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Albedo products from the MODerate resolution Imaging Spectroradiometer (MODIS) have been validated
extensively over spatially homogeneous sites with snow-cover. This study evaluated the spatial scaling of albedo
and related reflectance-based quantities over areas of high spatial heterogeneity in temperate mixed forest, de-
ciduous forest, urban and built-up, and cropland/natural mosaic lands under snow covered conditions.
Reflectance-based quantities evaluated included spectral radiance, surface directional reflectance, and spectral
and broadband albedo derived from ground- and tower-based measurements and high-resolution (5 m)
hyperspectral imagery (HSI) to coarse resolution (~500 m) MODIS satellite data.
Our approachfirst compared ground- and tower-based spectral and broadband reflectance quantities to HSI data,
then to evaluate HSI with MODIS reflectance-based products. Over snow-covered pasture, HSI directional reflec-
tance was biased lower than ground-based measurements collected using a spectroradiometer, and greatly
underestimated at wavelengths less than 450 nm. Tower-based shortwave broadband albedo (280–2800 nm)
andHSI albedo agreedwithin±0.04. HSI directional spectral reflectance agreedwell with tower-basedmeasure-
ments of spectral albedo collected using a spectroradiometer and remote cosine receptor above a mixed forest
canopy with underlying snow cover. Spectral albedo collected over a dormant deciduous broadleaf canopy
increased from 0.10 for snow-free conditions to 0.14–0.18 when snow-cover was present under the canopy.
Canopy shortwave broadband albedo was not very sensitive to underlying snowpack depth, indicative of strong
vegetation masking.
Next, HSI datawere spatially aggregated and averaged to 500mMODIS grids and compared to twoMODIS albedo
products: (1) MODIS/Terra and Aqua Combined Bidirectional Reflectance Distribution Function (BRDF) Albedo
V005 (MCD43A, magnitude inversion), and (2) MODIS/Terra Snow Cover Daily L3 Global 500 m Grid
(MOD10A1). An assessment of surface heterogeneity demonstrated that MODIS products generally perform
well for snow-covered landscapes with high spatial heterogeneity, with biases between ±0.04 and RMSEs less
than 0.085 for mixed and deciduous broadleaf forested and urban & built-up land cover classes, and less than
0.11 for cropland/natural mosaic. Biases were generally lower for MOD10A1 compared to MCD43A3.
Mean shortwave broadband albedo fromMODIS and HSI over deciduous broadleaf andmixed forest with under-
lying snow cover ranged from 0.14 to 0.28. Albedo over MODIS grids characterized as a mosaic of cropland, for-
ests, grasslands, and shrublands (e.g., cropland/natural mosaic) was substantially higher than forested grids
under snow-covered conditions, ranging from 0.39 to 0.43.
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1. Introduction

Albedo, the ratio of incoming to reflected solar radiation, plays an
important role in climate by regulating the amount of shortwave
radiation reflected or absorbed and subsequently reradiated as
longwave radiation by a surface. Due to its high albedo, snow cover
increases the proportion of solar radiation reflected from the Earth's
surface, producing a 1.5 °C to 4.5 °C cooling effect compared to snow-
free surfaces (Mote, 2008). The magnitude of cooling depends on a
nce and surface albedo over a mixed-use, temperate forest landscape
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variety of factors including snow depth, cloud cover solar zenith angle,
and land cover type. Land cover type is particularly important because
it limits the maximum snow-covered albedo based on the presence or
absence of canopy structure. Forest canopies shield highly reflective
snow cover, lowering surface albedo in winter and exerting a positive
climate forcing (e.g., warming) relative to non-forested lands covered
with snow (Bonan, 2008).

Uncertainties in the climate effects of forest cover can complicate cli-
mate model simulations in heavily forested regions, such as the north-
eastern United States (US). For example, when global climate models
were statistically downscaled over the northeastern US region, trends
in observed winter warming (+0.7 °C/decade) were greatly
underestimated by a CMIP3 model ensemble mean (+0.25 °C/decade)
over the period 1970–2000 (Hayhoe et al., 2007). The underestimation
of winter temperature trends in the downscaled models may be linked
to poor parameterization of surface albedo over forests that contributes
to the strength of snow albedo feedback (SAF) in the climate models
(Hayhoe et al., 2007), which generally exhibit a three- to five-fold
spread in the change in surface albedo associated with a 1 °C change
in surface air temperature (Qu & Hall, 2006, 2014). Models with weaker
SAF tend to have explicit canopy treatment and either have snow cano-
py albedos that are too low or have vegetation that excessively shields
snow-covered surfaces, while models with stronger SAF generally
have a greater contrast between snow-covered and snow-free condi-
tions over forests (Qu & Hall, 2006, 2014).

Snow-covered reflectance and albedo products from satellite mea-
surements have not been assessed for accuracy as extensively for forest-
ed landscapes (Wang et al., 2014) as they have for non-forested
landscapes (e.g., Jin et al., 2003b; Klein & Stroeve, 2002; Stroeve, Box,
& Haran, 2006; Stroeve, Box, Wang, Schaaf, & Barrett, 2013; Wang
et al., 2012). Here, we focused on evaluating winter surface reflectance
and albedo properties of landscapes in NewHampshire (NH), USA, a re-
gion dominated by second growthmixed temperate forest, interspersed
with patches of agricultural and other human dominated land cover
types. Landscape heterogeneity in the region complicates comparisons
of ground-based and satellite albedo because the ground footprint of a
tower based measurement may not be representative of the satellite
footprint (Román et al., 2009; Wang et al., 2014). In such situations,
an intermediate resolution product must be used to connect ground-
and tower-based measurements to coarse resolution satellite imagery.

TheMODerate resolution Imaging Spectroradiometer (MODIS) bidi-
rectional reflectance distribution function (BRDF) albedo product
(Schaaf, Liu, Gao, & Strahler, 2011; Schaaf et al., 2002; Schaaf et al.,
2008) has been validated extensively over a variety of land cover
types (Jin, Schaaf, Gao, Li, & Strahler, 2003a; Jin et al., 2003b; Liu et al.,
2009; Salomon, Schaaf, Strahler, Gao, & Jin, 2006; Wang et al., 2012;
Wright et al., 2014). The BRDF provides surface reflectance as a function
of illumination and viewing geometry, and accounting for the unique
structural and optical scattering, transmittance, absorption, and emis-
sion properties of a surface. Validation efforts have included shortwave
broadband albedo (300–2800 nm) over the Greenland Ice Sheet
(Stroeve et al., 2013), over snow-free (Román et al., 2009) and snow-
covered forests (Wang et al., 2014), and spectral albedo over the
Greenland Ice Sheet (Wright et al., 2014). These previous studies have
demonstrated that MODIS BRDF albedo products perform very well
over homogeneous landscapes. However, more research is needed to
establish how well they perform over landscapes with high spatial het-
erogeneity. This is particularly important during periods of snow cover
when highly reflective snow-coveredfields stand in contrast to adjacent
forested areas that mask snow cover with their dark canopies.

The daily MODIS snow albedo product (Hall, Salomonson, & Riggs,
2006) differs from the MODIS BRDF albedo product primarily in its
assumption that forested lands are Lambertian reflectors (i.e., no BRDF
correction is applied). The Lambertian assumption does not recognize
the importance of forest clumping and canopy structure and does not
account for shadows cast on adjoining foliage and in gaps in the forest
Please cite this article as: Burakowski, E.A., et al., Spatial scaling of reflecta
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canopy, which significantly alters the surface albedo. These geometric
optical effects cause surfaces to appear darker when the source of illu-
mination is opposite the MODIS viewing sensor (forward scattering)
or brighter when the source of illumination is behind the sensor (back-
scattering), significantly impacting the retrieval of accurate snow-
covered forest albedo. A higher BRDF could be expected in the viewing
direction of forests with wider canopy gaps, where more underlying
snowpack would be revealed. It is these shadowing effects that also
drive the retention and melt of snow underlying canopy. Nonetheless,
daily resolution makes the daily MODIS snow albedo product an ideal
dataset for studying rapid changes in albedo as snow surfaces melt or
compact. The daily MODIS snow albedo product has been validated
over the Greenland Ice Sheet and shown to be biased low (−0.05) rel-
ative to ground-based measurements, though the variability in daily
snow albedo is greater than that observed at ground-based stations
(Stroeve et al., 2006). Daily MODIS snow albedo values were within
10% of ground-based observations collected during the 2004 ablation
season in the complex terrain of Karasu Basin, Turkey (Tekeli, Şensoy,
Şorman, Akyürek, & Şorman, 2006). A study comparing the MODIS
daily snow albedo product to the 16-day MODIS BRDF albedo product
over the Greenland Ice Sheet found good correspondence at lower ele-
vations and poorer correspondence at higher elevations (Hall, Schaaf,
Wang, & Riggs, 2009a). Hall, Nghiem, Schaaf, DiGirolamo, and
Neumann (2009b) note that more work is needed to understand the
limitations of daily snow albedo products. To the best of our knowledge,
no comparison of the two products over forested and heterogeneous
surfaces in the presence of snow-cover has been conducted.

In this study, ground- and tower-based estimates of albedo from sur-
face reflectance quantities collected over snow-covered forest and open
pasturewere compared toHSI. After a spatial representativeness assess-
ment, theHSI data were spatially aggregated to the resolution of MODIS
pixels (~500m) to assess the accuracy of MODIS BRDF andMODIS daily
snow albedo products over heterogeneous landscapes including decid-
uous broadleaf, mixed forest, mixed forest/cropland/grassland mosaic,
and urban & built-up land cover types. This study also examined the
spectral albedo over a deciduous broadleaf forest canopy during
snow-free dormant conditions and over a range of snow-cover depths
using a tower-based field spectroradiometer to evaluate the extent of
vegetation masking by forest canopies in the region.

2. Datasets

2.1. Study areas and ground instrumentation

The study focused on two research sites in New Hampshire, USA:
(1) Thompson Farm Research Station (TF) in Durham, NH and (2) Bart-
lett Experimental Forest (BF) in Bartlett, NH (Fig. 1). Ground validation
protocols are described in more detail below and summarized in
Table 1. Details on the aircraft high resolution hyperspectral flight cam-
paign carried out at the two research sites are provided in Section 2.2.

2.1.1. Thompson Farm (TF) Research Station
The TF Research Station is a 0.83 km2 mixed use property that

includes managed and unmanaged forests, freshwater marshes, and
active agricultural fields (Fig. 2). The mixed deciduous and coniferous
forest is composed primarily of northern red oak (Quercus rubra),
white pine (Pinus strobus), red maple (Acer rubrum), shagbark hickory
(Carya ovata), and white oak (Quercus alba) (Perron, Bennett, & Lee,
2004). The primary agricultural field located east of the canopy tower
(Fig. 2) was tilled, manured, and replanted with pasture grass in late
October 2012. The TF research station study area included two ground
validation sites: (1) a pasture site (TFP) and (2) an above-canopy site
(TFC).

At the TFP site, ground validation reflectance-based quantities
included spectral radiance, spectral hemispherical conical reflectance
factors (HCRF), shortwave broadband bihemispherical reflectance
nce and surface albedo over a mixed-use, temperate forest landscape
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Fig. 1. (A) Hyperspectral flight study areas (boxes) and MODIS Combined Terra/Aqua 500-m (MCD12Q1) land cover in New Hampshire. Ground validation sites (orange dots) at
(B) Bartlett Experimental Forest (BF) and (C) Thompson Farm Research Station (TF).
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(hereafter, albedo; Schaepman-Strub, Schaepman, Painter, Dangel, &
Martonchik, 2006) and spectral albedo (Table 1). Spectral surface radi-
ance, HCRF, and albedo were collected using an Analytical Spectral
Devices (ASD) FieldSpec4 (FS4) spectroradiometer with a nominal
spectral resolution of 3 nm at 700 nm and 10 nm at 1400 nm and
2100 nm. Spectral measurements were collected every 0.9 m along a
Table 1
Tower instrumentation, solar zenith angle (°) at the time of Analytical Spectral Devices
(ASD) spectroradiometer measurements, timing of hyperspectral imagery (HSI) acquisi-
tion, and snow depth and density at research areas.

Thompson Farm
(TF)

Bartlett
Experimental
Forest (BF)

TF-Pasture TF-Canopy

Tower latitude 43.1085 N 43.1085 N 44.0646 N
Tower longitude −70.9486 W −70.9522 W −71.2881 W
Tower footprint diameter 18.9 m 379 m 316 m
Tower albedoa time 1600–1730 GMT 1600–1730 GMT 1600–1700 GMT

ASD solar zenith angles, SZA (°)
ASD 25° FOV Radiance 48°–50° – –

ASD 25° FOV HCRFb 50°–51° – –

ASD Remote Cosine
Receptor Albedo

48°–50° 48° –

HSI Flight Avg. SZA (°) 48° 48° 50°
HSI flight time 1639–1702 GMT 1639–1702 GMT 1611–1621 GMT
Snow depth (cm) 8.0 cm–26.0 cm 25.4 cm 50 cm–100 cmc

Snow density (kg m−3) 340 kg m−3 396 kg m−3 200-300 kg m−3c

a 30-minute average.
b Hemispherical conical reflectance factor.
c Estimated from NOHRSC-SNODAS.
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46.6 m east–west transect at TFP (Fig. 2B, C). Snow depth generally in-
creased east to west as one moved closer to the forest edge along the
transect; total snow depth ranged from 8.0 cm to 26.0 cmwith an aver-
age snow depth of 14.6 cm. Snow density was collected in a snow pit
about 5 m north of a tower located in the middle of the transect using
an aluminum snow tube and digital hanging scale (Table 1).

Radiance and HCRF were collected at TFP using the bare fiber (25°
FOV) over the surface of the snowpack relative to a calibrated
Spectralon reference standard manufactured by LabSphere. Spectral
albedo quantities were collected using the ASD with remote cosine re-
ceptor (RCR) foreoptic mounted to a 0.9 m leveling boom every 0.9 m
along the same east–west transect; however, battery life of the ASD
spectroradiometer limited the length of the spectral albedo transect to
35 m. Five RCR albedo spectra were collected at each location along
the 35 m transect, calculated as the ratio of incoming irradiance and
outgoing irradiance. Shortwave (280–2800 nm) broadband albedo
(30-min averaged) was collected using a Kipp and Zonen CMA6
albedometer (half field of view = 81°; Michalsky, Harrison, &
Berheiser, 1995) mounted 1.5 m above the snowpack in the middle of
the 46.6 m transect. The tower footprint diameter, f, is calculated
using the following equation:

f ¼ 2h tan HFOVÅ
� � ð1Þ

where h is the height of the instrument mounted to the tower (30 m)
and HFOV° is the half field of view.

At the Thompson Farm Canopy (TFC) site (Fig. 2), tower validation
included collection of shortwave broadband albedo and spectral albedo
above the forest canopy from a 30-m tower. A Kipp and Zonen CMA6
nce and surface albedo over a mixed-use, temperate forest landscape
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Fig. 2. (A) Thompson Farm hyperspectral flight study area in southeastern New Hampshire with MODIS pixel boundaries (white). (B) Inset shows location of TFC above-canopy tower
validation site, TFC Meteorological/AERONET (Met) tower, and TFP ground validation transect site. (C) Closer view of TFP transect and proximity to TFC tower and Meteorological/
AERONET tower.

Table 2
Above-canopy spectral albedo measurements collected using the ASD with RCR foreoptic
at Thompson Farm Canopy (TFC) between 2012-03-08 and 2013-03-09.

Date Clouds Solar zenith
angle (°)

CMA6 broadband
albedo

Snow
depth
(cm)

Snow
density
(kg m−3)

2012-03-08 Clear 49° 0.15 6.4 285
2012-03-19 Clear 47° 0.10 0 –

2013-01-15 Partly cloudy 65° 0.18 12.7 448
2013-02-10 Clear 57° 0.14 39.4 178
2013-03-09 Clear 48° 0.14 25.4 396
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albedometer collected 30-min averaged shortwave broadband albedo
over the spectral range 280–2800 nm. The CMA6 albedometer was
mounted at the end of a 4.5-m long horizontal leveling boompositioned
approximately 5 m above a red oak (Q. rubra) dominated portion of the
mixed forest. No canopy snow was present during the measurements.
Snow depth and snow density were collected in a snow pit about
20mnorth of the tower using an aluminum snow tube and digital hang-
ing scale (Table 1).

Spectral albedo over the forest canopy was measured using the ASD
FS4 spectroradiometer. It was not practical to collect radiance or spec-
tral reflectance from the tower. Albedo spectra were collected using
the manufacturer's remote cosine receptor (RCR) foreoptic (~81°
HFOV) attached to a 4.5 m long leveling boom protruding southward
5 m above the same red oak (Q. rubra) dominated portion of the
mixed forest as the Kipp and Zonen CM6 albedometer. Spectral albedo
above the canopy was calculated as the ratio of upwelling to
downwelling irradiance. A total of ten albedo spectra were collected be-
tween 1623 GMT and 1632 GMT on 2013-03-09, less than 10min prior
to the hyperspectral overflight transect at 1639 GMT (Table 1).

TFC spectral albedo and CMA6 broadband albedowere also collected
using the ASD FS4with RCR foreoptic from the same tower location dur-
ing snow-free dormant conditions on 2012-03-19 and over snow
depths ranging from 6.4 cm to 39.4 cm between 2012-03-08 and
2013-03-09 and snow densities ranging from 178 kg m−3 to
448 kg m−3 (Table 2). No canopy snow was present during any of the
measurements. HSI data were only available for 2013-03-09.

2.1.2. Bartlett Experimental Forest, Bartlett, NH (BF)
The Bartlett Experimental Forest (BF) was established as an experi-

mental forest by the United States Department of Agriculture Forest
Service (USDA-FS) in 1932 and includes 10.52 km2 of mixed northern
deciduous and coniferous species (Fig. 3). Common deciduous species
include American beech (Fagus grandifolia Ehrh.), red maple
(A. rubrum L.), sugar maple (Acer saccharum Marsh.), and yellow birch
(Betula alleghaniensis Britton). Coniferous species include red spruce
Please cite this article as: Burakowski, E.A., et al., Spatial scaling of reflecta
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(Picea rubens Sarg.), balsam fir (Abies balsamea (L.) Mill.), and eastern
hemlock (Tsuga canadensis (L.) Carrièr). The silviculture history is well
documented and includes a recent patch harvest southwest of the
tower within the HSI sampling domain (Fig. 3).

Tower-based instrumentation at BF included two Kipp and Zonen
CM3 pyranometers (spectral range 280–2800 nm) that collected
30-minute averaged values of incoming (upward facing unit) and
reflected (downward facing unit) solar radiation (Table 1). The CM3
pyranometers were mounted at a height of 25 m on a 30 m tower,
approximately 8 m above a beech and maple-dominated portion of
the forest canopy (Fig. 3C). No data were collected with the ASD
spectroradiometer at BF.

2.2. Hyperspectral imagery (HSI) acquisition

High resolution hyperspectral imagery (HSI) was acquired using the
ProSpecTIR VNIR/SWIR 4 (VS4) sensor on 2013-03-09 (Table 1). The
ProSpecTIR VS4 sensor collected calibrated radiance data (mW/cm2/
μm/sr) from raw imagery over the spectral range 400 nm to 2450 nm
at nominal spectral resolution of 5 nm in 360 bands. The ProSpecTIR
VS4 was flown at an average altitude of 4125 m with an instantaneous
field of view of 0.029°, yielding a spatial resolution of 5 m and swath
width of 1700 m with 35% sidelap between flight lines.
nce and surface albedo over a mixed-use, temperate forest landscape
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Fig. 3. (A) Bartlett Experimental Forest (BF) hyperspectral flight study area in northern NewHampshire with MODIS pixel boundaries (white) and above-canopy tower location (orange
circle). (B) Tower location and proximity to access road, and (C) closeup of tower location.
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The flight campaign was conducted less than 12 hours after a snow-
fall event on 2013-03-08. The event deposited new snowfall atop an
existing snowpack across the state of New Hampshire, with a new
snowfall total of 7.62 cm measured at the Thompson Farm pasture
tower site. Snowfall totals from the 2013-03-08 stormwere not record-
ed at BF. Total snowpack depth (~50–75 cm) at BF was estimated from
the National Operational Hydrologic Remote Sensing Center (NOHRSC)
daily 1-km snow depth product (National Operational Hydrologic
Remote Sensing Center (NOHRSC), 2004) (Table 1).

The MODerate resolution atmospheric TRANsmission (MODTRAN4)
model was used in conjunction with the ATmospheric CORrection
(ATCOR4) software package to convert ProSpecTIR VS radiance data
into reflectance using the following algorithm,

ρ ¼
π d2 Lsð Þ−Lpath
n o

τEg

where τ is the atmospheric transmittance, Ls is the calibrated sensor ra-
diance, Lpath is the path radiance, or photons scattered into the sensor's
instantaneous field of view without having ground contact, Eg is the
downwelling irradiance on the ground, and d is the sun-to-Earth
distance in astronomical units. Downwelling irradiance was derived
from the pre-calculatedMODTRAN4 database. Radiance and reflectance
imagery were georeferenced using SpecTIR's Inertial Navigation
Systems (INS) in conjunction with the United States Geological Survey
National Elevation Dataset Digital Elevation Model at 10 m resolution
and Geographic Lookup Tables (GLT). To calculate τ, SpecTIR's applica-
tion of the ATCOR4 program assumed a rural aerosol type (aerosol opti-
cal depth = 0.092), 100 km visibility, 1% cloud cover based on flight
logs, and water vapor content derived from absorption features in the
HSI data at 1130 nm.
Please cite this article as: Burakowski, E.A., et al., Spatial scaling of reflecta
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2.3. MODerate Resolution Imaging Spectroradiometer (MODIS) data

We assessed the accuracy of twoMODIS products: (1) MCD43 V005
(which combines data from both Terra and Aqua platforms) and (2) the
MOD10A1 V005 (Terra only) daily shortwave broadband albedo prod-
uct. Both MCD43 and MOD10A1 use the Normalized Difference Snow
Index (NDSI) to detect snow cover for a MODIS pixel (Eq. (3)):

NDSI ¼ Band 4−Band 6
Band 4þ Band 6

: ð2Þ

The NDSI exploits the high reflectance of snow in the visible part of
the spectrum using Band 4 (545–565 nm) and strong absorption in
the near-infrared using Band 6 (1628–1652 nm). Due to a failure of
Band 6 shortly after launch, MODIS/Aqua NDSI substitutes Band 6
with Band 7 (2105–2155 nm) reflectance (Hall & Riggs, 2007). For
non-forested landscapes, a pixel is classified as snow when the NDSI is
greater than 0.4. The low reflectance of forest canopies necessitates
using the NDSI in conjunction with the normalized difference vegeta-
tion index (NDVI) to detect snow cover under the canopy (Klein, Hall,
& Riggs, 1998):

NDVI ¼ Band 1−Band 2
Band 1þ Band 2

: ð3Þ

Use of the NDVI exploits the increase in the visible using Band 1
(620–670 nm) with respect to reflectance in the NIR using Band 2
(841–876 nm). Forested areas are classified as snow-covered if the
NDSI is between 0.1 and 0.4 and if the NDVI is ~0.1 (Klein et al., 1998;
Riggs, Hall, & Salomonson, 2006).

2.3.1. MCD43 BRDF/Albedo product
Within the MCD43 V005 product suite, we evaluated the MCD43A4

Nadir BRDF-Adjusted Reflectance (NBAR) product and the MCD43A3
nce and surface albedo over a mixed-use, temperate forest landscape
://dx.doi.org/10.1016/j.rse.2014.11.023
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standard BRDF/Albedo product (Schaaf et al., 2002, 2011). The semi-
empirical linear kernel-driven BRDFmodel characterizes the anisotropy
of the surface, accounting for optical geometry, volumetric scattering,
view angle, and solar zenith angle and is used to produce BRDF param-
eter weights for a full model inversion (high quality), given that at least
seven cloud-free observations are available to adequately sample the
angular anisotropy during a 16-day period. If a BRDF model cannot be
fit to the data, or the data available are too few or inappropriate to
capture the angular variation, a single day observation (in this case
2013-03-09) is used for a magnitude inversion with the a priori back-
up algorithm information updated from the latest full model inversion
and the BRDF parameters. Magnitude inversionMCD43A3 BRDF/Albedo
data are assigned a poor quality flag.

The MCD43A4 NBAR product is computed for MODIS spectral bands
1–7 (Table 3) at local solar noon for a given 16-day period. The compu-
tation removes view angle effects from directional reflectances,
resulting in a more stable and consistent product for comparison with
ground- and tower-based observations.

The BRDF/Albedo (MCD43A3) product includes bihemispherical re-
flectance (white-sky albedo) and directional–hemispherical reflectance
(black-sky albedo) at local solar noon as spectral and shortwave broad-
band quantities at 500-m sinusoidal gridded resolution (Schaaf et al.,
2002; Schaaf et al., 2011). The linear combination of diffuse and direct
components, known as blue-sky albedo (AΛiso), at a given solar geome-
try (Ωs), can be calculated based on the proportion of diffuse illumina-
tion for a totally absorbing lower boundary (D0λ) using the following
equation (Román et al., 2010):

AΛiso ¼ f isoΛ þ 1−D0Λð Þ f volΛKvol Ωsð Þ þ f geoΛKgeo Ωsð Þ
h i

þD0Λ f volΛKvol Ωsð Þ þ f geoΛKgeo Ωsð Þ
h i ð4Þ

where Λ is a MODIS waveband (Table 3), D0 is the proportion of diffuse
illumination for a totally absorbing lower boundary,K is the directional-
hemispherical integral, fxΛ is the RossThick–LiSparse Reciprocal
Bidirectional Reflectance Factor (BRF), and the subscript x indicates
isotropic (iso) scattering, geometric-optic (geo) surface scattering, and
volumetric (vol) scattering.

Narrowband (αi; Table 3)MCD43A3 blue-sky albedo data were con-
verted to shortwave broadband albedo (αsw) for snow-covered surfaces
after Stroeve et al. (2005):

asw ¼ 0:1574α1 þ 0:2789α2 þ 0:3829α3 þ 0:1131α5
þ 0:0694α7−0:0093: ð5Þ

High quality (full inversion) MCD43A3 albedo data were not avail-
able for the 16-day period surrounding 2013-03-09. Instead, a local
magnitude inversion was run for the TF and BF HSI study areas, with a
modeling assumption of completely clear skies (e.g., little to no scatter-
ing from cloud and aerosol) and using only MODIS retrievals for 2013-
03-09. The assumption of clear atmospheric conditions was supported
by ground-based observations by the ground validation team, clear
skies identified in Aqua reflectance imagery, and aerosol optical thick-
ness of 0.05 measured at the Thompson Farm Research Station by the
Table 3
MODIS bands used in this study.

MODIS band Spectral range (nm)

1 620–670
2 841–876
3 459–479
4 545–565
5 1230–1250
6 1628–1652
7 2105–2155
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AERONET Cimel Spectral Radiometer (sun photometer). Clear sky data
from 2013-03-10 were not included in the BRDF model because of ex-
tensive snowmelt observed in the Thompson Farm Study Area. The lo-
cally run Collection V005MCD43 magnitude inversion was flagged as a
poor quality BRDF/Albedo product for 2013-03-09.

2.3.2. MOD10A1 daily snow-covered albedo
TheMODIS/Terra SnowCover Daily L3 global 500mgridded product

(MOD10A1) was retrieved from the National Snow and Ice Data Center
(NSIDC) (Hall et al., 2006). MOD10A1 daily shortwave broadband
albedo is produced for cloud-free, snow-covered pixels using the atmo-
spherically corrected MODIS/Terra surface reflectance product
(MOD09GHK) and uses bidirectional reflectance distribution function
(BRDF) look up tables to correct for surface anisotropy based on solar
zenith angle, sensor zenith, relative azimuth at the time of Terra
overpass together with surface slope, aspect and MCD12Q1 land cover
type (see Klein and Stroeve (2002) for more detail on theMOD10A1 al-
gorithm). In MOD10A1, albedo estimates for snow-covered pixels in
non-forested areas are adjusted for anisotropic scattering effects using
the DIScrete Ordinates Radiative Transfer (DISORT) model and snow
optical properties (Klein & Stroeve, 2002); forested land cover types
identified in MCD12Q1 are assumed to be Lambertian reflectors in
MOD10A1 and no BRDF corrections are applied.

2.3.3. MCD12Q1 land cover
The MODIS Terra/Aqua Combined Annual L3 Global 500-m land

cover dataset (MCD12Q1) is created using a supervised classification
methodology described in more detail in Friedl et al. (2002, 2010).
Our analysis used the International Geosphere–Biosphere Programme
(IGBP) classification scheme, and included deciduous broadleaf, mixed
forest, cropland/natural mosaic, and urban & built-up land cover classes
in the two study areas (Fig. 1). Cropland/natural mosaic is defined as
“lands with a mosaic of croplands, forests, shrubland, and grasslands
inwhich no one component comprisesmore than 60% of the landscape”
(Friedl et al., 2002).

2.4. Landsat 5 data

Landsat 5 Thematic Mapper (TM) data at 30-m spatial resolution
were retrieved from the United States Geological Survey (USGS) and
used to assess spatial representativeness of the TF and BF research
areas in the presence of snow cover. Top of the atmosphere spectral re-
flectances were derived from radiometric calibration of Level 1 Digital
Number (DN) using solar irradiance tables with the view and illumina-
tion conditions at the time of satellite overpass. Directional surface
reflectance was then produced using atmospheric corrections provided
by the Second Simulation of the Satellite Signal in the Solar Spectrum
(6S) radiative transfer code (Kotchenova, Vermote, Matarrese, &
Klemm, 2006; Vermote et al., 1997). Shortwave reflectance (rsw) was
calculated using narrowband (ri) to broadband coefficients specific to
Landsat data (Liang, 2001):

rsw ¼ 0:356r1 þ 0:130r3 þ 0:373r4 þ 0:085r5 þ 0:072r7−0:0018: ð6Þ

The shortwave reflectance is then converted to albedo using an An-
isotropic Reflectance Factor (ARF) taken from the nearest available pure
high quality MODIS pixel adjacent to the tower site and comprised of
the same land cover class (Shuai, Masek, Gao, & Schaaf, 2011).

3. Methods

3.1. Spatial representativeness metrics

Because the tower footprint diameters for TFP (18.9 m), TFC
(379 m), and BF (315 m) are substantially smaller than the size of a
500-m MODIS pixel, we used a variogram model (Carroll & Cressie,
nce and surface albedo over a mixed-use, temperate forest landscape
://dx.doi.org/10.1016/j.rse.2014.11.023
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1996) to assess the spatial representativeness of the TFC and BF mea-
surement footprints relative to the MODIS measurement footprint.
The range (a), sill (c), and nugget effect (co) are the spatial attributes
modified to fit a spherical model to the variogram estimator (for more
detailed description of the variogram model, see Román et al., 2009;
Román et al., 2010; Wang et al., 2014).

The range (a) describes the average patch size of the landscape at
which there is no further correlation of biophysical property associated
with the point of interest (e.g., the tower location). In the casewhere the
satellite footprint is larger than the measurement footprint, the range
value of a spatially representative site should be equal to or less than
that of the satellite.

The sill (c) describes the maximum semivariance (or maximum
overall variation) and is the value of the range at which the variogram
levels to an asymptote (Fig. 4). A smaller sill value is indicative of a
more homogeneous surface for which ground measurements are
more spatially representative. Larger sill values point toward more
heterogeneous landscape structure.

The nugget effect (co) describes the value at which the variogram
does not reach zero variance at a lag distance h = 0 and depends on
the variance associated with small-scale variability, measurement
errors, or a combination of both (Noreus, Nyborg, & Hayling, 1997).
The nugget effect is indicative of pure random variation.

In addition to the sill, range, and nugget effect, several geostatistical
attributes of spatial representativeness are derived from the
semivariogram model (Román et al., 2009). These include the relative
coefficient of variation (RCV), the scale requirement index (RSE), the
Fig. 4.Top-of-Atmosphere shortwave reflectance composite of Landsat 5 TM(bands7, 4, and2) a
and sample variance (solid straight lines) using 0.3 km (asterisks), 1.0 km (diamonds), and 1.5
site and (B) Bartlett Experimental Forest (BF) tower site.
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relative proportion of structural variation (RSV), and the relative
strength of spatial correlation (RST) (for detailed description of these
attributes; see Román et al., 2009).

For RCV, a spatially representative site should have a value that ap-
proaches zero because the overall variability between the components
internal to the groundmeasurement site should be similar inmagnitude
to the external landscape included in the satellite footprint. A large pos-
itive value is indicative of greater variability in the landscape external to
the assessed spatial scale (here 0.3 km, a proxy for the tower footprint)
while a negative value is indicative of greater variability within the
assessed scale (Román et al., 2009).

TheRSE examines the variogram range of two spatial extentswith re-
spect to the tower instrument field of view. Spatially representative
ground measurement sites should have RSE values between 0 and
≈0.243%.

The RSV is a function of the range (a), nugget (co), sill (c), and
variogram estimator and accounts for the relative change in structural
variation with increasing field of view. Large positive values for RSV
occur when landscape patchiness increases from the assessed scale
(0.3 km) to the reference scale (here, 1.0 km). Large negative values
indicate that patchiness of the extended footprint is less than the patch-
iness within the assessed subset footprint.

The RST provides an indicator for whether outliers lie within the
small subset footprint or are external to the smallest subset footprint.
Negative RST values indicate outliers are more commonly occurring
within the small subset while positive RST values are attributed to out-
liers external to the smallest subset.
nd semivariogram function, variogramestimator (points), sphericalmodel (dotted curve),
km (squares) satellite subsets centered over the (A) Thompson Farm Canopy (TFC) tower

nce and surface albedo over a mixed-use, temperate forest landscape
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3.2. Ground and tower HSI comparison protocols

3.2.1. Spectral radiance, HCRF, and albedo
Ground- and tower-based spectral radiance, HCRF, and albedo were

compared to HSI radiance and reflectance spatially subsetted from the
HSI imagery for the TFC and BF tower footprints and for the TFP transect.
Above the canopy at TFC, spectral albedomeasurements were collected
using the ASD/RCR; no radiance or HCRF data were collected. TFC spec-
tral albedo tower measurements were compared to HSI spectral
reflectance.
3.2.2. Shortwave broadband albedo
Shortwave broadband albedo at the TFC and TFP tower sites was cal-

culated as the sum of 30-minute averaged incoming values divided by
the sum of 30-minute averaged reflected values collected between
1600 and 1730 GMT. The CM3 pyranometer data collected from the BF
flux tower were retrieved through the AmeriFlux network website
(http://public.ornl.gov/ameriflux/). Shortwave broadband albedo at BF
was calculated as the sum of 30-minute averaged incoming values
divided by the sum of 30-minute averaged reflected values collected
between 1530 and 1630 GMT.

Shortwave broadband albedowas estimated fromHSI surface reflec-
tance by multiplying the 360 HSI reflectance bands by downwelling
spectral irradiance and dividing the product by total irradiance
400 nm to 2450 nm. Downwelling irradiance spectra were modeled
using Simple Model for Atmospheric Radiative Transfer of Sunshine
(SMARTS v2.9.5; Gueymard, 1995; 2001). Irradiance simulations used
atmospheric pressure data from the above-canopy meteorological sta-
tion and aerosol optical depth (0.05) from the Aerosol RObotic NETwork
(AERONET; http://aeronet.gsfc.nasa.gov/) station. The meteorological
station and the AERONET station are located at the top of a walk-up
tower above the forest canopy at Thompson Farm located about 40-m
southeast of the TFC tower where above-canopy albedo was measured
(Fig. 2C). The resultant HSI shortwave broadband albedo imagery was
spatially subsetted for the TFP tower footprint, the TFC tower footprint
and the BF tower footprint.
Table 4
Geostatistical attributes of spatial representativeness at Thompson Farm Canopy (TFC)
and Bartlett Experimental Forest (BF) tower sites.

TFC BF
3.3. HSI and MODIS comparison protocols

3.3.1. HSI and MCD43A4 NBAR
HSI reflectance comparisons to MCD43A4 were limited to the

Thompson Farm Study Area because the timing of overflight was the
only acquisition close enough to local solar noon (1651 GMT), minimiz-
ing the effects of solar illumination geometry in the comparison. During
image acquisition, the roll of the aircraft ranged from −1.511° and
2.333° and the pitch ranged from 0.136° to 1.330°. Therefore no BRDF-
adjustments were attempted with the HSI reflectance data.

HSI reflectance imagery andMCD43A4NBAR datawere re-projected
to a common datum (World Geodetic System (WGS) 1984 Universal
Transverse Mercator (UTM), Zone 19 N) and zonal statistics (mean,
standard deviation) were reported from the 5 m HSI pixels that fell
within the boundaries of the 183 MCD43A4 ~500 m grid cells over the
Thompson Farm Study Area.
Landsat 5 acquisition date 04-Mar-2009 20-Mar-2009
Ground conditions Snow-covered Snow-covered
Tower footprint 379 m 315 m
Range0.3 km 164.09 m 160.21 m
Range1.0 km 314.94 m 232.36 m
Range1.5 km 328.52 m 244.3 m
RCV 10.61% 18.52%
RSE 7.40% 9.132%
RST 62.99% 30.94%
RSV 71.61% 21.94%
Sill0.3 km 0.00831 0.002617
Sill1.0 km 0.02729 0.002362
Sill1.5 km 0.02042 0.002564
3.3.2. HSI and MODIS shortwave broadband albedo
HSI, MCD43A3, and MOD10A1 shortwave broadband albedo were

re-projected to a common datum and projection (WGS 1984 UTM
19 N) and zonal statistics were reported from the 5 m HSI pixels that
fell within the ~500 m MODIS grid cells for the TF and BF study areas.
Zonal statistics were also reported for the four MCD12Q1 IGBP land
cover classes available: (1) deciduous broadleaf (TF and BF),
(2) mixed forest (TF and BF), (3) urban and built-up (TF only), and
(4) cropland natural/mosaic (TF only).
Please cite this article as: Burakowski, E.A., et al., Spatial scaling of reflecta
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4. Results and discussion

4.1. Spatial representativeness

4.1.1. Spatial representativeness of TF study area
The TFC tower site was analyzed for spatial representativeness com-

pared to the MODIS fields of view by averaging the 30 m Landsat TM
data to 0.3 km, 1.0 km, and 1.5 km fields of view. In this analysis, the
0.3 km subset serves as a proxy for the TFC tower footprint and
1.0 km subset encompasses the variation attributable to the MODIS
0.5 km grid cell. While the MODIS retrievals were provided on a
0.5 km grid, the use of multiple multi-angle inputs result in values
that are generally considered more applicable to an 800 m region
(Wolfe et al., 2002). As the TFC and TFP tower sites are in close proxim-
ity to each other and located within the same gridded 500 m MODIS
pixel (Fig. 2); spatial representativeness of both tower sites is assumed
to be similar.

The TFC tower site is located in a mixed forest and the northeastern
extent of the tower footprint captures the edge of the snow-covered
pasture (Fig. 4A). Based on Landsat imagery acquired 04-Mar-2009,
sill (c) values at TFC are relatively large, ranging from 0.00831 at
0.3 km, 0.02261 at 1.0 km, and 0.02042 at 1.5 km (Fig. 4A; Table 4).
The range (a) is 164.09 m for the 0.3 km statistical area, increasing to
314.94 m at 1.0 km and to 328.52 m at 1.5 km. When the Landsat 5
TM footprint was increased from 0.3 km to 1.0 km, the relative coeffi-
cient of variation (RCV) increased by 10.61%, the relative strength of
spatial correlation (RST) increased by 62.99%, the relative proportion of
structural variation (RSV) increased 71.61%, and the relative scale re-
quirement index (RSE) increased by 7.40% (Table 4). The maximum
semi-variance (sill) values at Thompson Farm were greater than
0.001, indicative of a spatially heterogeneous tower site (Fig. 4A;
Table 4). The high spatial heterogeneity of all subsets, based on the
large snowpatches visible in the pasture, suggest that direct assessment
between the tower footprint and MODIS albedo is not suitable for the
Thompson Farm Canopy tower site during periods of snow cover. Use
of intermediate resolution (e.g., HSI) data is necessary for comparison
of ground-based measurements to MODIS.
4.1.2. Spatial representativeness of BF study area
During periods of snow-cover, the access road that runs through the

BF tower footprint is clearly visible (Fig. 4B). Snow can be seen through
the canopy to varying degrees throughout the Landsat scene, likely de-
pendent on stand density and tree species. Two recently harvested areas
located south of the tower footprint can also be detected by their
brighter snow cover within the 1.0 km area.

At BF, sill (c) values span from .002617 at 0.3 km, 0.002362 at 1.0 km,
and 0.002564 at 1.5 km (Fig. 4B; Table 4). At BF, geostatistical attributes
nce and surface albedo over a mixed-use, temperate forest landscape
://dx.doi.org/10.1016/j.rse.2014.11.023
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Fig. 7. HSI canopy reflectance vs. ASD with RCR foreoptic canopy albedo at Thompson
Farm Canopy (TFC) shown for the visible wavelengths (colored triangles) and 1030 nm
NIR wavelength (cyan square). Dashed lines represent ±0.05 absolute accuracy require-
ment recommended by Henderson-Sellers and Wilson (1983).

Fig. 5. ASD spectroradiometer radiance (red) and HSI (black line) radiance (W/cm−2 sr−1

nm−1) collected on 2013-03-09 along the TFP transect. Timing of data collection is indicat-
ed in parentheses. Gray shading indicates range in HSI radiance values along the 46.6-m
transect. Dashed red lines indicate 95% confidence intervals of ASD spectroradiometer
samples along transect.
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RST (30.938%), and RSV (21.940%) were lower than respective values at
the TFC tower site while RSE (9.13%) and RCV (18.52%) were greater
than at TFC (Table 4). As with TFC, the high maximum semi-variance
values are indicative of a spatially heterogeneous landscape in the pres-
ence of snow. Unlike TFC, however, the semi-variance values at BF do
not increase dramatically with spatial scale. The spatial heterogeneity
was most likely influenced by patch harvests to the south of the
tower, the access road within the tower footprint, and the variable
stand density and species distribution within and outside of the
~0.3 km tower footprint. Given the detected high spatial heterogeneity
at the BF tower site in winter, use of intermediate resolution (e.g., HSI)
Fig. 6. Average HSI reflectance within tower footprint (blue line), ASD with 25° FOV bare
fiber (gray) reflectance, and ASDwith RCR foreoptic (black) albedo collected on 2013-03-
09 at (a) TFP transect and (b) TFC. Blue shaded region represents the range of HSI pixel
values collocated along the transect or within the tower footprint. Dashed lines show
the 95% confidence intervals.
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data is warranted to facilitate comparison of ground-based measure-
ments to MODIS footprints during periods of snow cover.

4.2. Ground- and tower-based HSI comparison

4.2.1. ASD spectrometer and HSI radiance
At TFP, mean spatially averaged 5 m HSI radiance (W/cm−2 sr−1

nm−1) within the TFP transect footprint compared well to ground-
based radiance collected with the ASD spectroradiometer and 25° FOV
bare fiber (Fig. 5). Mean HSI radiance fell within the ASD radiance 95%
confidence intervals throughout most of the Visible/Near Infrared
(VNIR) and Shortwave Infrared (SWIR). The upper range in HSI radi-
ance at TFP was greater than the ASD radiance 95% confidence intervals
in the VNIR.

4.2.2. ASD spectrometer and HSI HCRF and albedo
Ground-based HCRF collected using the 25° FOV bare fiber along the

46.6-m transect at TFPwere compared toMODTRAN-processed 5mHSI
reflectance pixels spatially averaged within the transect footprint. The
steep decline in HSI reflectance below 450 nm (Fig. 6a) was not
observed in the ground-based ASD 25° FOV HCRF or in the ASD with
RCR foreoptic spectral albedo measurements. The underestimation of
HSI reflectance in the visible part of the spectrum at TFP could be an at-
mospheric artifact caused by scattering of light by aerosols and water
vapor located between the sensor mounted on the plane and the target
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Fig. 8. Spectral albedo measured using the ASD FieldSpec4 and RCR (180° FOV) foreoptic
above a dormant deciduous broadleaf canopy under a range of snow depths (cm) and
solar zenith angles (°).
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Table 5
Shortwave broadband albedo from tower-based groundvalidation sites andHSI pixels col-
located with the tower footprints.

Site Land cover Snow
depth
(cm)

Tower-based
albedo

HSI
2013-03-09

Albedo SZAb

TFP Dead pasture grass 11.0 0.71 0.67 48°
TFC Dormant decid.

broadleaf
25.4 0.17 0.19 48°

BF Dormant decid.
broadleaf

50–75a 0.19 0.18 50°

a Estimated from Snow Data Assimilation (SNODAS) data product (NOHRSC, 2004).
b Solar zenith angle.
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on the ground (Vermote, El Saleous, & Justice, 2002). Given the strong
correspondence betweenHSI radiance andASD spectroradiometer radi-
ance (Section 4.2.1), we suspect that overcorrection for atmospheric
scattering during the processing of radiance to surface reflectance con-
tributed to the steep decline in HSI reflectance relative to surface-based
ASD spectroradiometer measurements.

Above the canopy at TFC, the mean spatially averaged 5 m HSI spec-
tral albedo fell within±0.05 compared to tower footprint ASDwithRCR
foreoptic albedo throughout visible and NIR wavelengths, though the
range in HSI visible albedo was much greater than the ASD tower-
based spectral albedo (Fig. 6b). The largest differences between HSI
albedo and ASD with RCR foreoptic spectral albedo occurred at wave-
lengths below 450 nm but fell within ±0.05 (Fig. 7). The ASD with
RCR foreoptic spectral albedo trended higher at wavelengths less than
700 nm. NIR reflectance at 1030 nm, indicative of an ice absorption
feature related to optical grain size (Warren, 1982), fell within ±0.05,
the absolute accuracy requirement for albedo recommended for use in
climate modeling studies (Henderson-Sellers & Wilson, 1983).

Above-canopy spectra collected using the ASD with RCR foreoptic
between 2012-03-08 and 2013-03-09 showed an increase of 0.1–0.2
in the visible part of the spectrum when snow was present under the
bare canopy compared to snow-free, bare canopy conditions (Fig. 8).
The contrast between snow-covered and snow-free conditions was
much greater than the range in visible spectral albedo (0.03–0.04)
observed for snow depths under the canopy ranging from 6.4 cm to
39.4 cm (Fig. 8). This suggests that forest albedo may not be very
sensitive to underlying snow depth for deciduous broadleaf and
mixed forests in this region, indicative of strong vegetation masking.

In the NIR region, spectral albedo was remarkably consistent across
snow depths that ranged from 6.4 cm to 25.4 cm and SZA that ranged
from 47° to 65°, with the exception of the 2013-02-10 spectrum
(39.4 cm snow depth, 57° SZA), in which spectral albedo was 0.08–
0.09 higher at wavelengths 1200–1350 nm. The higher NIR albedo on
2013-02-10 could be indicative of smaller grain sizes and lower liquid
water content, given the low density of the snowpack (178 kg m−3)
compared to the other sampling dates when snow density ranged
from 285 kg m−3 to 448 kg m−3 (Table 2). The decrease in NIR albedo
with increasing snow density suggests that changes in grain size and
or presence of liquid water and melting on the snowpack could be
Table 6
Bias and root mean square error (RMSE) between of MCD43A4 magnitude inversion NBAR an

Bias

Band λ (nm) All
pixels

Mixed
forest

Decid.
broadleaf

Urban &
built-up

Cropla
mosaic

1 620–670 −0.027 −0.027 −0.017 0.013 0.14
2 841–876 −0.012 −0.009 0.003 0.007 0.10
3 459–479 −0.048 −0.049 −0.042 −0.002 −0.06
4 545–565 −0.018 −0.019 −0.012 0.024 0.13
5 1230–1250 0.020 0.020 0.034 0.022 0.02
6 1628–1652 0.002 0.002 0.008 0.001 0.01
7 2105–2155 −0.005 −0.005 −0.001 0.003 0.00
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detectable through a forest canopy. More detailed measurements of
grain size, liquid water, and melting would be necessary to confirm
this. The snow-free spectrum collected on 2013-03-19 showed a de-
crease in visible spectrum albedo (−0.10 to −0.12) compared to
snow-covered conditions, while NIR snow-free albedo increased at
wavelengths greater than 1150 nm compared to days with snow
cover (Fig. 8).

4.2.3. Tower-based and HSI shortwave broadband albedo
Mean spatially averaged 5 m HSI shortwave broadband albedo fell

within ±0.04 at the TF Pasture site. At the TFP site, mean CMA6
tower-based albedo (0.71) was higher than HSI mean albedo (0.67)
and comparable to snow-covered grassland (0.75) in Saskatchewan,
Canada reported in Betts and Ball (1997).

At the TF Canopy and BF canopy validation sitesmeanHSI albedo fell
within ±0.02 of the tower-based CMA6 measurements (0.17 to 0.19;
Table 5). Forested values from the tower-based measurements were
comparable to the Betts and Ball (1997) winter season averaged value
of 0.21 reported over an aspen forest in Saskatchewan, Canada. Based
on comparisons with ground- and tower-based ASD spectroradiometer
observations of spectral albedo,HSI broadbandalbedo generallymet the
absolute accuracy requirement of ±0.05 for climate modeling
(Henderson-Sellers & Wilson, 1983) over mixed forest, deciduous
broadleaf forest, urban and built-up, and cropland/natural mosaic land-
scapes in New Hampshire.

Canopy shortwave broadband albedo increased by +0.04 to +0.08
when snowwas present under the bare canopy compared to snow-free,
bare canopy conditions (Table 2). However, none of the above-canopy
spectra collected between 2012-03-08 and 2013-03-09 had snow on
or within the canopy. Tower-based observations over a mixed decidu-
ous broadleaf and evergreen needleleaf forest in Finland demonstrated
an increase in shortwave broadband albedo (0.3–4.8 μm) of 0.2 for
completely snow-covered canopy conditions with underlying snow-
pack compared to snow-free, dormant conditions (Kuusinen et al.,
2012), a much larger increase than observed in this study (0.04 to
0.08; Table 2). Our results are in better agreementwith themean albedo
change observed over a Saskatchewan aspen forest (0.09), in which
dormant snow-free conditions were compared to a bare canopy with
snow on the ground (Betts & Ball, 1997). Additional analysis of spectral
albedo and shortwave broadband albedo of forest canopies with snow
cover clinging to branches would be needed to determine the impact
of canopy snow on forest albedo in the current study region.

4.3. HSI and MODIS comparison

4.3.1. HSI and MCD43A4 NBAR reflectance
For the 183 MODIS 500 m grid cells within the TF HSI study area,

MCD43A4 NBAR root mean square errors (RMSEs) for bands 5–7 fell
within ±0.04 of HSI reflectance values for the same spectral values,
and were better than expected (±0.10) for poor quality magnitude in-
versions (Table 6). Band 3 (459–479 nm) generally had the highest
RMSE's for all land cover types. The negative biases at shorter wave-
lengths could be linked to atmospheric artifacts caused by scattering
d HSI reflectance for MODIS bands 1–7, Thompson Farm Study Area.

RMSE

nd/natural All
pixels

Mixed
forest

Decid.
broadleaf

Urban &
built-up

Cropland/natural
mosaic

0 0.090 0.080 0.094 0.079 0.140
4 0.064 0.053 0.083 0.052 0.104
9 0.099 0.091 0.105 0.076 0.142
3 0.087 0.077 0.099 0.080 0.133
0 0.025 0.024 0.042 0.024 0.020
3 0.010 0.009 0.017 0.006 0.013
9 0.008 0.008 0.009 0.001 0.009
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Fig. 9. Scatterplot of (a)MOD10A1 500-mdaily broadband albedo and (b)MCD43A3 blue-
sky albedo vs. HSI 5-m broadband albedo spatially aggregated to MODIS 500-m pixels at
Thompson Farm (TF) and Bartlett Experimental Forest (BF). Solid black line is the 1:1 fit.
Dashed lines represent ±0.05 absolute accuracy requirement described by Henderson-
Sellers and Wilson (1983).

Table 7
Comparison ofHSI spatially aggregated 5-m shortwave broadband albedo toMCD43A3magnitude inversion blue-sky albedo andMOD10A1 daily blue-sky albedo 500-m pixelswithin the
TF HSI study area.

MCD12Q1 land cover Study Area αsw Bias RMSE

HSI MCD43A3 MOD10A1 MCD43A3 MOD10A1 MCD43A3 MOD10A1

Decid. broadleaf TF 0.28 0.27 0.28 −0.009 −0.002 0.077 0.085
BF 0.18 0.14 0.17 −0.036 −0.006 0.039 0.026

Mixed forest TF 0.27 0.25 0.27 −0.020 −0.006 0.059 0.059
BF 0.18 0.15 0.18 −0.035 −0.010 0.062 0.040

Cropland/natural mosaic TF 0.43 0.39 0.43 −0.037 −0.0014 0.10 0.11
Urban & built-up TF 0.31 0.32 0.34 0.017 0.037 0.056 0.067
All pixels TF – – – −0.018 −0.001 0.067 0.070

BF – – – −0.035 −0.010 0.057 0.036
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of light by aerosols and water vapor between the airborne sensor and
the satellite sensor or overcorrection for aerosols over snow targets
(Vermote et al., 2002). We also note that the MCD43A4 was based on
a single day observation using the V005 backup algorithm and therefore
are flagged as poor quality. Furthermore, HSI reflectance data were not
BRDF-adjusted and the observation footprint of MODIS (750 m to
800 m) does not necessarily match spatially inhomogeneous 500 m
MODIS grid cell in which HSI data were spatially averaged, contributing
to high RMSEs of MCD43A4 relative to HSI (Table 6).

4.3.2. MODIS and HSI broadband albedo
For the 183MODIS 500m grid cells within the TF HSI study area, the

bias in MOD10A1 shortwave broadband albedo was lower (−0.001)
than MCD43A3 magnitude inversion albedo (−0.018) relative to HSI
albedo spatially averaged to 500 m MODIS pixels, however, the overall
RMSE for MOD10A1 (0.070) was greater than MCD43A3 (0.067)
(Table 7). Similar to TF, MOD10A1 biases at BF were lower than
MCD43A3 (−0.035), however, RMSEs were lower for MOD10A1
(0.036) compared to MCD43A3.

MOD10A1 500-m daily snow albedo biases in were weaker than
MCD43A3 for deciduous broadleaf and mixed forest (Table 7). The
lower biases in MOD10A1 may be due to the assumption that forests
are Lambertian reflectors in MOD10A1; furthermore HSI albedo is not
BRDF-adjusted. In addition, the MCD43A3 retrieval for 2013-03-09
was flagged as poor quality because it only included one BRDF retrieval
on the day of the HSI flight. It is probable that the biases over forest
would be reduced if high quality, full inversion MCD43A3 data were
available.

MCD43A3 and MOD10A1 shortwave broadband albedo generally
fell within ±0.04 of spatially averaged HSI albedo for the mixed forest
and deciduous broadleaf forest MCD12Q1 pixels at BF (Fig. 9).
MCD43A3 falls within the expected ±0.10 for poor quality magnitude
inversion products in the MCD43 general accuracy statement.

Over urban & built-up pixels, MOD10A1 had a much larger bias and
RMSE than MCD43A3 (Table 7). RMSEs over cropland/natural mosaic
were comparable for MOD10A1 and MCD43A3, though biases were
substantially smaller for MOD10A1 than for MCD43A3. Among the
land cover classes analyzed, cropland/natural mosaic had the greatest
bias and RMSE. The poor agreement betweenHSI andMODIS shortwave
broadband albedo for ‘cropland/natural mosaic’ pixels was not surpris-
ing, given the heterogeneous nature of this land cover class, which is
assigned to MODIS pixels with no more than 60% of the total land area
being classified as any other land cover class by MCD12Q1 algorithms.
Amixture of bright snow-covered landscapeswith contrasting dark for-
est canopies could contribute to less accurate MODIS albedo retrievals.

The MCD43A3 RMSEs relative to HSI in this study are higher than
reported in previous studies that evaluated MCD43A3 over spatially
representative tower sites for snow-covered forests (Table 8; Wang
et al., 2014) though they are comparable to RMSEs of snow-covered
agriculture/grassland land cover types (Table 8; Wang et al., 2014).

In our comparison of HSI and MCD43A3 V005 albedo, we identified
higher RMSEs for snow-covered forests, ranging from 0.039 to 0.077,
Please cite this article as: Burakowski, E.A., et al., Spatial scaling of reflecta
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than the Wang et al. (2014) RMSE (0.025) for 1-day daily magnitude
inversion MCD43A3 V005 product over spatially representative snow-
covered forests (Table 8). Previous studies indicate that RMSEs general-
ly decrease for a high quality full inversion compared to poor quality
magnitude inversion products (Table 8; Wang et al., 2012, 2014). As
such, one could expect that the RMSEs over heterogeneous landscapes
such as those studied here would decrease for high quality (full inver-
sion) MCD43A3 BRDF-adjusted albedo.

The higher RMSE reported in this study over cropland/natural mosa-
ic (0.10) were nearly double the RMSE for grassland and cropland
snow-covered landscapes in previous studies (Wang et al., 2014;
Wright et al., 2014; Wang et al., 2012; Stroeve et al., 2013; Table 8).
The higher RMSEs reported here for cropland/natural mosaic compared
nce and surface albedo over a mixed-use, temperate forest landscape
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Table 8
RMSE and bias from previous MODIS snow albedo validation studies using MCD43A3 (terra and aqua combined).

Study Land cover MODIS dataset RMSE Bias

This study (BF) Decid. broadleaf MCD43A3 V005 1-day daily magnitude 0.039 −0.036
Mixed forest MCD43A3 V005 1-day daily magnitude 0.062 −0.035

This study (TF) Decid. broadleaf MCD43A3 V005 1-day daily magnitude 0.077 −0.009
Mixed forest MCD43A3 V005 1-day daily magnitude 0.059 −0.020
Urban & built-up MCD43A3 V005 1-day daily magnitude 0.056 +0.017
Cropland/Natural Mosaic MCD43A3 V005 1-day daily magnitude 0.100 −0.037

Wang et al. (2014) Forest MCD43A3 V005 1-day daily magnitude 0.025 ±0.023
Forest MCD43A3 V005 16-day daily full 0.005 ±0.005
Forest MCD43A3 V005 16-day daily magnitude 0.025 ±0.023
Forest MCD43A3 V005 16-day standard full 0.005 ±0.005
Forest MCD43A3 V005 16-day standard magnitude 0.025 ±0.025
Agriculture/grassland MCD43A3 V005 1-day daily magnitude 0.041 ±0.025
Agriculture/grassland MCD43A3 V005 16-day daily full 0.041 ±0.027
Agriculture/grassland MCD43A3 V005 16-day daily magnitude 0.046 ±0.026
Agriculture/grassland MCD43A3 V005 16-day standard full 0.022 ±0.018
Agriculture/grassland MCD43A3 V005 16-day standard magnitude 0.050 ±0.030

Wright et al. (2014) Greenland ice sheet MCD43A3 V005 DB full 0.033 +0.023
Greenland ice sheet MCD43A3 V005 DB full and magnitude 0.035 +0.027
Greenland ice sheet MCD43A3 V006 0.026 −0.015

Wang et al. (2012) Tundra MCD43A3 V005 1-day daily 0.033 ±0.018
Tundra MCD43A3 V005 16-day daily 0.047 ±0.024
Tundra MCD43A3 V005 16-day standard 0.045 ±0.045

Stroeve et al. (2013) Greenland ice sheet MCD43A3 V005 16-day standard, full 0.067 +0.022
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to previous studies were likely due to a combination of fewer available
cloud-free days available for local magnitude inversion (flagged as poor
quality) and the high spatial heterogeneity in our study area and be-
cause this land cover class has a variable range in area of exposed
snow that is more sensitive to BRDF corrections used in the magnitude
inversion to account for anisotropy in both MOD10A1 and MCD43A3.

5. Conclusions and future work

This study spatially scaled ground- and tower-based and airborne
HSI to MODIS reflectance quantities over mixed forest, deciduous
broadleaf forest, urban and built-up, and cropland/natural mosaic
snow-covered landscapes in New Hampshire, USA. The ground valida-
tion of HSI radiance, HCRF, spectral and shortwave broadband albedo
demonstrated that high resolution HSI data is well suited for providing
accurate albedo over forested and mixed-landscapes in the presence of
snow and scaling to coarser resolution remote sensing products such as
MODIS. Spectral albedo of snow-covered pasture was underestimated
by HSI relative to ground-based measurements in the visible part of the
spectrum and was strongly underestimated – by up to −0.5 – at wave-
lengths less than 450 nm. We attributed this to atmospheric absorption
artifacts and recommend that future efforts on remote sensing of albedo
over snow-covered surfaces focus on improving atmospheric corrections
in this portion of the spectrum. Such efforts would be valuable for better
prediction of surface albedo over snow-covered surfaces and modeling
climate responses to snow-cover dynamics.

HSI surface reflectance and albedo over a bare deciduous broadleaf
canopy with underlying snow cover in New Hampshire agreed well
with tower-based measurements and generally met the absolute accu-
racy requirement of ±0.05 recommended for climate modeling
(Henderson-Sellers & Wilson, 1983).

Currently, Coupled Model Intercomparison Project (CMIP5) models
exhibit a five-fold spread in the change in surface snow albedo associat-
ed with a 1 °C change in surface air temperature, predominantly due to
varying treatments of vegetation masking of snow by forest canopies
(Qu & Hall, 2014). The research presented here demonstrates that
variations in snow depth under the canopy do not influence canopy
albedo by more than ±0.04 and that the presence of snow under the
canopy increases albedo by atmost+0.08. This suggests strong vegeta-
tion masking of snow in the study region though additional research is
necessary to understand the duration and influence of canopy snow on
surface albedo. This could help to improve parameterization of surface
Please cite this article as: Burakowski, E.A., et al., Spatial scaling of reflecta
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albedo for temperature deciduous broadleaf and mixed forests during
periods of snow cover in land surface models used by global climate
models (GCMs). The tower-based spectral albedo measurements and
HSI albedo collected over forest canopies during dormant, snow-free
conditions and with snow under the canopy will also contribute to
more accurate evaluation of spectral remote sensing products
(e.g., Suomi-NPP VIIRS, Landsat-8/OLI, Sentinel-2, and HyspIRI) and ex-
pand existing spectral libraries used in detection and modeling of sur-
face reflectance properties.

This study demonstrated that bothMCD43A3 albedo andMOD10A1
snow albedo performedwell over forested landscapes relative to HSI al-
bedo data that had been validated with ground-based measurements,
with biases less than±0.04 for the four IGBP land cover classes evaluat-
ed (deciduous broadleaf, mixed forest, cropland/natural mosaic, and
urban & built-up). In general, theMCD43A3 poor quality magnitude in-
version product performed better than expected; the RMSEs reported
here were greater than previously reported high quality, full inversion
products over spatially representative validation sites. MOD10A1 daily
snow albedo product biases and RMSEs relative to HSI were lower
than poor-quality MCD43A3 BRDF-adjusted albedo product over decid-
uous broadleaf forest, mixed forest, and cropland/natural mosaic. Over
urban & built-up land cover, poor quality MCD43A3 performed better
than MOD10A1. Evaluation of the key differences in MODIS daily
snow albedo products warrants further investigation over a range of
snow conditions and forest compositions given that the conclusions
presented in this study are based on relatively poor quality MCD43A3
local magnitude inversion albedo product.
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