively evaluate the shape of the derived
heating rate profiles, as there might be multiple profiles that produce the same fluxes. Early ARM studies
examined the vertical structure of radiative heating
profiles for case studies of common cloud types, including tropical cirrus (Comstock et al. 2002) and
tropical precipitating convection (Jensen and Del
Genio 2003). As the ARM sites gathered multiple
years of data, later studies moved beyond the case
study approach and used the multiple years of ARM
measurements to characterize the vertical structure of
SW and LW radiative heating profiles at the SGP
(Fig. 20-9; Mace et al. 2006a,b; Mace and Benson
2008), the tropical sites (Fig. 20-10; Fueglistaler and Fu
2006; Mather et al. 2007; McFarlane et al. 2008), NSA
site (Zwink 2013), and during ARM Mobile Facility
deployments (Powell et al. 2012).
These ARM studies were the first to use observations
to examine the detailed redistribution of energy between the surface and atmosphere and within the atmosphere by clouds on diurnal, monthly, and seasonal
time scales. Applying similar methodologies to the
datasets measured at the different ARM sites provides
important information on similarities and differences in
the impacts of clouds on atmospheric heating profiles at
different geographic locations. Many of these radiative

heating datasets have been released to the community as
ARM Principal Investigator (PI) data products (http://
www.arm.gov/data/pi).
Figure 20-9 shows the average CRE on the atmospheric heating profiles from 12 years of data at the
ARM SGP site, while Fig. 20-10 illustrates the average
CRE profiles at the TWP sites (Manus, Nauru, and
Darwin). For both of these figures, CRE is defined as the
heating profile calculated using a radiative transfer
model with thermodynamic and cloud profiles derived
from ARM observations minus the heating profile calculated using the same atmospheric thermodynamic
profile, but with no clouds included in the calculations.
At all of these ARM sites, clouds have a small net influence on the column atmospheric heating, but
produce a significant vertical redistribution of radiant
energy within the atmosphere. Different cloud types
have quite different effects on the magnitude and location of heating and cooling within the atmosphere, with
upper tropospheric clouds producing a net heating
of the upper troposphere and boundary layer clouds
producing a net cooling of the lower troposphere (Mace
and Benson 2008; Mather et al. 2007). At the tropical
sites, midlevel clouds associated with detrainment near
the freezing level also have a large impact on the radiative heating profiles. Detailed studies of the heating
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FIG. 20-10. Average CRE on (left) SW, (center) LW, and (right) net atmospheric heating profiles from Manus
(C1, blue line), Nauru (C2, red line), and Darwin (C3, yellow line). Calculations include data from 2003 to 2012 at
Manus, 2002 to 2009 at Nauru, and 2005 to 2011 at Darwin. See text for more details. Figure courtesy of Jennifer
Comstock, Pacific Northwest National Laboratory.

rate profiles associated with different cloud types
(Mather and McFarlane 2009) also illustrate that the
existence of multiple cloud layers can have complex
impacts on the resulting radiative heating profiles; reflection of SW by overlying cirrus can reduce the expected SW heating by water vapor at lower levels, and
reduced upwelling LW emission from the surface due to
low clouds can reduce the expected LW heating at the
base of a cirrus layer. Several studies (Fueglistaler and
Fu 2006; Mather et al. 2007) examined the potential
impact of tropical cloud radiative heating on atmospheric dynamics. Fueglistaler and Fu (2006) found that
the impact of clouds relative to clear-sky conditions was
particularly large around 60 hPa, which is the base of the
‘‘tropical pipe.’’ Their results suggested that gradients in
upper tropospheric radiative heating rates may be partially responsible for stratospheric mixing. More recent
studies (Thorsen et al. 2013; Protat et al. 2014) have
combined the ARM ground-based data with satellite
data to more fully characterize upper tropospheric
tropical clouds and heating profiles.
All of the ARM sites exhibit substantial variability in
radiative heating profiles at various time scales. At the
SGP, although the TOA LW CRE is relatively constant
over the annual cycle, the details of the radiative heating
profile within the atmosphere change substantially over
the year as the relative frequency of low and high clouds

changes (Mace and Benson 2008). At the tropical sites,
the radiative heating and atmospheric absorption profiles vary considerably depending on the amount of
convection, associated with ENSO at Nauru and the
Australian monsoon at Darwin (Mather et al. 2007;
McFarlane et al. 2008). The sites also show distinct diurnal cycles in clouds and associated heating rates that
vary with the large-scale dynamics and resulting cloud
properties. At the NSA site, understanding the relative
impact of liquid and mixed-phase clouds on radiative
heating profiles (Fig. 20-11) is complicated by the concurrent changes in cloud properties (phase, depth, and
liquid water content) and solar zenith angle with season.
These results indicate that changes in the vertical distribution of clouds on seasonal and interannual time
scales have important impacts on the redistribution of
heating within the troposphere, and simply reproducing
the average net surface and TOA effects of clouds in
models will not capture essential cloud feedbacks on the
general circulation.
Since the ARM sites have limited spatial sampling, an
important question is how representative conclusions
drawn at the sites are for the larger area. Jakob et al.
(2005) used tropics-wide satellite data to define four
tropical cloud regimes (two convective and two more
suppressed regimes) and found that all four regimes
exist at the Manus site and showed distinct differences in
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FIG. 20-11. Characteristic heating rate profiles for single-layer liquid-only and mixed-phase
clouds, where the clouds have LWP between 50 and 100 g m22, calculated from 2 years of data
at NSA. Cloud boundaries have been normalized. Note that the x axis is on a logarithmic scale.
Figure courtesy of Dave Turner (NOAA) and Alex Zwink (University of Oklahoma).

cloud and radiative properties measured at the site.
Mather and McFarlane (2009) examined differences in
the structure of the radiative heating profiles at Manus
and Nauru and found that the frequency of specific cloud
types, and therefore the mean radiative heating profile,
differed between the two sites. However, the characteristic heating profiles of individual cloud types at the
two sites were remarkably similar. These studies indicated that if the frequency of different cloud types
across a region were known from another source, such as
satellite measurements, the cloud and heating rate profiles derived from the ARM data for each cloud type
could be applied to estimate the vertical structure of
cloud and heating rates over a larger area.
Another important question is the relative contribution of radiative heating to the total diabatic heating
profile. Jensen and Del Genio (2003) estimated that the
maximum radiative heating was 10%–30% of the maximum latent heating profiles for cases of mature deep

convection near local solar noon. Li et al. (2013) combined the ARM-derived tropical radiative heating profiles with latent heating profiles derived from the
Tropical Rainfall Measuring Mission (TRMM) satellite
to examine the relative contributions of radiative and
latent heating to the total diabatic heating profile of
tropical clouds. They found that radiative heating of
tropical upper-level clouds contributed 20% of the total
column-integrated diabatic heating. A model simulation
forced with the derived radiative and latent heating
profiles suggested that the impact of radiative heating on
large-scale tropical circulation was primarily from indirect impacts on convective feedbacks.

c. ARM Mobile Facility
The advent of the ARM Mobile Facility (AMF) in
2005 allowed ARM investigators to explore the impact
of clouds on broadband fluxes and heating rates in additional geographical locations, including Pt. Reyes,
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FIG. 20-12. Scatterplots of the atmospheric shortwave divergence at Niamey vs (a) column
water vapor and (b) aerosol extinction at 870 nm for data measured during the wet season
(blue) and dry season (red). In (a), cloudy points are indicated by open squares (figure from
Slingo et al. 2009).

California; Niamey, Niger (Slingo et al. 2009); the Black
Forest in Germany (Ebell et al. 2011); and the Maldives
(Feng et al. 2014).
In particular, the AMF deployment to Niamey, Niger,
was designed specifically to study the radiative flux divergence in the atmosphere in a region (the Sahel) with
large variability in water vapor column amounts, aerosol
loading, and cloud cover (Miller and Slingo 2007). An
advantage of the Niamey deployment for examining
atmospheric radiative heating was the location of the
Niamey site under the Geostationary Earth Radiation
Budget (GERB) instrument on the Meteosat-8 European weather satellite. GERB provides broadband SW
and LW fluxes every 15 min at about 50-km resolution.
The combination of the TOA flux measurements from

GERB and the surface flux measurements from ARM
allowed the first direct estimation of broadband radiative flux divergence through the atmosphere at high
temporal resolution for such an extended period of time.
Slingo et al. (2009) examine the factors that control the
surface and TOA fluxes, as well as the atmospheric radiative flux divergence at Niamey (Fig. 20-12). The high
aerosol loadings throughout the year affect both the SW
and LW fluxes while the LW fluxes also are impacted
significantly by the large seasonal changes in column
water vapor (CWV) and temperature between the wet
and dry seasons. These effects on the LW fluxes somewhat counteract each other, as the highest temperatures
occur at the end of the dry season when the CWV is
lowest while the lowest temperatures in the wet season
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occur at the same time as the highest CWV values. The
SW fluxes are affected strongly by clouds and by the
seasonal changes in CWV. The LW total atmospheric
divergence shows relatively small variations through the
year, because of compensation between the seasonal
variations in the outgoing longwave radiation (OLR)
and surface net LW radiation due to the changes in
temperature and CWV. The SW atmospheric divergence is mainly determined by the CWV and aerosol
loadings (Fig. 20-12), while the effect of clouds is much
smaller than on the surface and TOA fluxes.
Additional studies based on the AMF deployment examined other aspects of the radiative budget at Niamey,
including comparisons of observed and modeled LW
fluxes (Bharmal et al. 2009), the effect of heterogeneities on radiative divergence (Settle et al. 2008), detailed studies of aerosol impacts on SW and LW surface
fluxes (Slingo et al. 2006; McFarlane et al. 2009; Turner
2008), diurnal and seasonal cloud radiative impacts
(Bouniol et al. 2012), radiative heating of convective
anvils (Powell et al. 2012), seasonal contrasts in the
components of the surface energy balance (Miller et al.
2009), and the ability of GCMs to reproduce the observed cloud radiative effects and atmospheric divergence (Miller et al. 2012).

d. Evaluating model representations of surface and
atmospheric radiative fluxes
The climatologies of surface radiation and cloud
properties from the ARM sites, such as those described
above, have been used for evaluating simulations of the
surface radiation budget in a wide variety of models,
including operational forecast models (e.g., Hinkelman
et al. 1999; Morcrette 2002; Yang et al. 2006; Ahlgrimm
and Forbes 2014), reanalysis models (Allan 2000;
Kennedy et al. 2011), single-column models (Somerville
and Iacobellis 1999; Lane et al. 2000; Iacobellis et al.
2003), regional models (Pinto et al. 1999), and GCMs
(Xie et al. 2003; Qian et al. 2012; Miller et al. 2012).
While multiple sites around the world have surface radiative flux measurements that can be used to evaluate
model radiative fluxes (e.g., the Baseline Surface Radiation Network), the simultaneous measurements of
cloud, aerosol, and atmospheric properties within the
column along with the surface radiative fluxes at the
ARM sites allow scientists to not only identify errors in
the models’ surface radiative budgets, but to diagnose
which aspects of the model contribute to those errors.
These studies have generally indicated that model
errors in simulating surface radiation arise from a
combination of sources. For example, Hinkelman et al.
(1999) found biases of 50 W m22, on average, in the
downwelling SW radiation at the surface in the Eta
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model and attributed half of the excess to errors in the
treatment of water vapor and aerosol in the model and
the other half to errors in the treatment of clouds.
Similarly, Kennedy et al. (2011) showed that the North
American Regional Reanalysis has significant positive
biases in downwelling SW and negative biases in
downwelling LW under both clear-sky and all-sky conditions. The biases were found to result from a combination of errors in aerosol, water vapor, and clouds in
the model. Qian et al. (2012) used ARM observations at
multiple sites to examine the relationships between
cloud fraction and surface radiative flux in the GCMs
used in the Intergovernmental Panel on Climate Change
assessment reports. They find that errors in modeled
total cloud fraction and normalized cloud radiative effect are similar in magnitude, but both are larger than
model errors in downwelling SW radiation, indicating
that the reasonable agreement in surface radiation is due
to compensating errors in cloud vertical structure,
overlap assumption, optical depth, and/or cloud fraction. These studies indicate the utility of the ARM
observations in diagnosing reasons for errors in modelsimulated fluxes.
ARM observations also have been used to evaluate
how well models are able to represent broadband atmospheric radiative heating profiles. McFarlane et al.
(2007) compared the ARM-derived vertical profiles of
tropical cloud properties and associated BBHRP to results from two global atmospheric models and found
large differences in the vertical profiles and diurnal cycle
of cloud amount, water content, and radiative heating
profiles. The differences in the heating rates between the
models and the ARM-derived values were due to a
combination of differences in the cloud properties
(cloud frequency, vertical location of clouds, and cloud
optical thickness) and the radiative transfer calculations
(parameterization of LW absorption coefficient as a
function of particle size). Powell et al. (2012) examined
the ability of several microphysical schemes to reproduce the vertical structure of cloud properties and
radiative heating observed in anvil clouds at Niamey.
They found that all of the schemes underestimate the
optical thickness of thin anvils and cirrus, resulting in a
bias of excessive net anvil heating in all of the
simulations.
An advantage of ARM datasets compared to shorterterm field experiments is that the multiple years of
measurements provide enough samples to classify the
data into different meteorological regimes. Regime
analysis allows investigation of the effects of particular
dynamical or meteorological conditions on cloud properties and radiative impacts, but it also provides a
dataset for model evaluation that can be used to
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separate dynamical errors and parameterization errors
(e.g., Marchand et al. 2009). Marchand et al. (2006),
Evans et al. (2012), and Mülmenstädt et al. (2012) use
objective methodologies to classify the multiple years of
observations at the SGP, Darwin, and NSA sites, respectively, into distinct meteorological regimes. At each
site, significant differences in cloud properties and the
associated surface radiation fields are found between
the different categories, indicating the potential utility
of the classification for examining how dynamics influence cloud and radiative properties in observations
and models.

5. Three-dimensional radiative transfer
The 3D radiative transfer effects cannot be included
in climate models because of computational limitations
that require radiative transfer calculations to be treated
efficiently, and because GCMs do not contain information on the full 3D cloud scene within a grid box.
Therefore, climate models have to make simplifying
assumptions about cloud horizontal structure within a
model grid box and how clouds in different vertical
layers overlap, and they must use 1D radiative transfer
models to calculate gridbox-average fluxes and heating
rates. ARM has made significant advances in using sophisticated 3D radiative transfer models to understand
the impacts of these assumptions on calculated broadband fluxes and heating rates and developing methodologies to reduce these biases in GCMs. More detail
about development of new methods for radiative
transfer in GCMs is given in Mlawer et al. (2016, chapter
15); here we focus primarily on ARM studies that used
state-of-the-art radiative transfer models to quantify the
impact of neglecting 3D effects on calculated fluxes and
heating rates as well as the use of ARM data to understand inhomogeneity in real clouds.

a. Biases due to neglect of 3D effects
As discussed previously, ARM scientists conducted
several important theoretical radiative transfer modeling studies that illustrated that errors due to neglecting
3D effects when deriving estimates of atmospheric absorption derived from surface and satellite (or aircraft)
observations would contribute to the discrepancy between observations and 1D models, but could not explain all of it (e.g., O’Hirok and Gautier 1998; Marshak
et al. 1998; Titov 1998; Fu et al. 2000b). ARM scientists
also performed key studies characterizing the accuracy
of the independent column approximation (ICA), a
method to move beyond plane-parallel radiative transfer. In the ICA, a domain is divided into individual
columns (or pixels), 1D radiative transfer is calculated

20.17

on the cloud properties within each column, and then
the contributions of each column are summed to obtain
the domain-averaged fluxes of heating rates. ARM
studies showed that GCM-scale domain-averaged errors
in surface and TOA fluxes calculated using the ICA
were generally less than 20 W m22, and those in atmospheric heating rates were typically less than 3%
(Marshak et al. 1995, 1999a; Barker et al. 1999; Cole
et al. 2005a).
The detailed radar and lidar observations from the
ARM sites provided key information for studies on the
impact of horizontal and vertical inhomogeneity of real
clouds, rather than idealized or modeled clouds, on radiative fluxes (Fu et al. 2000a; Carlin et al. 2002). Várnai
(2010) used multiple years of ARM radar data at the
SGP, NSA, and TWP sites to perform a comprehensive
study on the impact of horizontal photon transport effects on solar radiative heating calculations. The results
show that average 2D effects are fairly small, but individual cases can have much larger impacts, especially for
cases of high sun or convective clouds. Additionally, 2D
effects at oblique sun angles often enhance surface
heating. Assumptions about vertical inhomogeneity are
also important for radiative transfer calculations, and
cloud overlap statistics from the ARM radar data (e.g.,
Mace and Benson-Troth 2002) have been used to examine formulations of vertical overlap assumptions used
in climate models (Stephens et al. 2004).
To examine multidimensional radiative transfer effects using the ARM vertically pointing radar and lidar
data, researchers typically used the ‘‘frozen turbulence’’
assumption, in which a horizontal advection velocity is
used to convert the temporal dimension of the data
into a spatial dimension in order to create 2D cloud
fields. Using model-simulated cloud fields, Pincus et al.
(2005) show that because there are fewer cloud edges in
2D than 3D scenes, such studies systematically underestimate the magnitude of the 3D effect. Additionally, the limited sampling observed by the vertically
pointing radar produces noise of up to 20% in estimates
of the 3D effect. To move beyond these limitations of
sampling from vertically pointing data, ARM scientists
developed methods for stochastically generating multidimensional cloud fields that match observed statistics
of optical depth and cloud structure (Evans and
Wiscombe 2004; Prigarin and Marshak 2009).
While the studies of 3D radiative transfer described
above focused primarily on the effects on SW fluxes
and heating rates, a comprehensive set of studies by
Ellingson and colleagues examined the impacts of 3D
cloud structure on LW radiative transfer and found that
they could be important for cloud fractions between 0.2
and 0.8. These studies included theoretical calculations
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to quantify the impact on LW fluxes and heating rates
using idealized (Killen and Ellingson 1994) and observed
(Han and Ellingson 1999) cloud geometries, identifying
conditions under which LW scattering needs to be included in calculations (Takara and Ellingson 1996, 2000),
and testing parameterizations for LW radiative effects
against ARM observations (Han and Ellingson 2000;
Taylor and Ellingson 2008).

b. Impact of 3D effects on cloud evolution
While models need to produce accurate domainaveraged fluxes and heating rates in order to correctly
simulate interactions with the large-scale circulation,
subgrid-scale interactions between clouds and radiation
also can have important influences on cloud evolution.
Several ARM studies using high-resolution cloud
models have examined the impact of neglecting interactions between radiation and clouds on the evolution of different types of cloud fields. These studies
indicate that the impact of neglecting 3D radiative
transfer effects in models depends in part on the resolution of the model simulations.
Simulations of tropical cumulus convection indicated
that direct radiative–convective interactions through
LW cloud-top cooling and SW radiative heating are
more important in determining the diurnal cycle of
tropical precipitation than indirect radiative–dynamical–
convective interactions through differential heating of
clear and cloudy regions (Xu and Randall 1995).
Vogelmann et al. (2001) found that cloud-top height
variability and the structure of cloud edges in deep
convective clouds could produce regions of intense local
SW heating that occupied only a small area of the climate
model grid cell but dominated the grid-mean value. Explicitly resolving these hot spots requires model grid sizes
of approximately 20–30 km2. Models that cannot resolve
these hot spots and use typical cloud overlap assumptions to represent subgrid variability overestimate the
solar heating above the cloud and underestimate it below
the cloud, impacting the turbulence and vertical velocity
within the cloud layers and having potential consequences for simulation of cloud evolution and feedback
in weak dynamical regimes in GCMs. In high-resolution
(horizontal resolutions of 50–100 m) model simulations,
Mechem et al. (2008) found that neglecting multidimensional LW radiative effects had only small impacts
on the cloud dynamics of boundary layer cloud systems.
Although the spatial structure of the radiative forcing
was changed significantly in model simulations using full
3D radiative transfer calculations, there were few systematic differences in the overall cloud fields, indicating
the ICA approach was sufficiently accurate for these
simulations.
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Two studies examined the neglect of subgrid-scale
cloud–radiation interactions on GCM scales. Gu and
Liou (2006) implemented a cirrus inhomogeneity factor
in a GCM simulation and found that it increased the
global mean net solar flux at TOA by 5W m22. Inclusion
of inhomogeneity also produced geographic differences
in cloudiness, radiation, and precipitation in the model,
indicating the indirect effects of cloud–radiation interactions in cirrus clouds on the climate simulation.
Cole et al. (2005b) found unresolved cloud–radiation
interactions on the scale of a GCM grid box significantly
affected the statistics of cloud fraction and cloud radiative effects. When local cloud–radiation interactions
were neglected, high cloud amount at most latitudes
tended to be larger while marine stratocumulus cloud
fractions were smaller. For high clouds, the small-scale
structure in cloud-top radiative cooling entrains dry air
into the cloud layer, reducing the cloud amount, while
for marine stratocumulus the cloud-top radiative cooling tends to maintain the layer.

c. New radiative transfer methods
Along with applying state-of-the-art radiative transfer methods to understand cloud impacts on the radiative budget (as discussed above) and improving the
representation of radiative transfer in GCMs (as discussed in Mlawer et al. 2016, chapter 15), ARM investigators have played a significant role in developing
new state-of-the-art radiative transfer methods that
calculate fluxes and heating rates more efficiently or
more accurately. Improvements to 1D radiative transfer
models supported by ARM include computationally
efficient methods for solving the two-stream equation
(Gabriel et al. 1993), improved correlated-k distribution methods (Mlawer et al. 1997; Kato et al. 1999), and
new methods for treating horizontal variability (Wood
et al. 2005). Improvements to 3D radiative transfer
modeling techniques include the development of the
spherical harmonic spatial grid method (Evans 1993), a
new spectral radiative transfer method (Gabriel et al.
1993), and applications of photon diffusion theory and
Green’s function to remote sensing problems (e.g.,
Davis and Marshak 2002). ARM scientists have played
key roles in developing stochastic radiative transfer
methods for atmospheric applications (Lane et al. 2002;
Kassianov 2003; Lane-Veron and Somerville 2004;
Kassianov and Veron 2011) and have used ARM data
both to develop statistics of cloud properties for stochastic models (Lane-Veron and Somerville 2004) and
to evaluate their performance (Foster and Veron 2008;
Kassianov et al. 2003). ARM also contributed to the
development of easy-to-use, community radiative
transfer codes, including the Santa Barbara Discrete
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Ordinate Radiative Transfer (DISORT) Atmospheric
Radiative Transfer (SBDART) 1D model (Ricchiazzi
et al. 1998) and the community Monte Carlo 3D model
(Pincus and Evans 2009).

d. Other 3D radiative transfer activities
ARM and NASA jointly support the Intercomparison of 3D Radiation Codes (I3RC) project (Cahalan
et al. 2005), which aims to improve the treatment of 3D
radiative transfer (RT) through ‘‘documentation of
errors and limitations of 3D methods, sharing and development of 3D tools, and atmospheric science education in 3D RT.’’ Many ARM scientists have
participated in the I3RC intercomparison studies, and
one of the intercomparison cases is based on ARM
radar data. ARM also provided support for a monograph on 3D radiative transfer techniques in cloudy
atmospheres (Marshak and Davis 2005), and over half
of the contributing authors were members of the ARM
Science Team.

6. Conclusions
As described in this chapter, ARM has made important advances in quantifying the role of clouds on
broadband surface fluxes and atmospheric heating rate
profiles and providing important information for model
evaluation and improvement. We see two primary areas
where ARM will continue to move forward in this area:
the BBHRP test bed and use of 3D cloud fields from
scanning radar data.
The recent automation of the BBHRP procedure
(e.g., McFarlane et al. 2011) allows scientists to quickly
and systematically evaluate the accuracy of cloud retrievals with respect to surface broadband flux and test
the impact of changing the assumptions made in the
retrievals on both the surface fluxes and broadband
heating rates. Initial studies have started to use the
BBHRP methodology to study an ensemble of cloud
retrievals to provide information on retrieval uncertainty to cloud modelers (S. Xie 2013, personal
communication), and we anticipate this type of activity
will continue.
ARM scientists have already made important contributions to understanding the 3D radiative effects of
clouds through the use of model-simulated 3D cloud
fields and 2D cloud fields derived from vertically
pointing radar instruments. However, the new ARM
scanning cloud radars (Ackerman et al. 2016, chapter 3;
Mather et al. 2016, chapter 4) will provide unprecedented information on the 3D structure of real
cloud fields. An early study has already been conducted
to quantify errors in calculated surface fluxes from

radar-produced 3D cloud scenes associated with radar
sensitivity, scan strategy, and method of scene reconstruction (Fielding et al. 2014).
REFERENCES
Ackerman, T. P., D. M. Flynn, and R. T. Marchand, 2003: Quantifying the magnitude of anomalous solar absorption.
J. Geophys. Res., 108, 4273, doi:10.1029/2002JD002674.
——, T. S. Cress, W. R. Ferrell, J. H. Mather, and D. D. Turner,
2016: The programmatic maturation of the ARM Program.
The Atmospheric Radiation Measurement (ARM) Program:
The First 20 Years, Meteor. Monogr., No. 57, Amer. Meteor.
Soc., doi:10.1175/AMSMONOGRAPHS-D-15-0054.1.
Ahlgrimm, M., and R. Forbes, 2014: Improving the representation
of low clouds and drizzle in the ECMWF model based on
ARM observations from the Azores. Mon. Wea. Rev., 142,
668–685, doi:10.1175/MWR-D-13-00153.1.
——, ——, J.-J. Morcrette, and R. Neggers, 2016: ARM’s impact
on numerical weather prediction at ECMWF. The Atmospheric Radiation Measurement (ARM) Program: The First 20
Years, Meteor. Monogr., No. 57, Amer. Meteor. Soc.,
doi:10.1175/AMSMONOGRAPHS-D-15-0032.1.
Allan, R. P., 2000: Evaluation of simulated clear-sky longwave
radiation using ground-based observations. J. Climate,
13, 1951–1964, doi:10.1175/1520-0442(2000)013,1951:
EOSCSL.2.0.CO;2.
Asano, S., A. Uchiyama, A. Yamazaki, and K. Kuchiki, 2004:
Solar radiation budget from the MRI radiometers for clear
and cloudy air columns within ARESE II. J. Atmos. Sci., 61,
3082–3096, doi:10.1175/JAS-3288.1.
Barker, H. W., G. L. Stephens, and Q. Fu, 1999: The sensitivity of
domain-averaged solar fluxes to assumptions about cloud geometry. Quart. J. Roy. Meteor. Soc., 125, 2127, doi:10.1002/
qj.49712555810.
——, J. N. S. Cole, J.-J. Morcrette, R. Pincus, P. Räisänen, K. von
Salzen, and P. A. Vaillancourt, 2008: The Monte Carlo Independent Column Approximation: An assessment using
several global atmospheric models. Quart. J. Roy. Meteor.
Soc., 134, 1463–1478, doi:10.1002/qj.303.
Berg, L. K., E. I. Kassianov, C. N. Long, and D. L. Mills Jr., 2011:
Surface summertime radiative forcing by shallow cumuli at the
Atmospheric Radiation Measurement Southern Great Plains
site. J. Geophys. Res., 116, D01202, doi:10.1029/2010JD014593.
Bharmal, N. A., A. Slingo, G. J. Robinson, and J. J. Settle, 2009:
Simulation of surface and top of atmosphere thermal fluxes
and radiances from the radiative atmospheric divergence using the ARM mobile facility, GERB data, and AMMA stations experiment. J. Geophys. Res., 114, D00E07, doi:10.1029/
2008JD010504.
Bouniol, D., F. Couvreux, P. H. Kamsu-Tamo, M. Leplay,
F. Guichard, F. Favot, and E. J. O’Connor, 2012: Diurnal and
seasonal cycles of cloud occurrences, types, and radiative impact over West Africa. J. Appl. Meteor. Climatol., 51, 534–553,
doi:10.1175/JAMC-D-11-051.1.
Cahalan, R. F., and Coauthors, 2005: The I3RC: Bringing together
the most advanced radiative transfer tools for cloudy atmospheres. Bull. Amer. Meteor. Soc., 86, 1275–1293, doi:10.1175/
BAMS-86-9-1275.
Carlin, B., Q. Fu, U. Lohmann, G. Mace, K. Sassen, and J. M.
Comstock, 2002: High-cloud horizontal inhomogeneity and
solar albedo bias. J. Climate, 15, 2321–2339, doi:10.1175/
1520-0442(2002)015,2321:HCHIAS.2.0.CO;2.

Unauthenticated | Downloaded 01/09/23 04:16 AM UTC

20.20

METEOROLOGICAL MONOGRAPHS

Cess, R. D., and Coauthors, 1995: Absorption of solar radiation by
clouds: Observations versus models. Science, 267, 496–499,
doi:10.1126/science.267.5197.496.
Charlock, T. P., and T. L. Alberta, 1996: The CERES/ARM/
GEWEX Experiment (CAGEX) for retrieval of radiative
fluxes with satellite data. Bull. Amer. Meteor. Soc., 77, 2673–2683,
doi:10.1175/1520-0477(1996)077,2673:TCEFTR.2.0.CO;2.
Cole, J. N. S., H. W. Barker, W. O’Hirok, E. E. Clothiaux, M. F.
Khairoutdinov, and D. A. Randall, 2005a: Atmospheric radiative transfer through global arrays of 2D clouds. Geophys.
Res. Lett., 32, L19817, doi:10.1029/2005GL023329.
——, ——, D. A. Randall, M. F. Khairoutdinov, and E. E.
Clothiaux, 2005b: Global consequences of interactions between clouds and radiation at scales unresolved by global
climate models. Geophys. Res. Lett., 32, L06703, doi:10.1029/
2004GL020945.
Comstock, J. M., T. P. Ackerman, and G. G. Mace, 2002: Groundbased lidar and radar remote sensing of tropical cirrus clouds
at Nauru Island: Cloud statistics and radiative impacts.
J. Geophys. Res., 107, D4714, doi:10.1029/2002JD002203.
——, A. Protat, S. A. McFarlane, J. Delanoe, and M. Deng, 2013:
Assessment of uncertainty in cloud radiative effects and
heating rates through retrieval algorithm differences: Analysis
using 3-years of ARM data at Darwin, Australia. J. Geophys.
Res. Atmos., 118, 4549–4571, doi:10.1002/jgrd.50404.
Curry, J. A., W. B. Rossow, D. Randall, and J. L. Schramm, 1996:
Overview of Arctic cloud and radiation characteristics.
J. Climate, 9, 1731–1764, doi:10.1175/1520-0442(1996)009,1731:
OOACAR.2.0.CO;2.
Davis, A., and A. Marshak, 2002: Space-time characteristics of
light transmitted through dense clouds: A Green’s function analysis. J. Atmos. Sci., 59, 2713–2727, doi:10.1175/
1520-0469(2002)059,2713:STCOLT.2.0.CO;2.
Dong, X. Q., and G. G. Mace, 2003: Arctic stratus cloud properties
and radiative forcing derived from ground-based data collected at Barrow, Alaska. J. Climate, 16, 445–461, doi:10.1175/
1520-0442(2003)016,0445:ASCPAR.2.0.CO;2.
——, B. K. Xi, and P. Minnis, 2006: A climatology of midlatitude
continental clouds from the ARM SGP central facility. Part II:
Cloud fraction and surface radiative forcing. J. Climate, 19,
1765–1783, doi:10.1175/JCLI3710.1.
——, ——, K. Crosby, C. N. Long, R. S. Stone, and M. D. Shupe,
2010: A 10 year climatology of Arctic cloud fraction and radiative forcing at Barrow, Alaska. J. Geophys. Res., 115,
D17212, doi:10.1029/2009JD013489.
DOE, 1990: Atmospheric Radiation Measurement Program plan.
Rep. DOE/ER 0441, U.S. Dept. of Energy, 124 pp. [Available
online at https://www.arm.gov/publications/doe-er-0441.pdf.]
Dunn, M., K. Johnson, and M. Jensen, 2011: The microbase
value-added product: A baseline retrieval of cloud microphysical properties. Rep. DOE/SC-ARM/TR-095, 34 pp.
[Available online at http://www.arm.gov/publications/
tech_reports/doe-sc-arm-tr-095.pdf.]
Dutton, E. G., J. J. Michalsky, T. Stoffel, B. W. Forgan, J. Hickey,
D. W. Nelson, T. L. Alberta, and I. Reda, 2001: Measurement
of broadband diffuse solar irradiance using current commercial instrumentation with a correction for thermal offset errors. J. Atmos. Oceanic Technol., 18, 297–314, doi:10.1175/
1520-0426(2001)018,0297:MOBDSI.2.0.CO;2.
Ebell, K., S. Crewell, U. Lohnert, D. D. Turner, and E. J.
O’Connor, 2011: Cloud statistics and cloud radiative effect
for a low-mountain site. Quart. J. Roy. Meteor. Soc., 137, 306–
324, doi:10.1002/qj.748.

VOLUME 57

Evans, K. F., 1993: Two-dimensional radiative transfer in
cloudy atmospheres: The spherical harmonic spatial grid
method. J. Atmos. Sci., 50, 3111–3124, doi:10.1175/
1520-0469(1993)050,3111:TDRTIC.2.0.CO;2.
——, and W. J. Wiscombe, 2004: An algorithm for generating
stochastic cloud fields from radar profile statistics. Atmos.
Res., 72, 263–289, doi:10.1016/j.atmosres.2004.03.016.
Evans, S. M., R. T. Marchand, T. P. Ackerman, and N. Beagley,
2012: Identification and analysis of atmospheric states and
associated cloud properties for Darwin, Australia. J. Geophys.
Res., 117, D06204, doi:10.1029/2011JD017010.
Feng, Z., S. A. McFarlane, C. Schumacher, S. Ellis, and
N. Bharadwaj, 2014: Constructing a merged cloudprecipitation radar dataset for tropical convective clouds
during the DYNAMO/AMIE Experiment at Addu Atoll.
J. Atmos. Oceanic Technol., 31, 1021–1042, doi:10.1175/
JTECH-D-13-00132.1.
Fielding, M. D., J. C. Chiu, R. J. Hogan, and G. Feingold, 2014: A
novel ensemble method for retrieving properties of warm
cloud in 3-D using ground-based scanning radar and zenith
radiances. J. Geophys. Res., 119, 10 912–10 930, doi:10.1002/
2014JD021742.
Flynn, C., D. D. Turner, A. Koontz, D. Chand, and C. Sivaraman, 2012:
Aerosol Best Estimate (AEROSOLBE) value-added product.
Rep. DOE/SC-ARM/TR-115, 29 pp. [Available online at http://
www.arm.gov/publications/tech_reports/doe-sc-arm-tr-115.pdf.]
Foster, M. J., and D. E. Veron, 2008: Evaluating the stochastic
approach to shortwave radiative transfer in the tropical
western Pacific. J. Geophys. Res., 113, D22205, doi:10.1029/
2007JD009581.
Frisch, A. S., C. W. Fairall, and J. B. Snider, 1995: Measurement of
stratus cloud and drizzle parameters in ASTEX with a Kaband Doppler radar and a microwave radiometer. J. Atmos.
Sci., 52, 2788–2799, doi:10.1175/1520-0469(1995)052,2788:
MOSCAD.2.0.CO;2.
Fu, Q., B. Carlin, and G. Mace, 2000a: Cirrus horizontal
inhomogeneity and OLR bias. Geophys. Res. Lett., 27,
3341–3344, doi:10.1029/2000GL011944.
——, M. C. Cribb, H. W. Barker, S. K. Krueger, and
A. Grossman, 2000b: Cloud geometry effects on atmospheric
solar absorption. J. Atmos. Sci., 57, 1156–1168, doi:10.1175/
1520-0469(2000)057,1156:CGEOAS.2.0.CO;2.
Fueglistaler, S., and Q. Fu, 2006: Impact of clouds on radiative
heating rates in the tropical lower stratosphere. J. Geophys.
Res., 111, D23202, doi:10.1029/2006JD007273.
Gabriel, P. M., S. C. Tsay, and G. L. Stephens, 1993: A
Fourier–Riccati approach to radiative transfer. Part I:
Foundation. J. Atmos. Sci., 50, 3125–3147, doi:10.1175/
1520-0469(1993)050,3125:AFATRT.2.0.CO;2.
Garrett, T. J., and C. F. Zhao, 2006: Increased Arctic cloud longwave emissivity associated with pollution from mid-latitudes.
Nature, 440, 787–789, doi:10.1038/nature04636.
Gu, Y., and K. N. Liou, 2006: Cirrus cloud horizontal and vertical
inhomogeneity effects in a GCM. Meteor. Atmos. Phys., 91,
223–235, doi:10.1007/s00703-004-0099-2.
Haeffelin, M., S. Kato, A. M. Smith, C. K. Rutledge, T. P. Charlock,
and J. R. Mahan, 2001: Determination of the thermal offset of
the Eppley precision spectral pyranometer. Appl. Opt., 40,
472–484, doi:10.1364/AO.40.000472.
Halthore, R. N., and S. E. Schwartz, 2000: Comparison of model
estimated and measured diffuse downward surface irradiance
in cloud-free skies. J. Geophys. Res., 105, 20 165–20 077,
doi:10.1029/2000JD900224.

Unauthenticated | Downloaded 01/09/23 04:16 AM UTC

CHAPTER 20

MCFARLANE ET AL.

——, ——, J. J. Michalsky, G. P. Anderson, R. A. Ferrare, B. N.
Holben, and H. M. ten Brink, 1997: Comparison of model
estimated and measured direct-normal solar irradiance.
J. Geophys. Res., 102, 29 991–30 002, doi:10.1029/97JD02628.
Han, D. J., and R. G. Ellingson, 1999: Cumulus cloud formulations for longwave radiation calculations. J. Atmos.
Sci., 56, 837–851, doi:10.1175/1520-0469(1999)056,0837:
CCFFLR.2.0.CO;2.
——, and ——, 2000: An experimental technique for testing the
validity of cumulus cloud parameterizations for longwave radiation calculations. J. Appl. Meteor., 39, 1147–1159, doi:10.1175/
1520-0450(2000)039,1147:AETFTT.2.0.CO;2.
Hinkelman, L. M., T. P. Ackerman, and R. T. Marchand, 1999: An
evaluation of NCEP Eta Model predictions of surface energy
budget and cloud properties by comparison to measured
ARM data. J. Geophys. Res., 104, 19 535–19 549, doi:10.1029/
1999JD900120.
Iacobellis, S. F., G. M. McFarquhar, D. L. Mitchell, and R. C. J.
Somerville, 2003: The sensitivity of radiative fluxes to parameterized cloud microphysics. J. Climate, 16, 2979–2996,
doi:10.1175/1520-0442(2003)016,2979:TSORFT.2.0.CO;2.
Jakob, C., G. Tselioudis, and T. Hume, 2005: The radiative, cloud,
and thermodynamic properties of the major Tropical Western
Pacific cloud regimes. J. Climate, 18, 1203–1215, doi:10.1175/
JCLI3326.1.
Jensen, M. P., and A. D. Del Genio, 2003: Radiative and microphysical characteristics of deep convective systems in the
tropical western Pacific. J. Appl. Meteor., 42, 1234–1254,
doi:10.1175/1520-0450(2003)042,1234:RAMCOD.2.0.CO;2.
Kassianov, E., 2003: Stochastic radiative transfer in multilayer
broken clouds. Part I: Markovian approach. J. Quant.
Spectrosc. Radiat. Transfer, 77, 373–393, doi:10.1016/
S0022-4073(02)00170-X.
——, and D. Veron, 2011: Stochastic radiative transfer in Markovian
mixtures: Past, present, and future. J. Quant. Spectrosc. Radiat.
Transfer, 112, 566–576, doi:10.1016/j.jqsrt.2010.06.011.
——, T. Ackerman, R. Marchand, and M. Ovtchinnikov, 2003:
Stochastic radiative transfer in multilayer broken clouds. Part
II: Validation tests. J. Quant. Spectrosc. Radiat. Transfer, 77,
395–416, doi:10.1016/S0022-4073(02)00171-1.
Kato, S., T. P. Ackerman, and E. E. Clothiaux, 1997: Uncertainties in
modeled and measured clear-sky surface shortwave irradiances.
J. Geophys. Res., 102, 25 881–25 898, doi:10.1029/97JD01841.
——, ——, J. H. Mather, and E. E. Clothiaux, 1999: The k-distribution
method and correlated-k approximation for a shortwave radiative
transfer model. J. Quant. Spectrosc. Radiat. Transfer, 62, 109–121,
doi:10.1016/S0022-4073(98)00075-2.
Kennedy, A., X. Dong, B. Xi, S. Xie, Y. Zhang, and J. Chen, 2011:
A comparison of MERRA and NARR reanalyses with the
DOE ARM SGP data. J. Climate, 24, 4541–4557, doi:10.1175/
2011JCLI3978.1.
Killen, R. M., and R. G. Ellingson, 1994: The effect of shape
and spatial distribution of cumulus clouds on longwave
irradiance. J. Atmos. Sci., 51, 2123–2136, doi:10.1175/
1520-0469(1994)051,2123:TEOSAS.2.0.CO;2.
Lane, D. E., R. C. J. Somerville, and S. F. Iacobellis, 2000: Sensitivity of cloud and radiation parameterizations to changes in
vertical resolution. J. Climate, 13, 915–922, doi:10.1175/
1520-0442(2000)013,0915:SOCARP.2.0.CO;2.
——, K. Goris, and R. C. J. Somerville, 2002: Radiative
transfer trough broken clouds: Observations and model
validation. J. Climate, 15, 2921–2933, doi:10.1175/
1520-0442(2002)015,2921:RTTBCO.2.0.CO;2.

20.21

Lane-Veron, D. E., and R. C. J. Somerville, 2004: Stochastic theory
of radiative transfer through generalized cloud fields.
J. Geophys. Res., 109, D18113, doi:10.1029/2004JD004524.
Li, W., C. Shucmacher, and S. A. McFarlane, 2013: Radiative
heating of the ISCCP upper level cloud regimes and its
impact on the large-scale tropical circulation. J. Geophys. Res.
Atmos., 118, 592–604, doi:10.1002/jgrd.50114.
Li, Z., and A. P. Trishchenko, 2001: Quantifying uncertainties in
determining SW cloud radiative forcing and cloud absorption due to variability in atmospheric conditions. J. Atmos.
Sci., 58, 376–389, doi:10.1175/1520-0469(2001)058,0376:
QUIDSC.2.0.CO;2.
——, ——, H. W. Barker, G. L. Stephens, and P. Partain, 1999:
Analyses of Atmospheric Radiation Measurement (ARM)
program’s Enhanced Shortwave Experiment (ARESE) multiple data sets for studying cloud absorption. J. Geophys. Res.,
104, 19 127–19 134, doi:10.1029/1999JD900308.
——, M. C. Cribb, and A. P. Trishchenko, 2002: Impact of surface
inhomogeneity on solar radiative transfer under overcast
conditions. J. Geophys. Res., 107, D4294, doi:10.1029/
2001JD000976.
Long, C. N., and T. P. Ackerman, 2000: Identification of clear skies
from broadband pyranometer measurements and calculation
of downwelling shortwave cloud effects. J. Geophys. Res., 105,
15 609–15 626, doi:10.1029/2000JD900077.
——, and D. D. Turner, 2008: A method for continuous estimation
of clear-sky downwelling longwave radiative flux developed
using ARM surface measurements. J. Geophys. Res., 113,
D18206, doi:10.1029/2008JD009936.
——, T. P. Ackerman, K. L. Gaustad, and J. N. S. Cole, 2006: Estimation of fractional sky cover from broadband shortwave
radiometer measurements. J. Geophys. Res., 111, D11204,
doi:10.1029/2005JD006475.
——, J. H. Mather, and T. P. Ackerman, 2016: The ARM Tropical
Western Pacific (TWP) sites. The Atmospheric Radiation
Measurement (ARM) Program: The First 20 Years, Meteor.
Monogr., No. 57, Amer. Meteor. Soc., doi:10.1175/
AMSMONOGRAPHS-D-15-0024.1.
Lubin, D., and A. M. Vogelmann, 2006: A climatologically significant aerosol longwave indirect effect in the Arctic. Nature,
439, 453–456, doi:10.1038/nature04449.
——, and ——, 2011: The influence of mixed-phase clouds on
surface shortwave irradiance during the Arctic spring.
J. Geophys. Res., 116, D00T05, doi:10.1029/2011JD015761.
Mace, G. G., and S. Benson-Troth, 2002: Cloud-layer overlap characteristics derived from long-term cloud radar data. J. Climate,
15, 2505–2515, doi:10.1175/1520-0442(2002)015,2505:
CLOCDF.2.0.CO;2.
——, and S. Benson, 2008: The vertical structure of cloud occurrence and radiative forcing at the SGP ARM site as revealed
by 8 years of continuous data. J. Climate, 21, 2591–2610,
doi:10.1175/2007JCLI1987.1.
——, and Coauthors, 2006a: Cloud radiative forcing at the Atmospheric Radiation Measurement Program Climate Research
Facility: 1. Technique, validation, and comparison to satellitederived diagnostic quantities. J. Geophys. Res., 111, D11S90,
doi:10.1029/2005JD005921.
——, and Coauthors, 2006b: Cloud radiative forcing at the Atmospheric Radiation Measurement Program Climate Research
Facility: 2. Vertical redistribution of radiant energy by clouds.
J. Geophys. Res., 111, D11S91, doi:10.1029/2005JD005922.
Marchand, R., N. Beagley, S. E. Thompson, T. P. Ackerman, and
D. E. Schultz, 2006: A bootstrap technique for testing the

Unauthenticated | Downloaded 01/09/23 04:16 AM UTC

20.22

METEOROLOGICAL MONOGRAPHS

relationship between local-scale radar observations of cloud
occurrence and large-scale atmospheric fields. J. Atmos. Sci.,
63, 2813–2830, doi:10.1175/JAS3772.1.
——, ——, and T. P. Ackerman, 2009: Evaluation of hydrometeor
occurrence profiles in the multiscale modeling framework
climate model using atmospheric classification. J. Climate, 22,
4557–4573, doi:10.1175/2009JCLI2638.1.
Marshak, A., and A. Davis, Eds., 2005: 3D Radiative Transfer in
Cloudy Atmospheres. Springer, 686 pp.
——, ——, W. Wiscombe, and G. Titov, 1995: The verisimilitude of
the independent pixel approximation used in cloud remote
sensing. Remote Sens. Environ., 52, 71–78, doi:10.1016/
0034-4257(95)00016-T.
——, ——, ——, and R. Cahalan, 1997: Inhomogeneity effects on
cloud shortwave absorption: Two-aircraft simulations.
J. Geophys. Res., 102, 16 619–16 637, doi:10.1029/97JD01153.
——, ——, ——, W. Ridgway, and R. Cahalan, 1998: Biases in
shortwave column absorption in the presence of fractal clouds.
J. Climate, 11, 431–446, doi:10.1175/1520-0442(1998)011,0431:
BISCAI.2.0.CO;2.
——, L. Oreopoulos, and A. B. Davis, 1999a: Horizontal radiative
fluxes in clouds and accuracy of the Independent Pixel Approximation at absorbing wavelengths. Geophys. Res. Lett.,
26, 1585–1588, doi:10.1029/1999GL900306.
——, W. J. Wiscombe, A. B. Davis, L. Oreopoulos, and R. F.
Cahalan, 1999b: On the removal of the effect of horizontal
fluxes in two-aircraft measurements of cloud absorption.
Quart. J. Roy. Meteor. Soc., 125, 2153–2170, doi:10.1002/
qj.49712555811.
Mather, J. H., and S. A. McFarlane, 2009: Cloud classes and radiative heating profiles at the Manus and Nauru Atmospheric
Radiation Measurement (ARM) sites. J. Geophys. Res., 114,
D19204, doi:10.1029/2009JD011703.
——, ——, M. A. Miller, and K. L. Johnson, 2007: Cloud properties
and associated radiative heating rates in the tropical western
Pacific. J. Geophys. Res., 112, D05201, doi:10.1029/
2006JD007555.
——, D. D. Turner, and T. P. Ackerman, 2016: Scientific maturation of the ARM Program. The Atmospheric Radiation Measurement (ARM) Program: The First 20 Years, Meteor.
Monogr., No. 57, Amer. Meteor. Soc., doi:10.1175/
AMSMONOGRAPHS-D-15-0053.1.
McComisky, A., and R. A. Ferrare, 2016: Aerosol physical and
optical properties and processes in the ARM Program. The
Atmospheric Radiation Measurement (ARM) Program: The
First 20 Years, Meteor. Monogr., No. 57, Amer. Meteor. Soc.,
doi:10.1175/AMSMONOGRAPHS-D-15-0028.1.
McFarlane, S. A., and K. F. Evans, 2004: Clouds and shortwave
fluxes at Nauru. Part II: Shortwave flux closure. J. Atmos. Sci.,
61, 2602–2615, doi:10.1175/JAS3299.1.
——, J. H. Mather, and T. P. Ackerman, 2007: Analysis of tropical
radiative heating profiles: A comparison of models and observations. J. Geophys. Res., 112, D14218, doi:10.1029/
2006JD008290.
——, ——, ——, and Z. Liu, 2008: Effect of clouds on calculated
shortwave column absorption in the Tropics. J. Geophys. Res.,
113, D18203, doi:10.1029/2008JD009791.
——, E. I. Kassianov, J. Barnard, C. Flynn, and T. Ackerman, 2009:
Surface shortwave aerosol radiative forcing during the ARM
Mobile Facility deployment in Niamey, Niger. J. Geophys.
Res., 114, D00E06, doi:10.1029/2008JD010491.
——, T. Shippert, and J. Mather, 2011: Radiatively Important
Parameters Best Estimate (RIPBE): An ARM value-added

VOLUME 57

product. Rep. DOE/SC-ARM/TR-097, 27 pp. [Available
online at http://www.arm.gov/publications/tech_reports/
doe-sc-arm-tr-097.pdf.]
——, C. N. Long, and J. Flaherty, 2013: A climatology of cloud
radiative effects at the ARM Tropical Western Pacific sites.
J. Appl. Meteor. Climatol., 52, 996–1013, doi:10.1175/
JAMC-D-12-0189.1.
Mechem, D. B., Y. L. Kogan, M. Ovtchinnikov, A. B. Davis, K. F.
Evans, and R. G. Ellingson, 2008: Multidimensional longwave
forcing of boundary layer cloud systems. J. Atmos. Sci., 65,
3963–3977, doi:10.1175/2008JAS2733.1.
Michalsky, J. J., and C. N. Long, 2016: ARM solar and infrared
broadband and filter radiometry. The Atmospheric Radiation Measurement (ARM) Program: The First 20 Years,
Meteor. Monogr., No. 57, Amer. Meteor. Soc., doi:10.1175/
AMSMONOGRAPHS-D-15-0031.1.
——, and Coauthors, 2002: Broadband shortwave calibration results from Atmospheric Radiation Measurements Enhanced
Shortwave Experiment II. J. Geophys. Res., 107, 4307,
doi:10.1029/2001JD001231.
——, and Coauthors, 2006: Shortwave radiative closure studies for
clear skies during the Atmospheric Radiation Measurement
2003 aerosol intensive observation period. J. Geophys. Res.,
111, D14S90, doi:10.1029/2005JD006341.
Miller, M. A., and A. Slingo, 2007: The Atmospheric Radiation
Measurement (ARM) Mobile Facility (AMF) and its first international deployment: Measuring radiative flux divergence
in West Africa. Bull. Amer. Meteor. Soc., 88, 1229–1244,
doi:10.1175/BAMS-88-8-1229.
——, V. P. Ghate, and R. K. Zahn, 2012: The radiation budget
of the West African Sahel and its controls: A perspective
from observations and global climate models. J. Climate, 25,
5976–5996, doi:10.1175/JCLI-D-11-00072.1.
Miller, R. L., A. Slingo, J. C. Barnard, and E. Kassianov, 2009:
Seasonal contrast in the surface energy balance of the Sahel.
J. Geophys. Res., 114, D00E05, doi:10.1029/2008JD010521.
Minnis, P., L. Nguyen, D. R. Doelling, D. F. Young, W. F. Miller, and
D. P. Kratz, 2002: Rapid calibration of operational and research
meteorological satellite imagers. Part I: Evaluation of research
satellite visible channels as references. J. Atmos. Oceanic Technol., 19, 1233–1249, doi:10.1175/1520-0426(2002)019,1233:
RCOOAR.2.0.CO;2.
Mlawer, E. J., and D. D. Turner, 2016: Spectral radiation measurements and analysis in the ARM Program. The Atmospheric Radiation Measurement (ARM) Program: The First 20
Years, Meteor. Monogr., No. 57, Amer. Meteor. Soc.,
doi:10.1175/AMSMONOGRAPHS-D-15-0027.1.
——, S. J. Taubman, P. D. Brown, M. J. Iacono, and S. A. Clough,
1997: Radiative transfer for inhomogeneous atmospheres:
RRTM, a validated correlated-k model for the longwave.
J. Geophys. Res., 102, 16 663–16 682, doi:10.1029/97JD00237.
——, and Coauthors, 2002: The broadband heating rate profile
(BBHRP) VAP. Proc. 12th Atmospheric Radiation Measurement (ARM) Science Team Meeting, St. Petersburg, FL, U.S.
Department of Energy, 12 pp. [Available online at https://
www.arm.gov/publications/proceedings/conf12/extended_abs/
mlawer-ej.pdf.]
——, and Coauthors, 2003: Recent developments on the broadband heating rate profile value-added product. Proc. 13th
Atmospheric Radiation Measurement (ARM) Science Team
Meeting, Broomfield, CO, U.S. Department of Energy, 16
pp. [Available online at https://www.arm.gov/publications/
proceedings/conf13/extended_abs/mlawer-ej.pdf.]

Unauthenticated | Downloaded 01/09/23 04:16 AM UTC

CHAPTER 20

MCFARLANE ET AL.

——, and Coauthors, 2006: Status of the Broadband Heating
Rate Profile (BBHRP) VAP. Proc. 16th Atmospheric Radiation Measurement (ARM) Science Team Meeting, Albuquerque, NM, U.S. Department of Energy. [Available
online at https://www.arm.gov/publications/proceedings/
conf14/poster_abs/P00181.]
——, and Coauthors, 2007: Advances in the Broadband
Heating Rate Profile (BBHRP) VAP. Proc. 17th Atmospheric Radiation Measurement (ARM) Science Team
Meeting, Monterey, CA, U.S. Department of Energy.
[Available online at https://www.arm.gov/publications/
proceedings/conf17/poster/P00075.pdf.]
——, and Coauthors, 2008: Evaluating cloud retrieval algorithms within the ARM BBHRP framework. Proc. 18th
Atmospheric Radiation Measurement (ARM) Science Team
Meeting, Norfolk, VA, U.S. Department of Energy.
[Available online at https://www.arm.gov/publications/
proceedings/conf18/display?id5NTE5.]
——, M. Iacono, R. Pincus, H. Barker, L. Oreopoulos, and
D. Mitchell, 2016: Contributions of the ARM Program to radiative transfer modeling for climate and weather applications.
The Atmospheric Radiation Measurement (ARM) Program:
The First 20 Years, Meteor. Monogr., No. 57, Amer. Meteor.
Soc., doi:10.1175/AMSMONOGRAPHS-D-15-0041.1.
Morcrette, J.-J., 2002: Assessment of the ECMWF model cloudiness
and surface radiation fields at the ARM SGP site. Mon. Wea.
Rev., 130, 257–277, doi:10.1175/1520-0493(2002)130,0257:
AOTEMC.2.0.CO;2.
Mülmenstädt, J., D. Lubin, L. M. Russell, and A. M. Vogelmann,
2012: Cloud properties over the North Slope of Alaska:
Identifying the prevailing meteorological regimes. J. Climate,
25, 8238–8258, doi:10.1175/JCLI-D-11-00636.1.
O’Hirok, W., and C. Gautier, 1998: A three-dimensional radiative transfer model to investigate the solar radiation
within a cloudy atmosphere. Part I: Spatial effects. J. Atmos.
Sci., 55, 2162–2179, doi:10.1175/1520-0469(1998)055,2162:
ATDRTM.2.0.CO;2.
——, and ——, 2003: Absorption of shortwave radiation in a
cloudy atmosphere: Observed and theoretical estimates during the second Atmospheric Radiation Measurement Enhanced Shortwave Experiment (ARESE). J. Geophys. Res.,
108, 4412, doi:10.1029/2002JD002818.
——, ——, and P. Ricchiazzi, 2000: Spectral signature of column
solar radiation absorption during the Atmospheric Radiation Measurement Enhanced Shortwave Experiment
(ARESE). J. Geophys. Res., 105, 17 471–17 480, doi:10.1029/
2000JD900190.
Oreopoulos, L., and E. Mlawer, 2010: The Continual Intercomparison of Radiation Codes (CIRC). Bull. Amer. Meteor. Soc., 91, 305–310, doi:10.1175/2009BAMS2732.1.
Pilewskie, P., and F. P. J. Valero, 1995: Direct observations of excess solar absorption by clouds. Science, 267, 1626–1629,
doi:10.1126/science.267.5204.1626.
Pincus, R., and K. F. Evans, 2009: Computational cost and accuracy
in calculating three-dimensional radiative transfer: Results for
new implementations of Monte Carlo and SHDOM. J. Atmos.
Sci., 66, 3131–3146, doi:10.1175/2009JAS3137.1.
——, H. W. Barker, and J.-J. Morcrette, 2003: A fast, flexible,
approximate technique for computing radiative transfer in
inhomogeneous cloud fields. J. Geophys. Res., 108, 4376,
doi:10.1029/2002JD003322.
——, C. Hannay, and K. F. Evans, 2005: The accuracy of determining three-dimensional radiative transfer effects in

20.23

cumulus clouds using ground-based profiling instruments.
J. Atmos. Sci., 62, 2284–2293, doi:10.1175/JAS3464.1.
Pinto, J. O., J. A. Curry, A. H. Lynch, and P. O. G. Persson, 1999:
Modeling clouds and radiation for the November 1997 period
of SHEBA using a column climate model. J. Geophys. Res.,
104, 6661–6678, doi:10.1029/98JD02517.
Powell, S. W., R. A. Houze Jr., A. Kumar, and S. A. McFarlane,
2012: Comparison of simulated and observed continental
tropical anvil clouds and their radiative heating profiles.
J. Atmos. Sci., 69, 2662–2681, doi:10.1175/JAS-D-11-0251.1.
Prigarin, S. M., and A. Marshak, 2009: A simple stochastic model
for generating broken cloud optical depth and cloud-top
height fields. J. Atmos. Sci., 66, 92–104, doi:10.1175/
2008JAS2699.1.
Protat, A., and Coauthors, 2014: Reconciling ground-based and
space-based estimates of the frequency of occurrence and
radiative effect of clouds around Darwin, Australia. J. Appl.
Meteor. Climatol., 53, 456–478, doi:10.1175/JAMC-D-13-072.1.
Qian, Y., C. Long, H. Wang, J. Comstock, S. McFarlane, and S. Xie,
2012: Evaluation of cloud fraction and its radiative effect
simulated by IPCC AR4 global models against ARM surface
observations. Atmos. Chem. Phys., 12, 1785–1810, doi:10.5194/
acp-12-1785-2012.
Ramanathan, V., B. Subasilar, G. J. Zhang, W. Conant, R. D. Cess,
J. T. Kiehl, H. Grassi, and L. Shi, 1995: Warm pool heat budget
and shortwave cloud forcing: A missing physics? Science, 267,
499–503, doi:10.1126/science.267.5197.499.
Ricchiazzi, P., S. R. Yang, C. Gautier, and D. Sowle, 1998: SBDART:
A research and teaching software tool for plane-parallel radiative
transfer in the Earth’s atmosphere. Bull. Amer. Meteor.
Soc., 79, 2101–2114, doi:10.1175/1520-0477(1998)079,2101:
SARATS.2.0.CO;2.
Rutan, D., F. Rose, T. Charlock, E. Mlawer, T. Shippert, and
S. Kato, 2006: Broadband heating rate product flux profiles compared to Clouds and the Earth’s Radiant Energy
System radiation transfer product. Proc. 16th Atmospheric
Radiation Measurement (ARM) Science Team Meeting,
Albuquerque, NM, U.S. Department of Energy, 11 pp.
[Available online at https://www.arm.gov/publications/
proceedings/conf16/extended_abs/rutan_d.pdf.]
Settle, J. J., N. A. Bharmal, G. J. Robinson, and A. Slingo, 2008:
Sampling uncertainties in surface radiation budget calculations in RADAGAST. J. Geophys. Res., 113, D00E02,
doi:10.1029/2008JD010509.
Shupe, M. D., and J. M. Intrieri, 2004: Cloud radiative forcing of the
Arctic surface: The influence of cloud properties, surface albedo, and solar zenith angle. J. Climate, 17, 616–628,
doi:10.1175/1520-0442(2004)017,0616:CRFOTA.2.0.CO;2.
——, D. D. Turner, A. B. Zwink, M. M. Thieman, E. J. Mlawer, and
T. R. Shippert, 2015: Deriving Arctic cloud microphysics at
Barrow, Alaska: Algorithms, results, and radiative closure.
J. Appl. Meteor. Climatol., 54, 1675–1689, doi:10.1175/
JAMC-D-15-0054.1.
——, J. M. Comstock, D. D. Turner, and G. G. Mace, 2016: Cloud
property retrievals in the ARM Program. The Atmospheric
Radiation Measurement (ARM) Program: The First 20 Years,
Meteor. Monogr., No. 57, Amer. Meteor. Soc., doi:10.1175/
AMSMONOGRAPHS-D-15-0030.1.
Slingo, A., and Coauthors, 2006: Observations of the impact of a
major Saharan dust storm on the Earth’s radiation balance.
Geophys. Res. Lett., 33, L24817, doi:10.1029/2006GL027869.
——, H. E. White, N. A. Bharmal, and G. J. Robinson, 2009:
Overview of observations from the RADAGAST experiment

Unauthenticated | Downloaded 01/09/23 04:16 AM UTC

20.24

METEOROLOGICAL MONOGRAPHS

in Niamey, Niger: 2. Radiative fluxes and divergences.
J. Geophys. Res., 114, D00E04, doi:10.1029/2008JD010497.
Somerville, R. C. J., and S. F. Iacobellis, 1999: Single-column
models, ARM observations, and GCM cloud-radiation
schemes. Phys. Chem. Earth, 24B, 733–740, doi:10.1016/
S1464-1909(99)00074-X.
Stamnes, K., R. G. Ellingson, J. A. Curry, J. E. Walsh, and B. D.
Zak, 1999: Review of science issues, deployment strategy, and
status for the ARM North Slope of Alaska–Adjacent Arctic
Ocean Climate Research Site. J. Climate, 12, 46–63,
doi:10.1175/1520-0442-12.1.46.
Stephens, G. L., 2005: Cloud feedbacks in the climate system: A
critical review. J. Climate, 18, 237–273, doi:10.1175/JCLI-3243.1.
——, N. B. Wood, and P. M. Gabriel, 2004: An assessment of the
parameterization of subgrid-scale cloud effects on radiative
transfer. Part I: Vertical overlap. J. Atmos. Sci., 61, 715–732,
doi:10.1175/1520-0469(2004)061,0715:AAOTPO.2.0.CO;2.
Stokes, G. M., 2016: Original ARM concept and launch. The Atmospheric Radiation Measurement (ARM) Program: The First
20 Years, Meteor. Monogr., No. 57, Amer. Meteor. Soc.,
doi:10.1175/AMSMONOGRAPHS-D-15-0021.1.
Takara, E. E., and R. G. Ellingson, 1996: Scattering effects on longwave fluxes in broken cloud fields. J. Atmos. Sci., 53, 1464–1476,
doi:10.1175/1520-0469(1996)053,1464:SEOLFI.2.0.CO;2.
——, and ——, 2000: Broken cloud field longwave-scattering
effects. J. Atmos. Sci., 57, 1298–1310, doi:10.1175/
1520-0469(2000)057,1298:BCFLSE.2.0.CO;2.
Taylor, P. C., and R. G. Ellingson, 2008: A study of the probability
of clear line of sight through single-layer cumulus cloud fields
in the Tropical Western Pacific. J. Atmos. Sci., 65, 3497–3512,
doi:10.1175/2008JAS2620.1.
Thorsen, T. J., Q. Fu, J. M. Comstock, C. Sivaraman, M. A. Vaughan,
D. Winker, and D. D. Turner, 2013: Macrophysical properties of
tropical cirrus clouds from the CALIPSO satellite and from
ground-based micropulse and Raman lidars. J. Geophys. Res.
Atmos., 118, 9209–9220, doi:10.1002/jgrd.50691.
Titov, G. A., 1998: Radiative horizontal transport and absorption
in stratocumulus clouds. J. Atmos. Sci., 55, 2549–2560,
doi:10.1175/1520-0469(1998)055,2549:RHTAAI.2.0.CO;2.
Trenberth, K. E., J. T. Fasullo, and J. Kiehl, 2009: Earth’s global
energy budget. Bull. Amer. Meteor. Soc., 90, 311–323,
doi:10.1175/2008BAMS2634.1.
Troyan, D., 2010: Merged sounding value-added product. Rep.
DOE/SC-ARM/TR-087, 19 pp. [Available online at http://www.
arm.gov/publications/tech_reports/doe-sc-arm-tr-087.pdf.]
Turner, D. D., 2008: Ground-based infrared retrievals of optical
depth, effective radius, and composition of airborne mineral
dust above the Sahel. J. Geophys. Res., 113, D00E03,
doi:10.1029/2008JD010054.
——, and Coauthors, 2004: The QME AERI LBLRTM: A closure experiment for downwelling high spectral resolution
infrared radiance. J. Atmos. Sci., 61, 2657–2675, doi:10.1175/
JAS3300.1.
Valero, F. P. J., A. Bucholtz, B. Bush, S. Pope, W. Collins,
P. Flatau, A. Strawa, and W. Gore, 1997a: The Atmospheric
Radiation Measurements Enhanced Shortwave Experiment
(ARESE): Experimental and data details. J. Geophys. Res.,
102, 29 929–29 327, doi:10.1029/97JD02434.

VOLUME 57

——, R. D. Cess, M. H. Zhang, S. K. Pope, A. Bucholtz, B. Bush, and
J. Vitko, 1997b: Absorption of solar radiation by the cloudy
atmosphere: Interpretations of collocated aircraft measurements. J. Geophys. Res., 102, 29 917–29 927, doi:10.1029/
97JD01782.
Várnai, T., 2010: Multiyear statistics of 2D shortwave radiative
effects at three ARM sites. J. Atmos. Sci., 67, 3757–3762,
doi:10.1175/2010JAS3506.1.
Verlinde, J., B. Zak, M. D. Shupe, M. Ivey, and K. Stamnes, 2016:
The ARM North Slope of Alaska (NSA) sites. The Atmospheric Radiation Measurement (ARM) Program: The First 20
Years, Meteor. Monogr., No. 57, Amer. Meteor. Soc.,
doi:10.1175/AMSMONOGRAPHS-D-15-0023.1.
Vogelmann, A. M., V. Ramanathan, and I. A. Podgorny, 2001:
Scale dependence of solar heating rates in convective cloud
systems with implications to general circulation models.
J. Climate, 14, 1738–1752, doi:10.1175/1520-0442(2001)014,1738:
SDOSHR.2.0.CO;2.
Webb, M. J., C. Senior, S. Bony, and J.-J. Morcrette, 2001: Combining ERBE and ISCCP data to assess clouds in the Hadley
Centre, ECMWF, and LMD atmospheric climate models.
Climate Dyn., 17, 905–922, doi:10.1007/s003820100157.
Wood, N. B., P. M. Gabriel, and G. L. Stephens, 2005: An assessment of the parameterization of subgrid-scale cloud effects on
radiative transfer. Part II: Horizontal inhomogeneity.
J. Atmos. Sci., 62, 2895–2909, doi:10.1175/JAS3498.1.
Xie, S., R. T. Cederwall, M. Zhang, and J. J. Yio, 2003: Comparison
of SCM and CSRM forcing data derived from the ECMWF
model and from objective analysis at the ARM SGP site.
J. Geophys. Res., 108, 4499, doi:10.1029/2003JD003541.
Xu, K.-M., and D. A. Randall, 1995: Impact of interactive
radiative transfer on the macroscopic behavior of cumulus
ensembles. Part II: Mechanisms for cloud-radiation interactions. J. Atmos. Sci., 52, 800–817, doi:10.1175/
1520-0469(1995)052,0800:IOIRTO.2.0.CO;2.
Yang, F., H.-L. Pan, S. K. Krueger, S. Moorthi, and S. J. Lord, 2006:
Evaluation of the NCEP Global Forecast System at the ARM
SGP Site. Mon. Wea. Rev., 134, 3668–3690, doi:10.1175/
MWR3264.1.
Younkin, K., and C. N. Long, 2003: Improved correction of
IR loss in diffuse shortwave measurements: An ARM valueadded product. Rep. DOE/SC-ARM/TR-009, 50 pp. [Available online at http://www.arm.gov/publications/tech_reports/
arm-tr-009.pdf.]
Zender, C. S., B. Bush, S. K. Pope, A. Bucholtz, W. D. Collins, J. T.
Kiehl, F. P. J. Valero, and J. Vitko, 1997: Atmospheric absorption during the Atmospheric Radiation Measurement
(ARM) Enhanced Shortwave Experiment (ARESE).
J. Geophys. Res., 102, 29 901–29 915, doi:10.1029/97JD01781.
Zhang, M., R. D. Cess, and X. Jing, 1997: Concerning the interpretation of enhanced cloud shortwave absorption using
monthly-mean Earth Radiation Budget Experiment/Global
Energy Balance Archive Measurements. J. Geophys. Res.,
102, 25 899–25 906, doi:10.1029/97JD02196.
Zwink, A. B., 2013: The radiative flux divergence of different
Arctic cloud types. Master’s Thesis, School of Meteorology,
University of Oklahoma, 111 pp.

Unauthenticated | Downloaded 01/09/23 04:16 AM UTC

