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Abstract Surface albedo can be highly variable in both space and time. The Department of Energy's
Holistic Interactions of Shallow Clouds, Aerosols, and Land‐Ecosystems field study provides a unique
opportunity to characterize the variability of surface albedo over the Southern Great Plains of the United
States using integrated tower, aircraft, and satellite observations. The primary advantage of the aircraft and
satellite observations is the ability to examine the spatial distribution of surface albedo over a large
area, while the tower measurements have the ability to examine both diurnal and day‐to‐day variability at a
single location. In general, consistency was found between the broadband (BB) albedo measured from the
surface, air, and space. There was a small increase from 0.186 to 0.194 in the aircraft BB surface albedo
betweenMay and September (about 4% change), while the Moderate Resolution Imaging Spectroradiometer
black‐sky BB surface albedo increased from 0.151 to 0.166 over the same period (about 10% change),
while the standard deviations in the aircraft and Moderate Resolution Imaging Spectroradiometer BB
albedo were similar. The largest seasonal differences in the aircraft BB albedo were found for areas with
winter wheat or forest, while areas with pasture or grasses showed a smaller seasonal diversity. The
Weather Research and Forecasting model was used to simulate the BB surface albedo. In comparison
with the aircraft and satellite observations, the Weather Research and Forecasting‐simulated BB surface
albedo had no seasonal change and a much narrower distribution.

Plain Language Summary The sunlight reflected by the surface has a large impact on the
amount of energy that is available to warm the surface or evaporate water either standing on the surface
or trapped in the soil. There are three primary ways to measure the reflection: using tower, aircraft, or
satellite. Each approach has advantages and disadvantages, including different fields of view, the wide range
of land use under the aircraft and satellite flight tracks, and corrections to account for scattering and
absorption of sunlight by clouds and particles in the atmosphere. In this study, we compare tower, aircraft,
and satellite measurements made during the Holistic Interactions of Shallow Clouds, Aerosols, and
Land‐Ecosystems field study. We find differences in the amount of energy that is reflected, which changes
with season and we highlight that the differences can be related to land use. We compare observations to
simulations completed using the Weather Research and Forecasting model. The modeled reflectance shows
little seasonal change and tends to underestimate the variability of the reflectance. These results have
significant impacts for other studies focused on the amount of sunlight that is absorbed at the surface and the
impact on land‐atmosphere interactions.

1. Introduction and Motivation

The surface albedo is a critical component of the surface energy budget that affects howmuch solar radiation
is available to be portioned into the sensible, latent, and soil heat fluxes. Errors in the surface albedo have
been shown to contribute to errors in the near‐surface temperature in simulations completed with both
regional and global models (e.g., Van Weverberg et al., 2018; Winton, 2006). Several approaches have been
used to obtain the surface albedo and its variability over different regions and periods of interest. These
approaches include tower‐based, airborne, and satellite observations. Satellite observations have large spa-
tial coverage and are a useful tool for estimating the surface albedo at regional and global scales (e.g., He
et al., 2014; Liang et al., 2010; Pinker, 1985) despite well‐known limitations and challenges associated
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with atmospheric corrections (e.g., Pinker, 1985; Zhao et al., 2001), narrowband‐broadband conversion
(Liang et al., 1999), and coarse temporal resolution associated with polar‐orbiting satellites.

Instrumentation deployed on towers, such as those supported by the U.S. Department of Energy
Atmospheric Radiation Measurement (ARM) User Facility, can provide high‐quality surface albedo data.
In comparison with satellite data, tower data have two main advantages: atmospheric correction is not
required and high‐temporal resolution can be obtained. As pointed out by Berg and Lamb (2016), data
collected at the ARM Southern Great Plains (SGP) site have long been used to evaluate satellite estimates
of surface albedo (Gao et al., 1998; Minnis et al., 1997; Román et al., 2013). An important disadvantage of
tower data is their small footprint that cannot be easily extrapolated to the spatially varying landscape.
Kassianov et al. (2014) suggested a creative way to increase the footprint effectively using cloud as a mirror,
but their method is limited to mostly overcast conditions during which the surface albedo can be different
from its clear‐sky counterpart. Airborne or spaceborne measurement platforms have larger footprints and
also provide the opportunity to sample a much larger range of surface properties.

Relatively small amounts of aerosol loading at the ARM User Facility and near‐nadir solar zenith angles
reduced the need for atmospheric corrections required for aircraft and satellite data products, which provide
surface albedo over a much larger domain than is possible from a tower (e.g., Coddington et al., 2008; Jäkel
et al., 2013; Wendisch et al., 2004). This is especially important for regions where there is spatial variability in
surface properties. For example, there is a wide variety of land use and land cover (LULC) around the SGP
site associated with the cycle of agricultural crops and native land cover. LULC distributions could have
important implications for the spatial variability of boundary layer thermodynamic properties that must
be adequately captured in regional and global model simulations. For this reason, the characterization of
surface heterogeneity and its impact on thermodynamic properties was one motivation of the Department
of Energy Holistic Interactions of Shallow Clouds, Aerosols, and Land‐Ecosystems (HI‐SCALE; Fast
et al., 2019) field study.

While many studies have focused on evaluating estimates of snow albedo in the Weather Research and
Forecasting (WRF) model (Oaida et al., 2015; Smirnova et al., 2016; Z. Wang & Zeng, 2010), a much smaller
number of reports have aimed to develop improved LULC data sets with advanced estimates of surface
albedo (Zhang et al., 2012) or to carefully evaluate the surface albedo estimates applied in the WRF model
(Meng et al., 2018). Other work has focused on improving Land Surface Models (LSMs) used in Earth
System Models. For example, Lawrence and Chase (2007) used National Aeronautics and Space
Administration Moderate Resolution Imaging Spectroradiometer (MODIS) observations to refine the plant
functional types used in the Community Land Model v3 that could improve estimates of surface albedo.
More recently, Ke et al. (2012) evaluated changes in surface albedo associated with high‐resolution land sur-
face parameters. Other studies have highlighted bias and errors in surface albedo in Earth System Models,
such as those used in the Coupled Model Intercomparison Project Phase 5 models (Levine & Boos, 2017).

In this study, we combine clear‐sky surface albedo data collected during the HI‐SCALE field study from
three different sources: tower, aircraft, and satellite, to quantify the spatial and temporal variability of the
surface albedo and we use that data to evaluate the surface albedo simulated by the WRF model. The
manuscript is organized as follows. A description of data sources, including tower, airborne, and satellite
measurements used in our analysis, is presented in section 2. Section 3 includes the analysis of broadband
(BB) surface albedo. These results highlight the sensitivity of the tower‐based measurements to changes in
the crop directly under the ARM SGP tower, and the relatively good agreement between the aircraft and
MODIS‐derived black‐sky albedo (BSA). Observations are used to evaluate the WRF model output in
section 4, and the comparison highlights that the simulated surface albedo has smaller spatial and seasonal
variability than is observed.

2. Data Sources
2.1. Tower

The Department of Energy's ARM User Facility maintains tower‐based measurements of BB and spectrally
resolved surface albedo at a site located in the SGP of North America (McFarlane et al., 2011). A photograph
of the tower and the surrounding area taken during HI‐SCALE is shown in Figure 1. BB measurements of
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the upwelling (reflected) and downwelling irradiance were made using Eppley precision spectral
pyranometers (http://www.eppleylab.com/). ARM quotes an uncertainty of 2% or 10 W/m2 (whichever is
larger) for the upwelling BB measurements and 4% for the downwelling measurements (Andreas
et al., 2018). Spectrally resolved measurements are made using skyward‐facing multifilter rotating
shadowband radiometers and surface facing multifilter radiometers (MFRs) at six narrowband channels
(415, 500, 615, 673, 970, and 940 nm). The largest source of uncertainty in the MFR spectral irradiance
measurements comes from the calibration uncertainty. Calibration are done by comparison to a National
Institute of Standards and Technology standard spectral lamp and are estimated to be around 4%
(Campos & Sisterson, 2015). Data from the radiometers are combined into an ARM data product (Gaustad
& Riihimaki, 2004) that includes 10‐min averages of both BB and spectrally resolved irradiance, albedo,
and associated quality control flags. Only the highest‐quality data (quality flags equal to 0) are used here.
In this study, we focus on data collected from radiometers mounted 25 m above the surface during the
spring, summer, and fall of 2016 that corresponds with the HI‐SCALE field study. Assuming
approximately two thirds of the total energy comes from a cone with radius slightly larger than the
measurement height (Kassianov et al., 2014, Equation A5), than the footprint of the tower‐based albedo
measurements are a circle approximately 25 m in radius, which is dominated by the alfalfa field
surrounding the tower and also includes infrastructure near the tower base.

2.2. Satellite

In this study, we utilize the MODIS satellite MCD43A3 Version 6 Albedo product (Z. Wang et al., 2018) that
has been applied in a wide range of studies (e.g., Moody et al., 2008; Schaaf et al., 2002; Z. Wang et al., 2014).
This albedo product uses the highest‐quality pixel‐level data by combining data from MODIS Terra
(morning pass) and Aqua (afternoon pass) satellites and defines pixels where the combined MODIS albedo
has the highest quality on a daily basis. TheMODIS Terra and Aqua satellites overpass the equator at 10:30 a.
m. and 1:30 p.m. local time every day. The daily albedo data quality is processed using a 16‐day algorithm
running at 500‐m resolution for a given granule (defined as the area sampled over a 5‐min window). Here
we considered multiple granules to get the best coverage over the domain of interest. The daily albedo

Figure 1. View of the ARM tower (center of the image) from the aircraft during HI‐SCALE. The medium green area around the tower was alfalfa during the
study period. Note that the structure near the base of the tall tower has an area of approximately 30 m2, and the structures near the road are approximately 80 m
from the tower base.
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product is derived from an integration of the bidirectional reflectance distribution function model retrieved
from all high‐quality directional observations available over a 16‐day moving window, temporally weighted
to the ninth day.

TheMODIS albedo data product provides both directional hemispherical reflectance (BSA) and bihemisphe-
rical reflectance (white‐sky albedo, WSA) at multiple bands. To cover most of the solar spectrum, we use the
shortwave band covering wavelengths between 0.3 and 5.0 μm. The WSA is retrieved by integrating the
bidirectional reflectance distribution function at all viewing angles and irradiance directions, while
the BSA is derived from the directional hemispherical reflectance. We use the MCD43A3 product to obtain
the WSA, BSA, and quality assurance flags of surface albedo along with the quality and uncertainty bits. We
use the MCD43A2 product to obtain land type and surface albedo uncertainty flags. Based on previous stu-
dies using high‐quality MCD43 data, the errors in the MODIS‐derived albedo are generally less than 5% but
can be as large as 10% (e.g., Cescatti et al., 2012; Roman et al., 2013; Z. Wang et al., 2014, 2018). Both the BSA
and WSA can be combined to provide the true surface albedo, also called the blue‐sky albedo (e.g., He
et al., 2012; Román et al., 2010; Wang et al., 2016), with some additional measurements or assumptions.
He et al. (2012) estimated the blue‐sky albedo using the WSA, BSA, and the diffuse skylight fraction. In
our case the diffuse skylight fraction (derived from the ARM multifilter rotating shadowband radiometer
data) is less than 0.08 and the aerosol optical depth was 0.11 or less for the case study days (Table 1).
Using the spot calculations for the days in May and September, the difference between the blue‐sky albedo
and BSA is less than 1% so we simply use the BSA in this study. Other studies have highlighted that near
midday the BSA is very similar to the blue‐sky albedo, so we used only the MODIS BSA with no additional
corrections (e.g., Oleson et al., 2003; Román et al., 2010). On two of the three days (13 May and
17 September), the aircraft flight pattern was essentially centered on local noon, while the flight on
11 September was started earlier in the data (centered on 10:00 local time). The exact length of the aircraft
flights varied between approximately 3 and 4 hr. These factors associated with the start time and the flight
duration make it difficult to apply a time correction to either the satellite or aircraft data for their detailed
comparison. Thus, no additional time‐of‐day correction was applied.

2.3. Aircraft

The HI‐SCALE field study was conducted during the 2016 growing season and included two aircraft inten-
sive operations periods (IOPs) utilizing the Department of Energy's Gulfstream‐1 (G‐1) aircraft, one in the
spring (24 April through 21 May) and one in the late summer/early fall (28 August to 24 September).
Details of the HI‐SCALE field study and the aircraft payload are documented by Fast et al. (2019). This study
utilizes BB irradiance data collected using upward‐ and downward‐looking Delta‐T SPN1 pyranometers
installed on the top and bottom of the fuselage. The SPN1 is designed to measure both total and diffuse
incident solar radiation, and the direct radiation is then computed as the difference between the two with
an accuracy of 8% or 10 W/m2 and were calibrated by Delta‐T devices. A tilt correction was applied to the
BB data following Long et al. (2010). As an extra precaution, instances in which the aircraft tilt was larger
than 10° in magnitude have been excluded from the analysis.

In addition to the SPN1's, upward‐ and downward‐looking MFRs (uncertainty estimated to be 4%, as
described in section 2.1) were also mounted on the aircraft. A tilt correction was not initially applied to
the MFR data, so there is significant dependence of the measured MFR spectral irradiance on the aircraft

Table 1
Mean and Standard Deviation of Surface Albedo

Date AOD

Mean
MODIS
BSA

Std. Dev.
MODIS
BSA

Mean
aircraft BB
albedo

Std. Dev.
aircraft BB
albedo

Mean WRF
BB albedo

Std. Dev.
WRF BB
albedo

13 May 2016 0.101 0.151 0.0094 0.186 0.014 0.168 0.0030
11 September 2016 0.052 0.164 0.0119 0.200 0.0149 0.174 0.0070
17 September 2016 0.110 0.166 0.0128 0.194 0.0268 0.168 0.0054

Note. AOD determined from ARM surface observations at locations near the flight track. Mean and standard deviation
of MODIS BSA, aircraft BB surface albedo, and WRF BB surface albedo. Values fromMODIS andWRF are subsampled
along the aircraft flight track. WRF results are discussed in section 4.
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tilt (Figure 2). Not surprisingly, there is also a much more pronounced sensitivity to tilt at shorter
wavelengths, as shown by the larger slope with tilt for the 615‐nm data (filled green symbols in Figure 2)
compared to the 940‐nm data (red symbols in Figure 2) that can be attributed to differences in the
atmospheric scattering at shorter and longer wavelengths. A number of different methods for tilt
correction were considered, including application of an empirical fit and deriving a wavelength by
wavelength correction based on data such as that shown in Figure 2. This approach, however, would
introduce significant uncertainty and it was determined the simplest and best approach was to apply the
BB correction of Long et al. (2010) to the MFR data. Overall, applying this correction removes much of
the sensitivity to the aircraft tilt, as shown by the open green and red symbols in Figure 2.

Instances in which the direct component of the irradiance is fully or partially blocked by clouds also has a
large impact on measurements made with either the SPN1s or the MFRs. For example, the majority of the
tilt‐corrected 615‐nm spectral irradiance data shown in Figure 2 fall between 1.3 and 1.6 W·m−2·nm−1.
There are instances, however, where the observed tilt corrected spectral irradiance is less than
1.2 W·m−2·nm−1, as highlighted by the cluster of points extending to smaller values of irradiance. These
periods are likely associated with the presence of clouds above the aircraft and they have a significant impact
on the calculation of clear‐sky surface albedo. To address this issue, an additional check of the dimensionless
ratio of the difference between the direct and diffuse irradiance to the direct irradiance was applied, which is
similar to the approach of Long et al. (2006). Time periods where the dimensionless ratio was less than 0.8
(not shown) were assumed to be contaminated by clouds and were excluded from the analysis.

In addition, there were issues with the MFRs for the flights conducted on 15, 17, 20, and 21 September
during which the downward‐facing MFR reported values that were unrealistically too large. The errors
correspond to periods in which the heater controller temperature on the MFR was too large as well. On
17 September, the error first appears at 17:37 UTC and data after that time are excluded from the analysis
presented here. The aircraft flight times varied some over the course of the study, with takeoff times on
13 May, 11 September, and 17 September at 11:02, 09:11, and 10:38 Central Standard Time (CST). The

Figure 2. Example of observed (filled) and tilt‐corrected (open) upward‐looking spectral irradiance at 615 (green upward‐pointing triangles) and 940
(red downward‐pointing triangles) nm wavelength on 13 May 2016.

10.1029/2019JD030559Journal of Geophysical Research: Atmospheres

BERG ET AL. 5 of 14



flight duration also varied from day to day so that the flight end times were 14:42, 12:14, and 14:09 CST on
13 May, 11 September, and 17 September.

2.4. LULC

There are several approaches that could be used to identify the LULC under the aircraft. In the context of this
study we rely on LULC types derived from a combination of the U.S. Geological Survey National Land Cover
and the U.S. Department of Agriculture Cropscape databases (Boryan et al., 2011; Han et al., 2014), which
are updated annually with 30‐m resolution for the 2016 growing season. Three sets of LULC were derived,
based on the type directly below the aircraft and within circles with 200‐ and 900‐m radii, respectively, of
the aircraft location at any given time. The LULC data were also spot‐checked using downward‐looking
video on the aircraft.

While the U.S. Geological Survey and U.S. Department of Agriculture LULC data include detailed informa-
tion about land use and specific crop types, there are fewer details related to forest types. Forests are found
throughout the state of Oklahoma, but approximately 45% of the state's forests are located in eastern
Oklahoma (Ouachita Mountains, Arkansas Valley, and Ozarks Highlands). This region is the most diverse
region of the state and is dominated by a transition zone from oak‐pine forests to oak‐hickory and post
oak‐blackjack oak forest types. Species encountered in oak‐hickory forest (Ozarks Highlands) include black
oak (Quercus velutina), white oak (Quercus alba), northern red oak (Quercus rubra), post oak (Quercus
stellata), mockernut hickory (Carya tomentosa), and bitternut hickory (Caray cordiformis). Species encoun-
tered in oak‐pin (Ouachita Mountain) forests are similar to species encountered in oak‐hickory forests but
include short leaf pine (Pinus echinata). Species encountered in post oak‐blackjack forests are post oak
(Q. stellata) and blackjack oak (Quercus marilandica), the two most abundant tree species in Oklahoma.

3. Analysis of Observations

The BB albedo has been derived from the ARM tower measurements for April through October of 2016,
which includes both HI‐SCALE field study aircraft IOPs. The average midday (observations were taken
between 11:00 and 13:00 CST) BB albedo measured by the upward‐ and downward‐looking Eppley precision
spectral pyranometeres radiometers on the tower was 0.18 with a standard deviation of 0.02 for the study
period (open circles in Figure 3). At first glance, the BB albedo varies little across the spring, summer, and
early fall of 2016. Closer examination, however, shows that the BB albedo varies to some extent with the sta-
tus of the crop under the radiometers, although the fractional change is small. A decrease in BB albedo is
found to occur near the end of May and there are increases in BB albedo near the end of July and August.
The spectral albedo is very sensitive to the characteristics of the plant canopy within the field of view of
the radiometers. The field was planted to alfalfa in the fall of 2015. The first cutting and bailing of the

Figure 3. Time series of BB (open circles), 415‐ (blue), 615‐ (green), 940‐ (dark red), and 970‐nm (red) surface albedo and normalized difference vegetation index
(NDVI; black circles) measured on the ARM tower. Gray boxes indicate aircraft IOPs, and black lines indicate dates of specific HI‐SCALE field study flights
used in this analysis. Blue lines indicate times when the alfalfa was cut, bailed, or herbicide was applied.
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alfalfa were conducted from 25 through 26May, along with the application of herbicide on 27May. Thus, the
marked increase in the surface albedo at 615‐nm wavelength and its decrease at both 940‐ and 970‐nm
wavelengths right before 1 June 2016 is likely associated with these activities. After 1 June, the alfalfa
grows and the 615‐nm surface albedo shrinks until the second cutting on 9 July that is also marked by an
increase in the 615‐nm surface albedo. The field was fertilized on 19 July, and there was a significant
increase in albedo until the third cutting on 15 September and subsequent bailing on 20 September. The
periods after the cutting are marked by both a decrease in the 940‐ and 970‐nm albedos and an increase
in the 615‐nm albedo.

One of the flight patterns used during the HI‐SCALE field study was designed to map variations of near
surface fluxes and albedo in nearly cloud‐free conditions. These patterns consisted of a regular
north‐south or east‐west oriented tracks flown relatively close to the surface. Three days, 13 May,
11 September, and 17 September, have been selected for analysis based on the flight pattern and relatively
small amounts of cloud cover that were present (0% on 13 May and 11 September and 0–35% on
17 September as derived from the Doppler lidar deployed at the ARM Central Facility; Berg et al., 2017).

The aircraft and satellite observations provide measurements with high spatial resolution. As a first check of
the aircraft data and MODIS data, the aircraft and satellite BB surface albedo is compared to BB surface
albedo measured by the ARM tower‐based measurements. Due to the highly variable nature of LULC and
the desire to avoid an atmospheric correction, the comparison is limited to cloud‐free cases in which the air-
craft was within 5 km of the tower and flying at an altitude below 700 m above ground level or for satellite
pixels within 5 km of the tower. Even with these considerations, there is still a significant amount of varia-
bility in the aircraft and satellite observations as shown by the box‐and‐whisker plots in Figure 4. However,
there is a reasonably good agreement between the aircraft and tower‐based measurements (Figure 4) when
these criteria are applied, with the tower observations generally within the range of aircraft observations.
The satellite estimates of BB surface albedo (median value of 0.144) are smaller than those obtained from
the tower measurements (median value of 0.186) on 13 May. In contrast, the satellite‐ and tower‐based esti-
mates of BB surface albedo observations are comparable for the two days in September. It is also clear from
the time series of the tower data that there are significantly more clouds on 17 September than is observed on
either of the other study days, making the comparison between the surface albedo obtained from the tower
and aircraft measurements more difficult for the portion of the flight track over the tower. Since other por-
tions of the flight track were cloud‐free, 17 September was retained in our analysis. The time series of BB
surface albedo measured from the tower also highlights the diurnal variability of the BB surface albedo.

Figure 4. Time series of tower BB surface albedo (open) and box‐and‐whisker plots of BB surface albedo computed from aircraft (blue) and MODIS (red)
measurements. Whiskers indicate 95th and 5th percentiles, while the boxes indicate the 75th and 25th percentiles, and white bars indicate the median for aircraft
observations within 5 km of the ARM tower. Red dashed lines represent the approximate MODIS overpass times. Inset pie charts show approximate distribution of
crop types under the aircraft flight pattern as described in the text.
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The differences in tower measured BB albedo between the MODIS overpass times at 10:30 and 13:30 CST are
approximately 4% from 10:30 and 12:00 and approximately 2% from 12:00 and 13:30.

The range of aircraft measured values is likely due, at least in part, to the diversity of crops and land use near
the Central Facility. Using the land databases described in section 2.4, the LULC can be derived for the area
under the aircraft. Both the BB and spectrally resolved radiation measurements on the aircraft have a hemi-
spheric field of view. Following the discussion of the radiometer footprint presented in section 2.1 and
assuming approximately two thirds of the total energy comes from a cone with a radius slightly larger than
the measurement height, we can assume that the LULC derived from a circle with 900‐m radius provides a
reasonable basis for determining the relevant LULC, given that the altitude of the aircraft was less than
700 m above ground level. The most common land use type under the flight track near the Central
Facility was winter wheat, but there were also significant amounts of pasture/grass, soybeans, and fallow
ground (Figure 4).

The BB surface albedo measured by the radiometers on the aircraft ranges from approximately 0.15 to 0.25
during both IOPs (Figure 5), which is consistent with the BB surface albedo derived from the ARM tower,
but is generally larger than the computed MODIS BSA (Table 1). The MODIS BSA albedo computed along
the aircraft flight track (Table 1) increases slightly from 0.151 to 0.166 between 13 May and 17 September, a
change of approximately 10%, which is larger than the expected uncertainty of approximately 5% of the
MODIS measurements. Similar behavior is found for the BB albedo measured from the aircraft, which also
increases slightly from 0.186 to 0.194 over the HI‐SCALE study period. It is important to note that the aircraft
measured BB surface albedo is greatest on 11 September, but this could be associated with the earlier flight
time on that day. There are also many more missing MODIS data points on 11 September, although there is
still reasonable coverage along the aircraft flight track. Given that this less than a week between 11 and
17 September, only a small difference is expected in the mean surface albedo, which is indeed the case
(difference less than 2%). The spatial variability of both the MODIS BSA and aircraft BB albedo increases
in the fall compared to the conditions on 13 May as represented by the standard deviations presented in
Table 1. The spatial variability of the aircraft BB surface albedo is found to be greater than either the
MODIS BSA or the WRF BB surface albedo.

Differences in the MODIS and aircraft measured derived BB surface albedos are highlighted by their distri-
butions (Figures 4 and 6 and Table 1). It is also important to note that the effective spatial resolution of the
MODIS data is less than 1 km (Campagnolo et al., 2016), while the effective spatial resolution of the aircraft
BB (based on the reasoning described in section 2.1 for the tower‐based measurements) ranges between
approximately 500 m and 1 km depending on the aircraft altitude. On 13 May, both the mode value and
spread of the distribution computed using the aircraft measurements are larger than those seen for the
MODIS BSA (Figure 6). The differences in the modes are smaller on 11 September, and the aircraft data
are skewed toward smaller values of albedo than on 13 May and 17 September, which could be associated
with the early flight time. The MODIS and aircraft distributions are closest on 17 September, but the aircraft
values are still generally larger than the MODIS BSA. The underestimation of BB albedo presented here is
consistent with results from other studies comparing MODIS BB albedo to tower observations

Figure 5. MODIS‐derived BSA (background colors) and aircraft derived (tracks) BB surface albedo measured on 13 May, 11 September, and 17 September 2016.
Black areas on the flight track indicate missing data. White areas represent either low‐quality or missing MODIS data.
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(Cescatti et al., 2012; Coddington et al., 2008), but others have shown an overestimation (Franch et al., 2013;
Knobelspiesse et al., 2008). There are a number of possible explanations for the differences in the MODIS
and aircraft data, including differences in pixel size, differences in time of day, surface heterogeneity,
ignoring MODIS WSA, differences associated with the time averaging of the MODIS data, and errors
associated with the atmospheric correction. In this study, an atmospheric correction factor is not applied
to the MODIS BSA data to account for scattering and absorption by aerosol and gases in the atmospheric
column. As stated earlier, one advantage of the aircraft derived data analyzed here is the relatively small
amount of the atmospheric column between the surface and the aircraft that minimizes the need for any
such correction. Finally, as highlighted in Figure 4, there is a significant variation in the albedo over the
course of the day, with the smallest values near local solar noon.

In addition to examining the distribution of albedo derived from an entire flight leg, we can also examine the
BB albedo obtained when the aircraft was flying over areas in which the LULC were dominated by an indi-
vidual type. The data were sorted to find cases in which at least 66% of the LULC in the circle with 900‐m
radius centered on the aircraft location is a single type. While there are many different LULC types in the
vicinity of the ARM site, there are three dominant types based on our definition, so we limit the analysis
to cases with pasture/grass, winter wheat, and forest.

We find statistically significant differences in the BB albedo associated with LULC between the spring and
fall (Figure 7). The BB surface albedo of the pasture/grass does not changemuch with season, while there are
large changes in the BB surface albedo of the winter wheat and forest. During the September flights, the BB
surface albedo of the pasture/grass was found to be 0.190 and 0.185, which is approximately the same as the
spring value of 0.193. In contrast, the albedo of the winter wheat is much larger in the fall (0.193 and 0.216)
than was found in the spring (0.175). The BB surface albedo associated with forest is found to decrease in
September compared to May (noting that there are many fewer observations over forest than the pasture
or winter wheat as shown in Figure 7). These differences in BB surface albedo are likely due to changes in
the plant canopy with season. The differences in the two days in September could be due to differences in
the flight tracks (Figure 5) and differences in time of day that can lead to systematic changes in albedo.
One important caveat of the results presented in Figure 7 is the differences in the relative sample sizes asso-
ciated with the flight pattern used on each day. It is important to note that some of the differences seen in
this study could be associated with differences in the aircraft flight pattern. In addition, even if the same
flight pattern was used, small changes in the aircraft position could lead to analysis of different surface areas.

4. WRF Model Configuration

In this study, observations of BB surface albedo derived from tower, aircraft, and BSA derived from MODIS
are compared to output from the WRF model (Skamarock et al., 2008). Within the WRF model, the surface

Figure 6. Probability density functions (PDFs) of BB surface albedo from MODIS BSA (red), aircraft (blue) BB albedo, and WRF BB albedo (green) on 13 May, 11
September, and 17 September 2016. WRF results are discussed in section 4.
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albedo is defined using calculations in the LSM and the details are dependent on the specific LSM that is
selected. Here, we utilize the Noah‐MP LSM (Niu et al., 2011; Yang et al., 2011). In this LSM the ground
albedo is first computed as a function of the soil color and soil moisture in the first model layer. The
vegetation effect on the albedo is considered using a modified two‐stream method (Dickinson, 1983;
Sellers, 1985) that considers the leaf area index (LAI), stem area index (SAI), and green vegetation
fraction. In the configuration used in this study the LAI and SAI are specified from the standard input
tables provided with WRF and the green vegetation fraction is assumed to be the annual maximum value.
Such a configuration is typically applied in many different applications. Other model configurations are
possible, including those that use a MODIS climatology to define the LAI, SAI, and green vegetation
fraction. The simulated BB albedo is computed directly from the upwelling and downwelling clear‐sky
fluxes so that no cloud screening is required in the analysis of the model output. Other studies
(e.g., Arsenault et al., 2018; Cuntz et al., 2016) have examined the sensitivity of the LSM in the context of
the surface energy fluxes.

The WRF model was configured to use four nested domains approximately centered on the ARM SGP
Central Facility. The innermost domain used a grid spacing of 1.3 km and 74 vertical levels. The

Figure 7. Distributions of aircraft measured BB surface albedo (based on the dominant LULC under the aircraft for
13 May (blue), 11 September (red), and 17 September (hashed). Light shading or symbols indicates the number of
observations for each LULC type.
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simulations used the RRTMG shortwave and longwave radiation (Iacono et al., 2008). The Morrison
two‐moment parameterization (Morrison et al., 2009) was used for cloud microphysics. Turbulence was
represented using the Mellor‐Yamada‐Janic parameterization (Mellor & Yamada, 1982). The cumulus
parameterization was turned off on the inner‐most domain, but the modified Kain‐Fritsch cumulus
potential (Berg et al., 2013; Kain, 2004; Kain & Fritsch, 1990) parameterization was used on the three
outer domains. Each run was started at 00 UTC and run for 36 hr.

5. Simulated BB Albedo

The data sets described in the previous sections provide a unique opportunity to evaluate the BB surface
albedo from the WRF model using a typical model configuration. In this simple setup, the LAI, SAI, and
green vegetation fraction are extrapolated to a specific date using tables of monthly values provided with
the model. While both the MODIS and aircraft data increase by approximately 10% and 4%, respectively
(focusing on the conditions observed on 13 May and 17 September due to more consistent flight times),
the BB surface albedo from the WRF model does not change significantly between the spring and summer
IOPs as shown in Figure 8 and Table 1, although it is generally between the MODIS and aircraft values.
Based on analysis of the aircraft data presented in section 3 (Figure 7), the change in observed albedo is
dominated by changes associated with the winter wheat and to a lesser extent forest (due to the relatively
small amount of forest in the study domain). These results suggest that the values of LAI and SAI in the
standard WRF input do not accurately capture the lifecycle of specific crops, such as winter wheat, and
may adversely affect simulations of the surface radiation budget around the SGP.

There are also significant differences in the variability of the observed and simulated BB surface albedo.
Compared to the observed distributions, the simulated distributions of the BB surface albedo are much
narrower and are dominated by a large peak near a value of 0.16, with much smaller peaks at slightly smaller
and larger values of BB albedo (Figure 6). As described in section 4, the calculation of albedo in the Noah‐MP
LSM considers the ground albedo and the vegetation effect separately. The ground albedo is defined using
the soil color (which is constant over the domain used in this study), and the soil moisture in the first model
level. In the configuration of theWRFmodel that have used in this study, the LAI, SAI, and green vegetation
fraction vary with month as function of the specific land use are used as input to the modified two‐stream
method that is used to determine impact of the plant canopy on the albedo. Over our study region, the land
cover types in the model are dominated by cropland or grassland, which leads to little variability in the
simulated BB albedo. Thus, it is the spatial variability of the soil moisture that has the largest impact on
the variability of the simulated surface albedo. A fact highlighted by the small values of albedo just northeast
of the ARM Central Facility (located at the center of the domain) where the soil type is different than the
surrounding area, leading to much smaller soil moisture values and hence larger values of BB surface
albedo (Figure 8).

A second set of simulations were completed using LAI, SAI, and green vegetation fraction derived from a
multiyear climatology of MODIS observations, but there was not a large impact on the variability of the sur-
face albedo (not shown). These findings argue for the use of revised values of surface albedo derived from
relatively high resolution (in both space and time) MODIS or aircraft data that are relevant for a specific

Figure 8. WRF model (background colors) and aircraft derived (tracks) BB surface albedo measured on 13 May, 11 September, and 17 September 2016.
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period of time, such as those used in this analysis, that can more accurately represent the time evolution of
the lifecycle of the various crop and land use types. This is particularly critical in areas like the SGP where
the specific crops in a given field change from year to year or where there is significant year‐to‐year variabil-
ity in the in the lifecycle of various crops, such as the timing of the wheat harvest.

The relative differences in the BB surface albedo presented may not be large in an absolute sense, but they
have relatively large impact on the amount of energy available at the surface to be partitioned in to the sen-
sible, latent, and soil heat fluxes. For example, near noon on 13May, the downwelling shortwave radiance is
approximately 700 W/m2 at the SGP site. Given the variability in the WRF BB surface albedo, this leads to a
range of available energy at the surface between 585 and 570 W/m2. For the observed aircraft albedo, the
amount of energy ranges between 592 and 534 W/m2, and for the MODIS‐derived albedo the amount of
energy ranges between 620 and 564W/m2.While beyond the scope of this study, future investigations should
evaluate the impact of ignoring the variability on the subsequent boundary layer development.

6. Summary and Conclusions

The BB surface albedo has been computed using three different instrument platforms: a tower‐based system
at the ARM SGP site, a research aircraft, and MODIS. Each approach has advantages and disadvantages, yet
estimates of the BB surface albedo are generally consistent across the platforms. The tower‐based
measurements show very little change in the BB surface albedo with season, while the aircraft and
MODIS measurements indicate a seasonal increase of the BB surface albedo by approximately 4% and
10%, respectively. The measurements of BB surface albedo also show a large amount of spatial variability
across the study domain with noticeable increases during the fall that are primarily associated with
dry‐land wheat and to a lesser extent forests in the study region.

The aircraft and satellite data are compared to the BB surface albedo derived from theWRFmodel. TheWRF
model simulations using the Noah‐MP LSM is found to underestimate the seasonal change in the BB surface
albedo over the study domain. This is likely associated with prescribed values of LAI and SAI that do not
accurately describe the life cycle of the crops in the region of the study. The simulated standard deviation
of the BB surface albedo is much smaller and dominated by a single peak compared to the smooth and rela-
tively broad distribution provided by either the aircraft or satellite observations. Given the small range of
LULC and associated values of LAI, SAI, and green vegetation fraction associated with values that are only
a function of the vegetation type, the majority of the spatial variability in the BB surface albedo is associated
with variations of soil moisture in the first model layer.

The work presented here highlights the often‐underappreciated role of the BB surface albedo in
regional‐scale simulations and points to shortcomings in a commonly used WRF model configuration.
Future studies should focus on the use of high‐quality data set, like those described here, to better capture
the actual spatial and temporal variability in the BB surface albedo for studies focused on specific dates
and times. Additional studies are also needed to investigate how applying climatological values of canopy
properties, which were also shown to underestimate the variability and impact the details of
land‐atmosphere interactions in long‐term simulations.
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