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Abstract Earth’s climate is largely determined by the planet’s energy budget, i.e., the balance of incoming
and outgoing radiation at the surface and top of atmosphere (TOA). Studies have shown that computing
clear-sky radiative fluxes are strongly dependent on atmospheric state variables, such as temperature and
water vapor profiles, while the all-sky fluxes are greatly influenced by the presence of clouds. NASA-modeled
vertical profiles of temperature and water vapor are used to derive the surface radiation budget from Clouds
and Earth Radiant Energy System (CERES), which is regarded as one of the primary sources for evaluating
climate change in climate models. In this study, we evaluate the Modern-Era Retrospective Analysis for
Research and Applications version 2 (MERRA-2) reanalyzed clear-sky temperature and water vapor profiles
with newly generated atmospheric profiles from Department of Energy Atmospheric Radiation Measurement
(ARM)-merged soundings and Aura Microwave Limb Sounder retrievals at three ARM sites. The temperature
profiles are well replicated in MERRA-2 at all three sites, whereas tropospheric water vapor is slightly dry
below ~700 hPa. These profiles are then used to calculate clear-sky surface and TOA radiative fluxes from the
Langley-modified Fu-Liou radiative transfer model (RTM). In order to achieve radiative closure at both the
surface and TOA, the ARM-measured surface albedos and aerosol optical depths are adjusted to account for
surface inhomogeneity. In general, most of the averaged RTM-calculated surface downward and TOA upward
shortwave and longwave fluxes agree within ~5W/m2 of the observations, which is within the uncertainties
of the ARM and CERES measurements. Yet still, further efforts are required to reduce the bias in calculated
fluxes in coastal regions.

1. Introduction

Correctly estimating and tracking changes in the Earth’s radiation budget is one of the top priorities for
climate monitoring and prediction [Hartmann et al., 1986; Trenberth et al., 2009], with clouds, aerosols, and
greenhouse gases having a significant impact on the radiation budget [Ramanathan, 1987; Kiehl and
Trenberth, 1997]. Since clouds are highly variable in time and space, characterizing them in numerical weather
prediction and climate models is quite challenging. Complex processes related to cloud microphysical
properties, cloud-aerosol interactions, and cloud-radiation interactions are oftentimes simplified in order to
facilitate the simulation process in the models [Dudek et al., 1996; Khain et al., 2000; Menon et al., 2002].

Cloud radiative effects (CREs) are defined as the difference between the radiative flux in all-sky and clear-sky
conditions [Ramanathan et al., 1989]. While clouds and their CRE are poorly represented in climate models,
the clear-sky components can be just as flawed [Allen, 2000; Wild et al., 2006; Dolinar et al., 2015; Stanfield
et al., 2015; Ruzmaikin et al., 2015]. Better constraints and understanding of clear-sky radiative transfer is an
ongoing and necessary effort. The primary goal of satellite projects such as the Clouds and Earth Radiant
Energy System (CERES) [Wielicki et al., 1996], the Global Energy and Water Cycle Experiment (GEWEX)
Surface Radiation Budget (SRB) [Stackhouse et al., 2011], and the International Satellite Cloud Climatology
Project (ISCCP) [Zhang et al., 2004] is to provide a global view of the interactions between clouds and radia-
tion. These data sets are frequently used as evaluation tools for climate model simulations of clouds and
top-of-atmosphere (TOA) radiation budgets [Pincus et al., 2009; Dolinar et al., 2015; Stanfield et al., 2015;
Wild et al., 2015; Ruzmaikin et al., 2015]. For CERES, surface radiation budgets are computed from coincident
spectral imagers on Sun-synchronous (e.g., the Moderate Resolution Imagine Spectroradiometer (MODIS))
and geostationary platforms using a simplified one-dimensional radiative transfer model (RTM). While
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inputs to the RTM calculations rely on various parameterizations, all can be tuned and constrained by the
CERES-measured TOA fluxes. In ISCCP and GEWEX SRB, surface radiative fluxes are computed using either
an RTM or a parameterized RTM. In each project, the derived surface radiative fluxes depend greatly on
the input of atmospheric temperature and water vapor profiles. In CERES, pressure, temperature, and water
vapor profiles are specified from Goddard Earth Observing System (GEOS) version 5.4.1 [Bloom et al., 2005],
a gridded reanalysis data product from the Goddard Modeling and Assimilation Office. In ISCCP and SRB,
temperature and water vapor are retrieved directly from microwave sounders [Zhang et al., 2004]. In a
study by Moy et al. [2010] rapid RTM (RRTM)-computed clear-sky outgoing LW radiation (OLR) fluxes at
the Atmospheric Radiation Measurement (ARM) Southern Great Plains (SGP) site were compared to
observed fluxes from CERES. The RRTM OLR fluxes are accurate to 0.2 and 0.8% of CERES when coincident
radiosonde and Atmospheric Infrared Sounder (AIRS) retrieved profiles are used, respectively. Additionally,
Susskind et al. [2012] found that CERES and AIRS clear-sky OLR estimates correlate well, despite differences
in retrieval algorithms, RTMs, and input data. Charlock and Alberta [1996] compared observed surface
all-sky and clear-sky SW and LW fluxes to RTM-calculated fluxes at the ARM SGP site. Two types of input
profiles are used to calculate the surface fluxes; each produce a different result but are biased in the same
direction.

Understanding the sensitivity of the calculated surface radiative fluxes to atmospheric input profiles is a
necessary prerequisite to developing global radiation data products. The characterization of clouds (e.g.,
cloud amount, cloud overlap, and microphysical properties) proves to be one of the largest sources of
uncertainty in deriving surface fluxes. The ambiguity in calculating clear-sky fluxes is also worthwhile to
investigate because it offers a foundation for scientists to understand the RTM’s calculations without the
inherent issues associated with clouds. The calculated surface clear-sky LW radiative flux is primarily deter-
mined by the atmospheric temperature and water vapor profiles and surface temperature, while the SW
flux is mainly a function of the scattering and absorption of atmospheric molecules and aerosols and sur-
face reflection. In this study, temperature and water vapor profiles from Modern-Era Retrospective Analysis
for Research and Applications version 2 (MERRA-2), along with the climatic aerosol optical depths over the
three ARM sites, are used as input to the radiative transfer model to calculate the clear-sky surface and TOA
radiative fluxes.

The first objective of this study is to evaluate the MERRA-2 clear-sky temperature and water vapor profiles
using a newly generated atmospheric profile data set. As a natural extension of the previously noted studies,
the second objective is to analyze the differences between the RTM-calculated fluxes (with different atmo-
spheric input profiles) and observations at the surface and TOA; this will provide a radiation closure study
for the first objective. If the calculated surface and TOA fluxes match well with the observed fluxes under
clear-sky conditions, then we will have confidence to investigate cloudy conditions and their radiative
heating/cooling rates in the future.

Section 2 documents the ground- and satellite-based data sets used in this study, as well as several of the
notable updates in the recently released MERRA-2 reanalysis. Section 3 presents our evaluation results for
objectives 1 and 2. Section 4 revisits some of the major conclusions offered from this study.

2. Data and Methods
2.1. ARM Ground-Based Observations and Retrievals

Three ARM sites have been chosen for this study due not only to their different climate regimes but
also to make use of the variety of available data at these locations. The top plot of Figure 1 shows
the locations of the ARM SGP; the North Slope Alaska (NSA); and Tropical Western Pacific (TWP)
Darwin, Australia (C3) sites, which effectively represent midlatitude continental, coastal polar, and coastal
tropical climates, respectively. The bottom plots of Figure 1 are clear-sky Aqua MODIS images for each
site. It is important to realize that the issue of representativeness in coastal locations, i.e., NSA and
TWPC3, will offer further difficulty in constraining our clear-sky calculated fluxes. Due to the inherent
inhomogeneity of coastlines, we do not expect the ARM-observed surface characteristics to necessarily
represent the large CERES field of view (FOV), especially at the NSA site when sea ice and snow can
exist within the FOV, while the snow has completely melted at the point location of the ground-based
instrument. As demonstrated in the work of Dong et al. [2016] for Arctic stratus clouds, in order to
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achieve radiative closure at the surface and TOA over a 30 × 30 km2 domain, the ARM Eppley precision
spectral pyranometer (PSP)-measured surface albedos at NSA must be adjusted (63.6% and 80% of the
ARM surface albedos for snow-free and snow cases, respectively) to account for the land/sea contrast
within the domain.

In this study, clear skies are verified by inspecting the Active Remote Sensing of Clouds (ARSCL) value-added
product (VAP) [Clothiaux et al., 2000]. This VAP is derived from a combination of Millimeter Cloud Radars
(MMCRs), micropulse lidar, and laser ceilometer. MMCRs are vertically pointing radars operating at 8.6mm
and provide a continuous time series of cloud hydrometeors passing through the radar FOV, making it rela-
tively easy to identify clear and cloudy scenes [Moran et al., 1998]. Furthermore, the MMCRs can detect all
types of clouds up to 16 km with a radar reflectivity ranging from �50 to +20 dBZ. Since a combination of
lidar and ceilometer measurements can offer the best estimate of cloud base height, they are included in
the algorithm [Clothiaux et al., 2000].

Located at the three ARM sites are upward and downward looking standard Eppley precision spectral pyran-
ometers (PSPs) and precision infrared pyrgeometers, which provide measurements of the surface downward
(and upward) SW (0.3–3μm) and LW (4–50μm) radiative fluxes, as well as albedo, at 1min intervals [Long and
Shi, 2008]. Uncertainty estimates in the downward SW and LW radiative fluxes are 10 and 4W/m2, respec-
tively [Long and Shi, 2008]. These observed surface downward SW and LW fluxes are used to constrain the
calculated fluxes in section 3.2. Measurements of surface skin temperature at the ARM SGP and NSA sites
are also used for this study; skin temperature is not available at the ARM TWPC3 for the study time period.
Therefore, we used the lowest level in the merged sounding as an approximation. The equivalent blackbody
temperature is measured by a downward looking infrared thermometer (9.6μm to 11.5μm) and is accurate
to within �0.5 K [Morris, 2006].

Figure 1. (top) The stars represent the locations of the threeARMsites selected for this study. TheARMSouthernGreat Plains
(SGP; 36°36′18.0″N, 97°29′6.0″W); the North Slope Alaska (NSA; 71°19′23.73″N, 156°36′56.70″W); and Tropical Western Pacific
(TWP) Darwin, Australia (C3; 12°25′28.56″S, 130°53′29.75″E) sites. (bottom) The Aqua MODIS images show examples of
clear-sky cases at each site. The blue stars are the approximate locations of each site on the MODIS image granule.
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High-resolution vertical profiles of temperature and water vapor are available from the ARM-merged sound-
ing VAP. In its final form, the merged soundings are a combination of observations from radiosondes, micro-
wave radiometers, surface-based meteorological instruments, and the European Centre for Medium-Range
Weather Forecasts model output [Troyan, 2012]. Using a sophisticated scaling/interpolation/smoothing algo-
rithm, thermodynamic variables are available at 1min intervals with a total of 266 levels from the surface
to ~50 hPa.

2.2. Satellite
2.2.1. Microwave Limb Sounder
Launched in 2004, the Aura satellite became the secondmember of the A-Train [L’Ecuyer and Jiang, 2010] array
of satellites that observes theEarth in a Sun-synchronous, polar orbit ~15 times aday. Aura is equippedwith the
Microwave Limb Sounder (MLS) instrument [Waters et al., 2006], which is designed to make high-quality mea-
surements of upper atmospheric temperature, water vapor, ozone, and an assortment of other climate sensi-
tive atmospheric constituents. The acceptable range of the retrieved temperature is 261–0.001 hPa with an
estimated uncertainty of ~1 K when compared to other observations [Schwartz et al., 2008]. The retrieved
MLS temperature used for this study is from version 4.2, level 2 [Livesey et al., 2015]. Stratospheric ozone from
MLS is retrieved at a frequency of 240GHz, which offers the best precision for a wide vertical range [Froidevaux
et al., 2008]. Intercomparison studies suggest that theozonevalues fromMLSmatch fairlywellwithmultiinstru-
mentmeans andStratospheric Aerosol andGas Experiment II values [Tegtmeier et al., 2013]. The recommended
range of the MLS ozone product is from 261 to 0.02 hPa with an estimated uncertainty of ~5–10%. The MLS
ozone product used for this study is also from version 4.2, level 2. MLS water vapor is retrieved at a frequency
of 190GHz with acceptable range of 316–0.002 hPa. The estimated uncertainty of MLS water vapor in the
stratosphere is ~10% [Read et al., 2007]. In the upper troposphere the estimated MLS water vapor uncertainty
is 20% in the tropics andmidlatitudes and~50%at high latitudes (>60°N/S) [Read et al., 2007; Jiang et al., 2012].
The MLS version 4.2, level 2 water vapor product is used for this study.
2.2.2. Atmospheric Infrared Sounder (AIRS)
AIRS is aboard on the Aqua satellite, which was launched in 2002 for the advancement and support of knowl-
edge related to climate research and weather forecasting. The AIRS sensor is a cross-track scanning hyper-
spectral (2378 bands) spectrometer covering infrared wavelengths (3.7–15.4μm). For this study, the level 3,
version 6 daily 1° × 1° gridded product is used for tropospheric ozone estimates at standard pressure levels
[Tian et al., 2014]. Biases in the AIRS-retrieved ozone are estimated to be less than 5% when compared to col-
located ozonesonde profiles and World Ozone and Ultraviolet Radiation Data Center data sets [Divakarla
et al., 2008].
2.2.3. CERES Aqua Single Scan Footprint Edition 4A
Satellite TOA radiative fluxes are estimated from the CERES Aqua Single Scan Footprint (SSF) edition 4 pro-
duct since 2002 [Geier et al., 2001; Loeb et al., 2003]. Satellite-measured radiances are from a SW channel
(0.3–5μm), a window channel (8–12μm), and a total channel (0.3–100μm) [Wielicki et al., 1996]. TOA SW
radiances are then converted to fluxes using angular distribution models [Su et al., 2015a], which take into
account solar zenith angle, viewing zenith angle, and relative azimuth angle. The MODIS imager supplements
CERES to provide more details regarding clouds and aerosols. The collocation of clouds, aerosols, and radia-
tion information is a major benefit to the SSF product. Included in the SSF product are estimates of clear-sky
fraction, which is used for cloud screening purposes, as described in section 2.3. TOA SW and LW flux root-
mean-square errors are estimated to be less than 6% for a variety of scene types [Loeb et al., 2006; Su et al.,
2015b]. Instantaneous footprints of TOA radiances are used as a constraint to the calculated fluxes presented
in section 3.2.

2.3. Generated Hybrid Atmospheric Profiles From ARM and Satellite Observations

Profiles of atmospheric temperature, water vapor mixing ratio, and ozone mixing ratio have been generated
from ARM-merged sounding and satellite (MLS and AIRS) retrievals over three ARM sites, which are used to
evaluate the MERRA-2 profiles. These generated profiles will henceforth be referred to as the hybrid profiles.
The hybrid profiles are also used as input to the radiative transfer model to calculate clear-sky surface and
TOA radiative fluxes for the radiation closure study. A-Train satellite overpasses within a 120 × 120 km2 box
centered at each ARM site are first determined for the period of August 2004 to December 2013. Once the
overpass days are found, a two-step cloud screening process can be performed.
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First, the ARM ARSCL cloud product is
used to screen for clouds within a 3 h
period centered on the satellite over-
pass time. A clear-sky case is identi-
fied using a combination of the ARM
ground-based MMCR, ceilometer,
and lidar observations during the 3 h
period. Once clear-sky cases are iden-
tified by the ARM ground-based

observations, a secondary clear-sky screening is performed through the inspection of the CERES SSF-derived,
clear-sky fraction. If the CERES-derived clear-sky fraction in the 120× 120 km2 area centered on the ARM site is
greater than ~95%, these clear-sky cases can be used in this study. After the clear-sky cases are identified and
selected, the vertical profiles of temperature, ozone mixing ratio, and water vapor mixing ratio are generated
for each clear-sky case. Tropospheric profiles of temperature and water vapor are from the ARM-merged
soundings (surface to 100 hPa), while ozone is from AIRS (surface to 260 hPa). All upper atmospheric profiles
are from MLS.

Table 1 lists the number of cases identified for this study at each ARM site from August 2004 to December
2013, where a total of 51 cases are selected at the ARM SGP site and 13 cases at the ARM TWPC3 site.
Polar-orbiting satellites, such as those in the A-Train, scan the high latitudes with relatively high frequency.
However, the cloud frequency of occurrence at the ARM NSA is rather large (76% [Dong et al., 2010]), limiting
the total number of available clear-sky cases to 17.

2.4. Modern-Era Retrospective Analysis for Research and Applications, version 2 (MERRA-2)

A new version of MERRA has been released with several major improvements, making it the centerpiece of
the evaluation performed in this study. The Goddard Earth Observing System version 5.12.4 (GEOS 5) now
uses a three-dimensional variational algorithm during the data assimilation process. MERRA-2 is horizontally
discretized on a cubed sphere grid, which is superior to the latitude-longitude methods used in earlier
versions [Bosilovich et al., 2015]. For MERRA-2 the number of assimilated observations per 6 h increment
has increased from three million in 2010 to five million in 2015; however, capabilities of assimilating future
satellite observations are also developed. This is in contrast to the one and a half million observations assimi-
lated in MERRA from 2002 to the present. MERRA-2 is available on a 0.5° × 0.625° grid with 72 hybrid-eta levels
from the surface to 0.01 hPa as instantaneous and time-averaged products at synoptic (0, 6, 12, and 18 UTC)
and midsynoptic times (3, 9, 15, and 21 UTC).

One of the major improvements in MERRA-2 includes the minimization of abrupt variations in global
interannual states (e.g., temperature) due to changes in observing system. This is accomplished by
constraining the global dry mass balance, which permits the global changes in water by the analysis
increment to be near zero [Takacs et al., 2016]. Also, land-surface hydrology is improved by forcing pre-
cipitation through an observation-corrected field rather than a model-corrected field [Reichle and Liu,
2014]. In terms of the zonal temperature, MERRA-2 is within 1 K of its previous version. In the middle
to upper troposphere, differences of up to 0.6 K are seen in the tropics with MERRA-2 being slightly
warmer [Bosilovich et al., 2015]. Differences in the tropical tropospheric temperature are consistent with
the additional radiative heating related to excess tropical cloud cover. An increase in tropospheric humid-
ity is achieved in MERRA-2, likely a result of increased reevaporation rates of frozen precipitation [Molod
et al., 2015].

The 3 h instantaneous vertical profiles of temperature, water vapor mixing ratio, and ozone mixing ratio
(inst3_3d_asm_Np; doi:10.5067/QBZ6MG944HW0) from the closest grid point (in time and space) are used
for the evaluation and RTM calculations. Differences in the vertical profiles are expected since the MERRA-2
profiles cannot be perfectly collocated with the satellite/ground-based data.

2.5. NASA Langley Research Center-Modified Fu-Liou Radiative Transfer Model (RTM) for CERES
Edition 4 Products

Calculating clear-sky (no clouds but including aerosols) surface and TOA radiative fluxes is accomplished by
running the NASA Langley-modified Fu-Liou RTM [Fu and Liou, 1993; Kato et al., 2005]. Access to the source

Table 1. The Number of Clear-Sky Cases Selected for This Study at Each
Site During the August 2004 to December 2013 Period

NSA

SGP Snow (α ≥ 0.3) Snow-Free (α< 0.3) TWPC3

Total no. of cases 51 12 5 13
No. of daytime 19 7 5 9
No. of nighttime 32 5 0 4
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code can be found at http://www-cave.larc.nasa.gov/cgi-bin/lflcode/accesslfl.cgi. Infrared and solar radiative
fluxes are calculated with several options: a δ-four- or δ-two/four-stream solver and a δ-two, δ-four, or
gamma-weighted δ-two-stream solver, respectively [Kato et al., 2005]. This study utilizes the two-stream sol-
ver for SW calculations, while the two/four-stream solver is used for the LW. For the SW and LW fluxes a total
of 18 and 14 bands are computed, respectively, and are sensitive to specific gaseous species. A total of 25
different aerosol types are featured in this model and are characterized by their own spectral normalized
extinction, scattering, and absorption properties.

To calculate the clear-sky SW and LW fluxes at the surface and TOA, the RTM requires inputs of temperature,
ozone mixing ratio, and water vapor mixing ratio profiles from the surface to 0.1 hPa. Other information, such
as solar zenith angle, surface albedo, skin temperature, and aerosol optical depth (AOD) at a certain wave-
length for each selected case, are also required. For this study, the cloud information is filtered out, and
the characteristic surface LW emissivity is changed to 0.975.

3. Results and Discussions

The hybrid profiles are used to evaluate the suitability of using MERRA-2 vertical profiles of temperature,
ozone mixing ratio, and water vapor mixing ratio for computing surface, TOA, and in-atmosphere radiative
fluxes with the Fu-Liou RTM. We also compare how the RTM-calculated fluxes differ based upon the hybrid,
MERRA-2, or climatological mean profiles, assuming that surface characteristics are held constant. The clima-
tological mean profiles are from theWorld Meteorological Organization and are made available with the RTM
source code. While these profiles are for all-sky conditions, they offer an additional measure for assessing the
sensitivity of RTM-calculated fluxes to atmospheric profiles.

3.1. Evaluation of MERRA-2 Clear-Sky Atmospheric Vertical Profiles

Figure 2 presents the clear-sky vertical profiles of temperature, ozone mixing ratio, and water vapor mixing
ratio for the 51 selected cases at the ARM SGP site. Despite the inherent unrepresentativeness between

Figure 2. Vertical profiles of (a) temperature, (b) ozone mixing ratio, and (c) water vapor mixing ratio at the ARM SGP site.
These profiles represent the clear-sky cases only during the August 2004 to December 2013 period (from Table 1). The black
line represents the hybrid profiles from the ARM-merged soundings (below 100 hPa) and the Microwave Limb Sounder
(MLS) for atmospheric temperature and water vapor. The ozone profile (below 260 hPa) is from the Atmospheric Infrared
Sounder (AIRS) and MLS. The blue line is from the closest MERRA-2 grid point, and the red line is the midlatitude clima-
tological mean.
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the MERRA-2 grid box (0.5° × 0.625°) and the point of the hybrid profile, the temperature profiles match very
well (within 2%) through the atmospheric column and their differences are nearly indistinguishable (Figure 2
a). The midlatitude climatological mean temperature, however, is slightly colder than the hybrid and MERRA-
2 temperatures below ~300 hPa and is too warm from ~200 to 15 hPa and above 4 hPa. Since stratospheric
ozone is directly assimilated into MERRA-2, it is not surprising that the hybrid and MERRA-2 ozone profiles in
Figure 2bmatch very well. On the other hand, MERRA-2 does not assimilate tropospheric ozone, which allows
for differences of up to 200–400% for some cases (not shown). The midlatitude climate mean ozone mixing
ratio is less than the hybrid and MERRA-2 profiles in the middle to upper stratosphere but is slightly larger in
the upper troposphere and lower stratosphere.

Lastly, the clear-skywater vapormixing ratios at theARMSGP site are shown in Figure 2c. Since thewater vapor
mixing ratios are relatively small above the troposphere, the profiles are presented at ~1000–200 hPa for
enhanced clarity. The hybrid and MERRA-2 water vapor mixing ratios match very well above ~850 hPa.
However, below 850 hPa, the MERRA-2 water vapor profile diverges from the hybrid profile to the drier side
by<0.25 × 10�2 g/g. On the global scale, a moist bias in MERRA-2 can be up to 75–150% in the upper tropo-
sphere [Jiang et al., 2015] when compared to AIRS andMLS. Themidlatitude climatemeanwater vapormixing
ratio is less than both the hybrid and MERRA-2 profiles in the lower troposphere (below 700 hPa).

Similar to Figure 2, the vertical profiles of temperature, ozone, and water vapor mixing ratio for the ARM NSA
site are illustrated in Figure 3. Note that the solid lines represent the average profile from the 5 selected snow-
free cases and the dashed lines are for the 12 snow cases at this site. The distinction between the snow and
snow-free cases is made because of their contrasting atmospheric and surface conditions. The primary source
of moisture for this region is restricted when sea ice and snow cover persist in the Arctic Ocean. This will affect
not only cloud formation (although not a process we are concerned with in this paper) but also heat and
atmospheric energy transport [Hwang et al., 2011].

The MERRA-2 temperature profiles (Figure 3a) for both the snow and snow-free cases at the ARM NSA site
show an excellent agreement with the hybrid profiles through most of the troposphere and stratosphere.
For the snow-free cases, the MERRA-2 temperature is slightly colder just below the stratopause (~1–2 hPa)
and warmer above 0.3 hPa by ~20 K. Nevertheless, MERRA-2 is able to reproduce the low-level temperature

Figure 3. Same as Figure 2 but for the vertical profiles at the ARM NSA site. The solid lines are for snow-free cases
(surface albedo <0.3), whereas the dashed lines are for snow cases (surface albedo ≥0.3). The red line represents the
Arctic climatological mean.
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inversion for both snow and snow-free cases. The Arctic climate mean temperature is warmer in the tropo-
sphere and colder in the stratosphere for the snow-free cases and does not suggest a low-level inversion.
A typical decrease in temperature is observed through the shallow troposphere at the NSA site for a snow-
covered surface, whereas in the stratosphere, a rather isothermal temperature structure is seen in both the
hybrid and MERRA-2 profiles. The temperature change through the stratosphere is only ~20 K when the sur-
face albedo is greater than 0.3, as opposed to the 60+ K change in the snow-free cases. Climatologically, the
temperature matches well with the hybrid profile in the troposphere for snow cases but diverges greatly in
the upper atmosphere.

Ozone in the Arctic is depleted more efficiently during the northern hemisphere summer months. Therefore,
the stratospheric ozone mixing ratios for the snow cases are larger than those of the snow-free cases as
shown in Figure 3b. Similar to the ozone comparison at the SGP site, the MERRA-2 and hybrid profiles match
very well through the whole column.

As previously stated, water vapor in the Arctic has a strong seasonal dependence due to the variation of sea
ice coverage. As expected, the water vapor mixing ratios from the snow-free cases are larger than those from
the snow cases. For the snow cases, the water vapor mixing ratios are almost constant (~0.15 × 10�2 g/g)
through the entire troposphere, which is well replicated in MERRA-2. Once the sea ice has begun to retreat
(i.e., the snow-free cases), the atmospheric water vapor mixing ratios increase in all three profiles. The climate
mean water vapor mixing ratio is much toomoist and almost twice as large as the hybrid andMERRA-2 values
through the troposphere. However, this result is expected as the climatological mean profiles are for all-
sky conditions.

Finally, Figure 4 illustrates the temperature, ozone, and water vapor mixing ratio profiles at the TWPC3 ARM
site. Darwin is located directly on the northern coast of Australia; therefore, coastal processes (e.g., land/sea
breezes) modify the atmospheric conditions at this site. Temperature (Figure 4a) is well reproduced in
MERRA-2 at the TWPC3 site through the troposphere; however, a slight discrepancy is seen just above the
tropopause and below the stratopause, which could be an artifact of the coarser vertical resolution of
MERRA-2. The tropical climate mean temperature agrees well with the hybrid andMERRA-2 profiles in the tro-
posphere but is slightly warmer in the stratosphere andmesosphere. The TWPC3 ozone comparison is similar
to the results at the ARM SGP and NSA sites, where the ozone profiles from MERRA-2 and the hybrid data set

Figure 4. Same as Figure 2 but for the vertical profiles at the ARM TWPC3 site. The red line represents the tropical clima-
tological mean.

Journal of Geophysical Research: Atmospheres 10.1002/2016JD025823

DOLINAR ET AL. CLEAR-SKY RADIATION CLOSURE STUDY 13,705



are very close. Yet still, a noticeable
discrepancy between the two data
sets can be seen from ~10 to 20 hPa,
where MERRA-2 is slightly smaller.

Tropospheric water vapor at the
ARM TWPC3 site is modified by the
adjacent oceanic environment
through transport by mesoscale fea-
tures (e.g., land/sea breezes) and
general circulation patterns. For the
13 selected cases at this site, all

three water vapor mixing ratios are much higher than those at the ARM SGP and NSA sites. Both the
hybrid and MERRA-2 water vapor mixing ratios are much drier than the tropical climatological mean
through the troposphere by <0.6 × 10�2 g/g, again likely due, in part, to the fact that the climate mean
profile is for all skies. It is expected that the unrepresentativeness between the MERRA-2 grid box and
the ARM point location may lead to their relatively large difference (1000–3500% for several cases; not
shown), especially since the TWPC3 site is located directly on the coast.

Through the comparisons made in three different climatic regimes, we can make the following conclusions.
The MERRA-2 atmospheric temperature profiles are nearly identical to the hybrid ones, and the climate mean
temperature profiles agree with the hybrid ones within several kelvin. Since MLS ozone data are directly
assimilated into MERRA-2, it is not surprising that the MERRA-2 and hybrid ozone profiles match extremely
well at all three ARM sites. Most of the MERRA-2 water vapor mixing ratios agree well with the hybrid ones
over three sites except for in the boundary layer at the ARM TWPC3.

3.2. A Radiation Closure Study

The clear-sky surface and TOA radiative fluxes are calculated using the NASA Langley-modified RTM with
inputs from three different profile data sets at three ARM sites. For the clear-sky cases selected in this
study, only the vertical profiles of temperature, ozone mixing ratio, and water vapor mixing ratio are
required as input, along with the solar zenith angle, surface albedo, AOD (including aerosol type), skin
temperature, and a Sun-Earth distance correction coefficient. In this study, the surface and TOA radiative
fluxes are calculated for each clear-sky case at each site with the same surface characteristics but with
different vertical profiles of temperature, ozone, and water vapor from the hybrid, MERRA-2, and
climate mean.

Table 2 lists the average ARM-measured surface albedos and Aerosol Robotic Network (AERONET) AODs
for the identified clear-sky cases at three ARM sites selected for this study. At the ARM SGP and NSA sites,
we assume a continental aerosol, while at the TWPC3 site an urban aerosol is assumed in the RTM
calculations (consider these aerosols as type 1). The average ARM-observed surface albedos are 0.209,
0.225 (0.796), and 0.163 at the SGP, NSA for snow-free (snow), and TWPC3 sites, respectively. The AOD
(500 nm) values are 0.122, 0.076 (0.067), and 0.137, respectively. Case-specific AOD’s come from
AERONET observations when they are available; otherwise the climatological mean is used. Both the sur-
face albedo and AOD have a significant impact on both the TOA-reflected SW flux (SW_up) and down-
ward SW flux (SW_dn) at the surface. The predominant aerosol types observed at these three locations
include nitrates, sulfates, sea salt, smoke, and dust [Quinn et al., 2002; Alexandrov et al., 2005; Qin and
Mitchell, 2009].

Table 3 lists the means of the observed and RTM-calculated SW and LW fluxes at the TOA and surface with
inputs from the atmospheric profiles over three ARM sites. The untuned calculated fluxes show that the smal-
lest differences (~10W/m2) to observations occur at the ARM SGP, and the largest differences (>50W/m2)
happen at the ARM TWPC3. This is not so surprising, as the land surface around the ARM SGP is fairly homo-
genous in comparison to the other two sites; the ARM PSP-measured surface albedos are relatively close to
the mean albedo over the 120 × 120 km2 domain. In contrast, the ARM TWPC3 and NSA sites are located
directly on the coast. The ARM PSP-measured surface albedos at these two sites cannot effectively represent
the domain average albedos as discussed by Dong et al. [2016]. Therefore, we must adjust the ARM surface

Table 2. Averaged Surface Albedos and AODs From the Selected Cases at
the Three ARM Sitesa

NSA

SGP Snow (α ≥ 0.3) Snow-Free (α< 0.3) TWPC3

Surface α 0.209 0.796 0.225 0.163
AOD 0.122 0.076 0.067 0.137

aFor cases without an AOD observation, the AERONET 500 nm mean
value was used (0.14, 0.08, and 0.14 for SGP, NSA, and TWPC3,
respectively).
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albedos to account for the land/sea contrast within the domain in order to reach radiative closure at both the
surface and TOA (Appendix A).

Dong et al. [2016] provided a method to calculate the domain average albedo based on the ARM NSA PSP-
measured surface albedos and adjacent ocean albedo (~0.06), as well as the percentages of water and land.
For snow-free cases, they found that the domainmean albedo is 63.6% of the ARMmeasurements, which was
used in their study to reach radiative closure for both the surface and TOA radiation budgets. For snow cases,
they discussed three possible conditions, such as an open ocean, an ocean with sea ice containing open
leads, and an ocean that is completely covered by sea ice or snow, with albedos similar to the ARM PSP
measurements (~0.8). The domain mean albedos are different for these three conditions; however, the
ARM PSP-measured surface albedos for snow cases were adjusted by 80% in the work of Dong et al.
[2016]. In this study, we follow a similar method as Dong et al. [2016] to tune the ARM PSP-measured surface
albedos to account for the water and land components of the domain; this is done to reach radiative closure
at the surface and TOA over the ARM NSA and TWPC3 sites.

Table 4 offers the adjustments used to match the RTM-calculated radiative fluxes to within ~5W/m2 of the
observations when using the hybrid profiles as input. Admittedly, some of these values have been arbitrarily
chosen in order to achieve the closest match between the calculated and observed fluxes (namely, AOD2/
AOD1). To be clear, the aerosol ratio (AOD2/AOD1) is the ratio of the AOD for aerosol type 2 to that of the
aerosol type 1. The aerosol type 2 at the ARM SGP is urban, while at the NSA and TWPC3 sites it is maritime.
With the inclusion of a secondary aerosol type, we are able to adjust the surface and TOA fluxes
almost independently.

At the SGP site, the ARM PSP-measured surface albedo is reduced by 10%, which will account for some of the
surface inhomogeneity in the CERES FOV centered at the ARM site. A majority of the surface inhomogeneity is
attributed to crop type (e.g., wheat, grass, soybean, and alfalfa [Li et al., 2002]). The aerosol ratio is set to 40%
at the ARM SGP site.

The surface albedo is also reduced (by 20%) at the ARM NSA site for the snow cases, following the conclusion
in Dong et al. [2016], which may account for the different albedos from old and fresh snow surfaces and the
nearby open water and leads [Brandt et al., 2005]. An increase in albedo of 20% is applied for the snow-free
cases at the NSA site, which is contrary to the conclusion in Dong et al. [2016]. This change accounts for the

Table 3. The Averaged Surface and TOA Radiative Fluxes (W/m2) From ARM/CERES Observations and Untuned/Tuned
RTM Calculations With Inputs From the Three Profile Types

TOA SW_up TOA LW_up Surface SW_dn Surface LW_dn

Untuned Tuned Untuned Tuned Untuned Tuned Untuned Tuned

SGP
Hybrid 176.67 166.31 273.54 273.49 682.68 674.66 299.76 299.86
MERRA-2 177.37 166.84 273.05 273.00 689.97 681.95 292.86 292.96
Climate 173.49 163.43 259.59 259.54 667.88 660.09 275.17 275.26
Observations 165.31 273.16 672.44 302.55

NSA snow (α ≥ 0.3)
Hybrid 170.96 143.46 194.12 194.03 168.55 164.80 155.88 156.53
MERRA-2 170.98 143.44 193.20 193.11 168.73 164.93 155.00 155.67
Climate 162.90 136.92 190.42 190.39 160.48 157.01 183.73 184.34
Observations 145.67 195.61 160.48 159.58

NSA snow-free (α< 0.3)
Hybrid 103.30 116.30 251.59 251.26 351.49 351.26 248.78 249.27
MERRA-2 103.47 116.53 246.85 246.70 352.53 352.27 245.71 246.22
Climate 100.02 112.40 247.92 247.80 337.83 337.69 299.36 299.75
Observations 118.93 247.02 352.38 248.24

TWPC3
Hybrid 168.06 121.30 311.37 308.26 789.10 769.13 355.38 358.95
MERRA-2 169.77 122.20 311.75 308.59 797.82 777.70 353.68 358.04
Climate 164.13 118.93 286.67 284.41 765.65 746.44 398.21 400.34
Observations 116.83 312.99 758.04 376.35
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sea ice observed by the large satellite FOV, while the ARM PSP-measured surface albedos are below 0.3.
Although the maximum albedo threshold for snow-free cases is 0.3, this number represents the ARM site
only. Again, the CERES FOV over the ARM NSA site is much larger than the point observation and may include
snow surfaces and sea ice within a grid box of 120 × 120 km2, which will increase the albedo of the footprint.
By visually investigating MODIS images for the five selected snow-free cases, we can confirm that sea ice and
snow surfaces are partially present within the 120 × 120 km2 domain centered on the NSA ARM site. The
aerosol ratio is set to 20% for both snow-free and snow cases in this study.

In order to match the calculated SW fluxes to the observed values at TWPC3, the albedo is reduced (by 50%)
to account for the relatively small ocean surface albedo within the domain. Since the ARM TWPC3 site is
located directly on the coast, there exists a strong albedo contrast between the land surface (~0.16) and
ocean (0.06), similar to the NSA snow-free cases, but the actual percentage is dependent on the land and
water coverage within the domain. At the TWPC3 site, the aerosol ratio is set to 99%.

While adjusting the surface albedo and AODs described above, better agreements between the mean
calculated fluxes and the observed values at each site are achieved and illustrated in Figure 5b (compared
to the untuned results in Figure 5a). Note that each point in Figure 5 depicts the average flux difference
(RTM calculated minus observed) from all cases at each site using inputs from the hybrid, MERRA-2, and
climate mean profiles. Many of the symbols fall outside of the dashed lines (a bias of greater than 5W/m2)
in Figure 5a; however, some of these larger biases disappear in Figure 5b. After tuning (Figure 5b), most of
the calculated radiative fluxes using the hybrid and MERRA-2 input profiles are within 5W/m2 of
the observations.

Figure 5. The flux differences (calculation minus observation) between the ARM/CERES observations and Fu-Liou radiative
transfer model (RTM) calculated fluxes with input from the hybrid (black square), MERRA-2 (black circle), and climate mean
profiles (black triangle) at the surface (x axis) and top of atmosphere (TOA) (y axis). The symbols are color coded for each site
(red: SGP, light blue: NSA snow case, blue: NSA snow-free cases, and green: TWPC3). (a) The untuned result and (b) the result
after tuning for the calculated shortwave (filled symbols) and longwave (open symbols) fluxes.

Table 4. Applied Changes (%) to the Observed Surface Albedo and AOD for the Two Types of Aerosols Used to Tune the
RTM-Calculated Fluxes to Match the Observations

NSA

SGP Snow (α ≥ 0.3) Snow-Free (α< 0.3) TWPC3

ΔSFC α (%) �10 �20 +20 �50
AOD2/AOD1 0.40 0.20 0.20 0.99
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For enhanced clarity to the results in Figure 5, Table 3 lists the averaged surface and TOA radiative fluxes
from the ARM/CERES observations and untuned/tuned RTM calculations with input from the three profiles
at the three ARM sites. For example, the untuned calculated surface and TOA SW and LW fluxes at the SGP
site using the hybrid profiles (red filled and open squares in Figure 5a) agree with the observed fluxes to
within 11W/m2; however, the differences become less than 3W/m2 after tuning. In general, our tuning
parameters (surface albedo and AOD) can reduce the biases in the calculated SW fluxes but not for LW
fluxes. The LW fluxes are mainly determined by atmospheric temperature and water vapor profiles and skin
temperature, not by surface albedo and AOD. For example, at SGP, the large negative bias in the climate
mean-calculated surface LW_dn flux can be attributed to its relatively cold tropospheric temperatures
and relatively dry tropospheric water vapor mixing ratio as shown in Figure 2. Nevertheless, the average
error in the tuned surface LW_dn flux from the hybrid profiles is less than 3W/m2, which is consistent with
Long and Turner [2008]. However, the TOA LW_up flux is also negatively biased despite the warmer
stratosphere/mesosphere in the climate mean profile. Therefore, we can say with confidence that other
parameters (e.g., skin temperature) affect the TOA LW_up flux, and an additional study is warranted to
determine the sensitivity. For the 12 selected snow (surface albedo ≥0.3) cases at the ARM NSA site, the
positive bias in surface LW_dn flux using climate mean profiles can be up to ~25W/m2. This result is likely
due to the relatively large tropospheric water vapor and warmer temperature in the climatological Arctic

Figure 6. Scatterplots of the ARM/CERES-observed fluxes versus the tuned RTM-calculated fluxes from the three input profiles (black: hybrid; blue: MERRA-2; red:
climate mean). Each symbol corresponds to a specific clear-sky case. Results are shown for all three sites (a–d) SGP, (e–h) NSA-snow cases, (i–l) NSA-snow-free
cases, and (m–p) TWPC3. From left to right, the columns represent the TOA SW_up, TOA LW_up, surface SW_dn, and surface LW_dn flux comparisons.
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winter profiles. The average calculated fluxes using the climate mean profile inputs continue to show some
problems at the NSA site for the five snow-free cases. For instance, the calculated surface SW_dn and
LW_dn fluxes are biased by approximately �15 and +50W/m2, respectively. Greater absorption of both
the SW and LW radiation is realized through the relatively large tropospheric water vapor mixing ratio, a
result that could be attributed to the fact that the climate mean profile is for all skies. The large surface
LW_dn bias could also be affected by the temperature profile, which is too large in the troposphere and
does not resolve the low-level temperature inversion.

The green symbols in Figure 5 represent the averaged biases at the ARM TWPC3 site. A bias of greater than
�20W/m2 is found in the surface LW_dn flux using the hybrid and MERRA-2 profiles, a result that is inconsis-
tent with Long and Turner [2008] and is likely due to the skin temperature used in the RTM. In contrast to this
large negative bias, the surface LW_dn flux calculated using the tropical climate mean profiles is positively
biased by about the same amount. Because the tropospheric temperatures from three data sets at the
ARM TWPC3 site are similar to each other, the large positive bias in the calculated surface LW_dn flux is most
likely due to the moister climate mean tropospheric water vapor as shown in Figure 4c. This result is consis-
tent with the findings in Dong et al. [2006], where the atmospheric water vapor plays an important role to the
downward LW flux at the surface, but is insignificant to the downward SW flux at the surface. The opposing
biases from the three input profiles suggest that the actual atmospheric water vapor should fall between
them. The large negative bias (~�26W/m2) in the TOA LW_up flux can also be attributed to the larger climate
mean tropospheric water vapor, as the moister atmosphere absorbs more LW radiation emitted by the sur-
face. Also, as previously stated, the skin temperature used in the calculation at TWPC3 is from the lowest level
of the ARM-merged sounding because IR thermometer data are not available at TWPC3 during the study per-
iod. Assuming a typical lapse rate, the skin temperature would be larger than the ones used in this study. As
such, if the actual skin temperatures were to be used, we expect a smaller absolute bias in the TOA LW_up
flux at TWPC3. Moreover, Moy et al. [2010] have found that daytime variability in the calculated TOA
LW_up flux can be reduced if satellite footprint estimates of skin temperature were used in lieu of point mea-
surements. This finding may help to justify the large error in surface LW_dn flux in this study.

Figure 5 and Table 3 provide an overall summary of the comparisons between the average RTM-calculated
and RTM-observed radiative fluxes, which may obscure some detailed information, such as large compensat-
ing errors from several cases. Therefore, we generate Figure 6 to detail the individual clear-sky cases for each
parameter at each site. It is apparent that not all of the calculated fluxes are biased equally or in the same
direction. For example, in Figure 6a the calculated clear-sky TOA SW_up fluxes at SGP are both positively
and negatively biased against the CERES instantaneous fluxes by nearly 30W/m2 for some cases. However,

Table 5. The 90% Confidence Intervals for the Average Tuned RTM-Calculated Fluxes (W/m2) [μ*lower, μ
*
upper]

a

TOA SW_up TOA LW_up Surface SW_dn Surface LW_dn

Interval % Interval % Interval % Interval %

SGP
Hybrid [157.20, 175.42] 10.96 [266.98, 280.00] 4.76 [608.19, 714.13] 19.70 [282.30, 317.42] 5.21
MERRA-2 [157.77, 175.91] 10.87 [266.57, 279.43] 4.71 [615.21, 748.69] 19.57 [276.43, 309.49] 4.85
Climate [153.85, 173.01] 11.72 [253.27, 265.81] 4.83 [594.02, 726.16] 20.02 [260.31, 290.21] 4.53
NSA snow (α ≥ 0.3)
Hybrid [84.54, 202.38] 82.14 [184.69, 203.37] 9.62 [69.18, 260.42] 133.30 [142.78, 170.28] 16.69
MERRA-2 [84.47, 202.41] 82.22 [184.09, 202.13] 9.34 [69.00, 260.86] 133.75 [140.67, 170.67] 18.19
Climate [79.67, 194.17] 83.63 [181.73, 199.05] 9.10 [64.17, 249.85] 135.61 [165.55, 203.13] 23.94
NSA snow-free (α< 0.3)
Hybrid [67.96, 164.64] 83.13 [243.35, 259.17] 6.30 [78.16, 624.36] 155.50 [236.31, 262.23] 7.38
MERRA-2 [68.06, 165.00] 83.20 [239.96, 253.44] 5.46 [78.56, 625.98] 155.40 [232.88, 259.56] 7.57
Climate [65.71, 159.09] 83.08 [245.07, 250.53] 2.20 [73.03, 602.35] 156.75 [299.59, 299.91] 0.10
TWPC3
Hybrid [115.60, 127.00] 9.40 [303.68, 312.84] 2.97 [726.11, 812.15] 11.19 [347.37, 370.53] 3.01
MERRA-2 [116.22, 128.18] 9.78 [304.12, 313.06] 2.90 [733.53, 821.87] 11.36 [348.02, 368.06] 2.58
Climate [112.92, 124.94] 10.11 [282.23, 286.59] 1.54 [701.92, 790.96] 11.93 [399.94, 400.74] 0.11

aThe percent is defined as [(μ*upper� μ*lower)/X] × 100%. The bolded values contain ≥50% of the individual cases.
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the average bias is only 1–2W/m2. A similar statement can be made about the calculated TOA SW_up fluxes
at NSA (snow-free cases; Figure 6i) and TWPC3 (Figure 6m) and the surface LW_dn fluxes at SGP (Figure 6d)
and TWPC3 (Figure 6p). On the other hand, the fluxes calculated with the climate mean profiles have a ten-
dency of being biased either too high or too low (e.g., Figures 6b, 6h, 6l, and 6n).

Table 5 summarizes the 90% confidence intervals for the calculated surface and TOA, SW, and LW radiative
fluxes. These values are calculated based upon the Student’s t distribution as

�t <
X � μ�

σ=
ffiffiffi

n
p < t;

whereX is themean-calculated flux, σ is the standard deviation of the calculated flux for all cases, n is the num-
ber of cases, and μ* provides the upper and lower limits of the confidence interval (based on the value of�t).
The relatively small range of this statistic for the LW fluxes suggests high confidence in our calculated radiative
fluxes, which is maintained by the small σ values. However, the calculated surface SW_dn and TOA SW_up
fluxes at the NSA site have a relatively large σ value, which can also be seen clearly seen in Figure 6k, and small
sample number; the combination of these two results in a 90% confidence interval range of more than 130%
and 80%, respectively. Depending on the site and flux type (TOA SW/LW_up and surface SW/LW_dn), the 90%
confidence intervals contain anywhere between ~10 and 75% of the individual case values. The large stan-
dard deviations, which can be caused by a skewed distribution of solar zenith angles (or Julian day), are
believed to limit the number of cases contained within the interval range. The Student’s t distribution is only
appropriate for normally distributed data, which is not necessarily applicable for all sites/cases here. Based on
the flux comparisons in Figures 5 and 6, as well as in Tables 4 and 5, we can conclude that the input of accurate
atmospheric profiles in the RTM plays an important role in calculating the surface and TOA SW and LW fluxes
and that some surface characteristics must be adjusted to achieve radiative closure.

4. Conclusions

This study focuses on the evaluation of MERRA-2 clear-sky vertical profiles of temperature, ozonemixing ratio,
and water vapor mixing ratio at three ARM sites (SGP, NSA, and TWPC3) from August 2004 to December 2013.
Furthermore, themeteorological profiles are used as input to the NASA Langley-modified Fu-Liou RTM to per-
form a clear-sky radiation closure study for both the surface and TOA radiative fluxes. Based on the results
presented in the preceding sections, the following conclusions can be made.

1. Vertical profiles of temperature at the three sites are well replicated in MERRA-2 when compared to the
newly generated satellite/surface-based (hybrid) data set. Even the characteristic low-level temperature
inversion of the Arctic is captured in the reanalysis. Since MLS ozone is directly assimilated, the MERRA-
2 ozone mixing ratios are very close to the hybrid profiles at all three ARM sites. Finally, the MERRA-2 tro-
pospheric water vapor mixing ratios are, on average, on the drier side of the combined satellite/surface-
based data set at SGP and NSA for snow-free conditions. However, the relatively small and constant tropo-
spheric water vapor profile at NSA for the snow cases is well replicated in MERRA-2. At TWPC3, the MERRA-
2 water vapor profile is drier than the ARM-merged sounding by ~10–30%, on average, except between
~850 and 750 hPa.

2. The clear-sky surface and TOA radiative fluxes are calculated using the NASA Langley-modified RTM (with
the same surface characteristics) with inputs from hybrid, MERRA-2, and climate mean profiles at three
ARM sites. In this radiative closure study, calculated SW fluxes are tuned based upon adjustments to
the surface albedo, and a secondary aerosol is included in order to reduce the differences between the
averaged calculated and observed fluxes. As expected, the surface and TOA LW fluxes show little-to-no
influence on the surface albedo and aerosol characteristics; therefore, some other method of adjustment
is necessary for achieving radiative closure for these fluxes. We suggest tuning the surface skin tempera-
ture as a means for reducing the difference between the calculated and observed LW fluxes. The averaged
flux differences (calculated minus observations) using the hybrid and MERRA-2 profiles at three ARM sites
are generally below 5W/m2, while the calculated fluxes from climate mean profiles are typically higher
biased. Although the averaged tuned calculated fluxes are relatively close to the observed means, large
compensating errors are evident. Therefore, we can conclude that the input of accurate atmospheric pro-
files and surface characteristics in the RTM plays an important role in calculating the surface and TOA
clear-sky SW and LW fluxes.
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Appendix A: The Clear-Sky Case Days and Times (in UTC) for the Three ARM Sites

Year Julian Day UTC Time

SGP 2004 269 08:37
2004 349 08:36
2005 015 08:35
2005 022 19:45
2005 102 19:44
2005 134 19:44
2005 159 08:35
2005 175 08:34
2005 191 08:34
2005 287 08:35
2005 335 08:35
2005 342 19:45
2006 057 19:45
2006 178 08:37
2006 201 19:48
2006 242 08:39
2006 290 08:39
2006 338 08:38
2006 345 19:48
2007 28 19:48
2007 220 19:48
2007 293 08:38
2007 300 19:48
2007 364 19:46
2008 015 19:46
2008 040 08:35
2008 159 08:37
2008 207 08:38
2008 303 08:40
2009 001 08:40
2009 008 19:50
2009 033 08:41
2009 040 19:51
2009 049 08:42
2010 212 08:38
2011 007 08:37
2011 199 08:37
2011 263 08:36
2011 327 08:37
2011 359 08:37
2012 017 19:46
2012 065 19:47
2012 074 08:37
2012 138 08:37
2012 170 08:37
2012 177 19:47
2012 186 08:37
2012 202 08:37
2012 289 19:46
2013 019 19:47
2013 028 08:37

NSA 2005 078 22:23
2005 146 13:52
2005 206 22:22
2006 168 22:31
2006 190 13:49
2007 036 22:27
2007 040 13:57
2007 043 22:33

Year Julian Day UTC Time

2007 059 22:33
2007 161 13:50
2007 168 13:56
2008 007 22:24
2008 039 22:23
2008 059 13:52
2008 347 13:51
2009 020 13:59
2009 080 22:30

TWPC3 2006 244 16:55
2006 245 05:10
2007 200 05:09
2007 248 05:09
2007 264 05:09
2007 280 05:09
2008 194 05:09
2008 209 16:54
2008 210 05:09
2009 163 16:57
2009 164 05:12
2009 195 16:57
2009 196 05:12
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