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Federal  land  management  agencies  provide  stewardship  over  much  of  the rangelands  in the  arid  and
semi-arid  western  United  States,  but they  often  lack  data  of  the  proper  spatiotemporal  resolution  and
extent  needed  to assess  range  conditions  and  monitor  trends.  Recent  advances  in the blending  of com-
plementary,  remotely  sensed  data  could  provide  public  lands  managers  with  the needed  information.
We  applied  the  Spatial  and  Temporal  Adaptive  Reflectance  Fusion  Model  (STARFM)  to  five  Landsat  TM
and  concurrent  Terra  MODIS  scenes,  and  used  pixel-based  regression  and  difference  image  analyses  to
evaluate  the  quality  of  synthetic  reflectance  and  NDVI  products  associated  with  semi-arid  rangeland.  Pre-
dicted  red  reflectance  data  consistently  demonstrated  higher  accuracy,  less  bias,  and  stronger  correlation
with  observed  data  than  did  analogous  near-infrared  (NIR)  data. The  accuracy  of  both  bands  tended  to
decline  as  the lag  between  base  and  prediction  dates  increased;  however,  mean  absolute  errors  (MAE)
were  typically  ≤10%.  The  quality  of area-wide  NDVI  estimates  was  less  consistent  than  either  spectral
band,  although  the MAE  of  estimates  predicted  using  early  season  base  pairs were  ≤10%  throughout  the
growing  season.  Correlation  between  known  and  predicted  NDVI  values  and  agreement  with  the  1:1

regression  line  tended  to decline  as the prediction  lag increased.  Further  analyses  of  NDVI  predictions,
based  on  a 22  June  base  pair  and  stratified  by land  cover/land  use  (LCLU),  revealed  accurate  estimates
through  the  growing  season;  however,  inter-class  performance  varied.  This work  demonstrates  the suc-
cessful  application  of  the  STARFM  algorithm  to semi-arid  rangeland;  however,  we encourage  evaluation
of  STARFM’s  performance  on  a per product  basis,  stratified  by  LCLU,  with  attention  given to  the  influence

 the  i
of  base  pair  selection  and

. Introduction

Society depends on the goods and services provided by healthy
angeland ecosystems. Proper functioning rangelands provide
iverse ecosystem services, including water and nutrient cycling,
iodiversity, climate regulation, recreation opportunities, and cul-
ural heritage, in addition to the doctrinal role of forage production
or wildlife and domestic livestock (James et al., 2003; Millennium
cosystem Assessment, 2005). Permanent grassland pasture and
angelands comprise over one-fourth of the United States’ land base
nd are second only to forestland in total acreage (Nickerson et al.,
011). The Bureau of Land Management (BLM) and the U.S. Forest

ervice (USFS) manage the majority of federally owned rangelands
National Research Council, 1994), including much of the 120 mil-
ion hectares in arid and semi-arid regions of eight western states

∗ Corresponding author. Tel.: +1 406 994 6269; fax: +1 406 994 6556.
E-mail address: eolexa@usgs.gov (E.M. Olexa).

 – see front matter. Published by Elsevier B.V.
ttp://dx.doi.org/10.1016/j.jag.2014.01.008
569-8432/$
mpact  of the time  lag.
Published  by  Elsevier  B.V.

(Nickerson et al., 2011). Stewardship of these western rangelands
requires condition assessment and trend monitoring using objec-
tive, detailed information about dynamic vegetation characteristics
(Booth and Tueller, 2003; West, 2003) associated with local land
cover and land use classes. Evaluating the influence of grazing on
rangeland, however, is often problematic due to a lack of spatial
and temporal data with sufficient resolution capable of reveal-
ing intra- and inter-annual patterns of vegetation response and
changes in forage production at the sub-pasture level and across
large extents (Blanco et al., 2009; Booth and Tueller, 2003; Bradley
and O’Sullivan, 2011; West, 2003). These data limitations and
insufficient resources allocated to monitoring rangeland vegetation
(Fernandez-Gimenez et al., 2005) likely limit determination of the
efficacy and duration of other management activities such as pre-
scribed fire and chemical treatment of sagebrush (Artemisia spp.).
Data  collected by a suite of previously active and currently
extant earth observing satellites (EOS) can provide an efficient
and cost effective alternative or addition to traditional field-based
range evaluation methods (Eisfelder et al., 2012; Hunt and Miyake,
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https://www.sciencedirect.com/science/journal/15698432
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of approximately 160 mm west of the Little Colorado Desert,
Wyoming, to >1840 mm in the Wasatch Range in Utah (PRISM
E.M. Olexa, R.L. Lawrence / International Journal of App

006; Pickup and Chewings, 1994; Ramsey et al., 2004). Remotely
ensed (RS) data can be used to measure biophysical and phenolog-
cal characteristics of vegetation at multiple spatiotemporal scales
nd extents (Coops et al., 2012; Jensen, 1983; Kerr and Ostrovsky,
003; Washington-Allen et al., 2006). The potential application of
hese data, resultant vegetation indices, and RS-based classification
nd analysis techniques to rangeland management was  recognized
ver half a century ago (Tueller, 1989); however, the utility of RS
roducts depends on the information provided matching the needs
f range managers (Hunt et al., 2003) and is largely influenced by
atellite and sensor choice (Hunt et al., 2003; Kennedy et al., 2009;
urner et al., 2003).

RS  data acquisition often requires a compromise among sensor
nd platform characteristics including spatial coverage, i.e., grain
nd extent, and temporal coverage as determined by its revisit
nterval and duration (Kennedy et al., 2009). Monitoring across
arge spatial extents at fine to moderate spatiotemporal scales has
een impractical as no single satellite platform can provide the
ecessary data (Hansen et al., 2008; Singh, 2012). Landsat satellite
eries data have been used to investigate changes in land cover/land
se (LCLU) at moderate spatial resolutions since the platform’s

nitial launch in 1972 (Wulder et al., 2008), but a 16-day return
nterval often limits each sensor’s ability to monitor dynamic con-
itions (Coops et al., 2012; Gao et al., 2006; Ju and Roy, 2008).
he Terra and Aqua Moderate Resolution Imaging Spectroradiome-
er (MODIS) sensors provide large extent coverage with a daytime
evisit cycle of 1–2 days (Gao et al., 2006), but their ≥250 m spa-
ial resolution can limit their usefulness when evaluating habitat
haracteristics in spatially heterogeneous landscapes (Huete et al.,
002; Kennedy et al., 2009). Novel data integration methods seek
o alleviate these limitations (Gao et al., 2006; Hansen et al., 2008;
ilker et al., 2009a; Zhu et al., 2010) and could facilitate monitoring

easonal and interannual changes in plant biomass and phenology
cross western rangelands by providing data tuned to the spatial
nd temporal resolution of traditional field based measurements
Hagen et al., 2012).

The  integration, or fusion, of RS data from sensors with differ-
nt spatial, temporal, or spectral characteristics seeks to produce
dditional or more refined information than is available from

 single source (Pohl and van Genderen, 1998; Švab and Oštir,
006). The suitability of blended data depends on their intended
se and the fusion method employed. Traditional fusion tech-
iques, i.e., color based and numerical or statistical (Pohl and
an Genderen, 1998; Švab and Oštir, 2006), are often inappropri-
te when changes in surface reflectance or radiance values are
valuated. The Spatial and Temporal Adaptive Reflectance Fusion
odel (STARFM) blends data provided by MODIS and Landsat

ensors to produce synthetic imagery with the time-step of the
ODIS input and surface reflectance values at 30 m spatial res-

lution (Gao et al., 2006). The STARFM algorithm predicts pixel
eflectance values based on spatially and spectrally weighted dif-
erences between concurrent paired Landsat and MODIS scenes
nd a MODIS image collected on the prediction day (Gao et al.,
006). STARFM is not restricted to MODIS and Landsat imagery,
ut use of other data appears to have been rarely reported
but see Liu and Weng, 2012).

Initial research demonstrated STARFM’s ability to successfully
redict surface reflectance values at Enhanced Thematic Mapper
lus (ETM+) resolution for homogeneous landscapes consisting of
orest and cropland and heterogeneous forest–cropland compos-
tes (Gao et al., 2006). Subsequent use of synthetic imagery time
eries effectively revealed seasonal changes in relative biomass

Hilker et al., 2009b) and mapped forest disturbance (Hilker
t al., 2009a). The effectiveness of the STARFM algorithm depends
trongly on the number of homogeneous coarse-resolution pixels
n the study area and could be limited in spatially heterogeneous
rth Observation and Geoinformation 30 (2014) 30–41 31

areas  with patch sizes smaller than the MODIS input (Gao et al.,
2006). Application of STARFM to varied, non-forest dominated
landscapes remains limited (Emelyanova et al., 2012; Schmidt
et al., 2012; Singh, 2011), and the algorithm is untested on semi-
arid shrub-steppe dominated rangelands common to the western
United States (but see Walker et al., 2012). The Enhanced Spa-
tial and Temporal Adaptive Reflectance Fusion Model (ESTARFM)
was developed to provide more accurate reflectance estimates in
complex landscapes, but it requires at least two pairs of input
images and is often less accurate than the original STARFM algo-
rithm (Emelyanova et al., 2012; Zhu et al., 2010). The original
STARFM could prove more useful when it is difficult or not
possible to acquire more than one input pair or when the pre-
diction date occurs beyond the temporal extent of available input
pairs.

This study investigated the ability of the STARFM algorithm to
predict surface reflectance and examined the quality of normalized
difference vegetation index (NDVI) estimates associated with a
heterogeneous dryland region of the western United States. We
assessed STARFM’s performance when applied to the entire study
area, as well as for key LCLU classes, using pixel-based correlation
analyses and examination of difference images of observed and
predicted data. Spectral quality was evaluated on a bandwise basis
for the red and NIR bands and for NDVI (Rouse et al., 1974) data
derived from the predicted reflectance values. The influence of
input pair selection on prediction quality was also assessed, but,
unlike previous studies (Walker et al., 2012), we  utilized the full
set of available TM-MODIS image pairs to investigate the time lag
and base pair effects.

2.  Methods

2.1. Study area

The  study area was delineated by the intersection of five
Landsat scenes (path 38 row 31) and covers nearly 33,600 km2,
including portions of Idaho, Utah, and Wyoming (Fig. 1). Extensive
parts of the Wyoming Basins and Utah-Wyoming Rocky Mountains
ecoregions and small segments of the Columbia Plateau and Great
Basin Ecoregions are represented (Andelman et al., 1999; Bailey,
1995; Freilich et al., 2001; Nachlinger et al., 2001; Noss et al.,
2001). Shrubland, steppe, and savanna ecological systems (Comer
et al., 2003) represent over 43% of the area. In contrast, human
development and forest/woodland systems comprise 14% and 21%
of the area, respectively. The Columbia Plateau, Great Basin, and
Wyoming Basins rank as the top three in extent of sagebrush cover
among all western ecoregions, and the Utah-Wyoming Rocky
Mountains and Wyoming Basins ecoregions provide over 20% of
the nation’s sagebrush (Rowland and Leu, 2011). Elevation ranges
from 1276 m above sea level at the Great Salt Lake to >3500 m in
the Uinta Mountains. The long winters and short hot summers
typical of cold continental weather patterns are prevalent in the
Wyoming Basins ecoregion (Rowland and Leu, 2011); however,
the timing and amount of precipitation is highly variable spatially
and seasonally. The mountain ranges of the Utah-Wyoming Rocky
Mountains ecoregion receive considerable winter precipitation,
but much of the area is considered arid or semi-arid (Rowland
and Leu, 2011). Total annual precipitation varies from a low
Climate Group, 2007). Species distribution and richness is influ-
enced by the interaction of regional climatic conditions and local
topographic features, e.g., elevation, aspect, and juxtaposition
relative to mountain ranges (Noss et al., 2001).
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Fig. 1. Location of study area (red polygon) defined by the common extent of five
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ies of water, their adjacent littoral areas, and cloud contaminated
andsat 5 TM scenes (path 38 row 31) recorded in 2006.

.2. Satellite data

Five  Landsat TM scenes (path 38 row 31) collected on 6 June,
2 June, 09 August, 26 September, and 12 October 2006 and five
erra MODIS images (horizontal 09 vertical 04) collected on 5 June,
3 June, 10 August, 25 September, and 12 October 2006 were
btained from the U.S. Geological Survey (USGS) Center for Earth
esources Observation and Science Center (EROS) following pre-

iminary visual inspection to ensure minimal cloud-cover. All TM
mages were processed to Level 1T, i.e., systematic radiometric and
eometric corrections applied, prior to retrieval via the GLOVIS por-
al (http://glovis.usgs.gov). Digital numbers (DN) were converted to
t-surface reflectance values using visual and histogram based out-
ier identification to determine minimum DN values, sensor specific
adiometric calibration coefficients (Chander et al., 2009), and an
mage-based atmospheric correction model (Chavez, 1996). Visual
nspection confirmed near perfect alignment of all TM scenes and
nsured co-registration (RMSE ≤0.5 pixel) with a base image col-
ected on 06 June 2006.

Scene  selection ensured MODIS 250 m daily reflectance prod-
cts (MOD09GQ) were spatially and temporally coincident with
he TM imagery and produced a series of scenes with minimal
loud-cover that spanned the majority of the growing season
May–October). We  utilized MODIS data collected within one day
f TM scene acquisition when necessary to avoid images containing
nomalies caused by directional reflectance differences associated
ith the junction of MODIS overpasses. We  reprojected all MODIS

cenes from Sinusoidal to UTM zone 12, resampled to 30 m resolu-

ion using the nearest neighbor method, and spatially and spectrally
ubset each scene using the MODIS Reprojection Tool (Release 4.0).
o-registration of all MODIS imagery was ensured and alignment
rth Observation and Geoinformation 30 (2014) 30–41

of  TM and MODIS imagery was evaluated by visual inspection of
readily identifiable features.

All RS imagery was further spatially and spectrally subset to
produce single layer red and NIR scenes with a common spatial
extent defined by the footprint of the TM scenes. Geospatial Data
Abstraction Library (GDAL, 2011) command line utilities translated
all imagery to generic binary format and TM reflectance data were
rescaled to unsigned 16 bit with a scale factor of 10,000 per STARFM
requirements.

2.3. The STARFM algorithm and image fusion

The STARFM algorithm produces synthetic surface reflectance
data from a base pair of TM and MODIS images and a single MODIS
scene collected on the prediction date. The relationship between
measured Landsat and MODIS surface reflectance values at pixel
location (xi, yj) collected on the same date (t0) is described as

L(xi, yj, t0) = M(xi, yj, t0) + ε0 (1)

where  ε0 is the difference between observed Landsat and MODIS
reflectance values (Gao et al., 2006). If the difference between
observed Landsat and MODIS reflectance values remains constant
between the base date (t0) and prediction date (tk), Landsat surface
reflectance values are estimated (Gao et al., 2006) by

L(xi, yj, tk) = M(xi, yj, tk) + L(xi, yj, t0) − M(xi, yj, t0). (2)

However,  changes in land cover type and phenology, het-
erogeneity in resampled MODIS pixels, and MODIS bidirectional
reflectance distribution function (BRDF) changes can lead to vari-
ation in ε0 and interfere with accurate estimation of Landsat
reflectance values (Gao et al., 2006). Incorporating information
from neighboring, spectrally similar pixels reduces the influence
exerted by ε0. Reflectance values are calculated using the weighting
function Wij that accounts for the spectral difference between Land-
sat and MODIS pixel data, changes between MODIS data recorded
at t0 and tk, and the distance between the central pixel and the
neighboring pixels (Gao et al., 2006) according to

L(xw/2, yw/2, tk) =
w∑

i=1

w∑

j=1

Wij × (M(xi, yj, tk) + L(xi, yj, t0)

− M(xi, yj, t0)) (3)

where L is the reflectance value at the central pixel of a moving
window of size w predicted for time tk. Details concerning the
development of the weighting function are provided elsewhere
(Gao et al., 2006).

We  applied the STARFM algorithm (version 1.1.2) (Gao et al.,
2006) to five image pairs comprised of concurrent Landsat TM
and Terra MODIS scenes recorded during the 2006 growing sea-
son. Twenty synthetic scenes were produced by using each image
pair (Fig. 2) as the input base pair to predict reflectance data for
the remaining four dates. We  predicted reflectance data separately
for the red and NIR bands using control parameters consistent
with previous studies to enable comparisons to those studies with-
out the confounding effects of different control parameters. Input
parameters included a moving search window of 1500 m × 1500 m
centered on each pixel, surface reflectance uncertainties of 0.002
for red and 0.005 for NIR, spectral similarity based on 40 classes
defined for each pixel contingent on the standard deviation of the
fine resolution reflectance data, and 2% as the minimum threshold
of valid samples required within the search window. Large bod-
areas were visually identified, screen digitized to include a variable
width buffer, and classified as no data. The prediction quality of
each reflectance band was  evaluated using the resulting datasets.

http://glovis.usgs.gov/
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Fig. 2. False-color IR Landsat 5 TM and Terra MODIS image pairs recorded in 2006
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nd used to predict red and NIR surface reflectance using the STARFM algorithm.
ach  image pair was used to produce reflectance estimates for the other four days.
ach image pair is labeled by the collection date of the TM image.

DVI data were calculated for each prediction date as the ratio of
he difference between the NIR and red reflectance estimates and
heir sum (Rouse et al., 1974). Our study design permitted the inves-
igation of multiple aspects of image fusion including the influence
f base pair selection, the effect of the time lag between base and
rediction dates, and the influence of the chronological order of the
ase and prediction dates.

.4.  Quality assessment of synthetic reflectance and NDVI data

We  assessed the quality of synthetic reflectance and NDVI
ata with pixel-based comparisons of observed and predicted
alues and simple linear regression-based correlation analysis.
his approach permitted evaluation of the effectiveness of the

TARFM algorithm when applied to semi-arid rangeland and
omparison to similar studies (Hilker et al., 2009b; Schmidt et al.,
012; Walker et al., 2012; Zhu et al., 2010). Mean differences and
AE values indicated the relative bias and accuracy of predicted
rth Observation and Geoinformation 30 (2014) 30–41 33

values,  respectively, and were based on the full datasets to pre-
clude sampling uncertainty. The standard deviations of the raw
errors served to measure precision. Additionally, we stratified the
NDVI data using 10 common LCLU classes (Comer et al., 2003)
prior to examining for variations in prediction quality associated
with cover and land use. All analyses utilized the R software
environment (R Development Core Team, 2011) and the package
“raster” (Hijmans and van Etten, 2011).

3. Results

3.1. Area-wide reflectance and NDVI predictions

3.1.1. Difference image analyses
Analyses of the full study area provided a general impression

of the quality of synthetic reflectance and NDVI data produced
by application of the STARFM algorithm to semi-arid rangeland.
Pixel-based analysis of area-wide difference images demonstrated
STARFM’s ability to produce accurate reflectance estimates on a
0–1 scale. MAEs were typically ≤0.10, for the red and NIR bands,
regardless of the base input pair (Table 1). Reflectance estimates
associated with the red band were, with few exceptions, less biased
than associated NIR estimates, and always more precise (Table 1).

The accuracy and precision of predicted red reflectance val-
ues tended to decrease as the time lag between base and
prediction dates increased. MAE  values were typically less
than 0.05 (median = 0.036; range = 0.015–0.063), while error
standard deviation values never exceeded 0.05 (median = 0.030;
range = 0.019–0.043) (Table 1). Neither the inputs used nor the
time lag between the base pair and prediction dates influenced
prediction bias for the 06 June and 09 August base pairs. All predic-
tions based on the 22 June base pair were biased low and became
more biased as the time lag between the input and prediction dates
increased. All forecasts for the 26 September and 12 October pre-
diction dates were biased low regardless of the base pair, and these
two late season scenes consistently overestimated red reflectance
values when hindcasting.

Synthetic  NIR reflectance data consistently exhibited less accu-
racy and precision than their corresponding red reflectance predic-
tions. MAE  values (median = 0.065; range = 0.028–0.103) and error
standard deviation values (median = 0.055; range = 0.030–0.085)
increased, with few exceptions, as the lag between base and
prediction date increased (Table 1). The time lag between
base and prediction dates did not influence prediction bias
(median = −0.000; range = −0.079 to 0.092); however, synthetic
NIR scenes were typically biased low when forecasting, regardless
of base pair. Similar to the red reflectance predictions, all forecasts
for the 26 September and 12 October prediction dates were biased
low for all base pairs, and these two  late season scenes consistently
overestimated NIR reflectance values when hindcasting.

The quality of NDVI estimates was  less consistent than the syn-
thetic reflectance data used to create them (Table 1). Accuracy
tended to decrease for all input pairs as the lag between base and
prediction dates increased. The first four base pairs, i.e., 06 June,
22 June, 09 August, and 26 September, produced accurate esti-
mates for all prediction dates prior to 12 October (median = 0.075,
range = 0.057–0.100); however bias was variable within base pair
dates. Predictions for 22 June and 09 August were consistently
biased low regardless of base pair while 12 October predictions
were consistently biased high.
3.1.2. Correlation analyses
Pixel-based  simple linear regression analyses (Table 2) revealed

moderate to strong correlations between observed and predicted
red reflectance data for all base and prediction date combinations
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Table 1
Mean absolute error, mean error, and error standard deviation determined by full scene difference image analysis of observed and predicted surface reflectance and NDVI values. Analyses were not conducted for coincident base
pair  and prediction dates.

Base date Data set Prediction date

06 June 22 June 09 August 26 September 12 October

Mean
absolute
error

Mean
error

Error
SD

Mean
absolute
error

Mean
error

Error
SD

Mean
absolute
error

Mean
error

Error
SD

Mean
absolute
error

Mean
error

Error
SD

Mean
absolute
error

Mean
error

Error
SD

06 June
RED – – – 0.027 0.025 0.019 0.025 0.019 0.027 0.031 −0.026 0.030 0.045 −0.041 0.039
NIR – – – 0.039 0.034 0.030 0.036 0.021 0.047 0.059 −0.049 0.056 0.080 −0.068 0.076
NDVI – – – 0.068 −0.050 0.078 0.084 −0.043 0.113 0.077 −0.002 0.114 0.091 0.029 0.125

22  June
RED 0.023 −0.020 0.019 – – – 0.015 −0.004 0.024 0.046 −0.044 0.031 0.055 −0.052 0.040
NIR 0.034 −0.029 0.033 – – – 0.028 −0.007 0.044 0.080 −0.074 0.060 0.095 −0.079 0.085
NDVI 0.073 0.048 0.085 – – – 0.062 −0.003 0.100 0.100 0.030 0.135 0.133 0.064 0.160

09  August
RED 0.021 −0.015 0.024 0.015 0.009 0.024 – – – 0.042 −0.040 0.026 0.052 −0.046 0.043
NIR 0.032 −0.010 0.054 0.029 0.017 0.037 – – – 0.070 −0.068 0.044 0.082 −0.071 0.071
NDVI 0.090 0.054 0.112 0.057 −0.005 0.092 – – – 0.070 0.033 0.096 0.117 0.059 0.145

26  September
RED 0.027 0.022 0.029 0.049 0.047 0.031 0.044 0.043 0.028 – – – 0.025 −0.016 0.030
NIR 0.061 0.050 0.063 0.085 0.075 0.059 0.070 0.066 0.046 – – – 0.039 −0.022 0.047
NDVI 0.078 −0.004 0.113 0.096 −0.062 0.120 0.072 −0.046 0.091 – – – 0.073 0.024 0.099

12  October
RED 0.041 0.037 0.036 0.063 0.062 0.041 0.060 0.059 0.040 0.020 0.012 0.025 – – –
NIR 0.076 0.060 0.075 0.103 0.092 0.077 0.088 0.079 0.073 0.035 0.007 0.049 – – –
NDVI 0.095 −0.037 0.130 0.114 −0.079 0.132 0.104 −0.072 0.127 0.065 −0.029 0.089 – – –

Table 2
Results of pixel-based correlation analysis of observed surface reflectance and NDVI measurements versus STARFM based predictions. Analyses were not conducted for coincident base pair and prediction dates.

Base date Data set Prediction date

06 June 22 June 09 August 26 September 12 October

Intercept Slope r2 Intercept Slope r2 Intercept Slope r2 Intercept Slope r2 Intercept Slope r2

06 June
RED – – – 0.02 1.03 0.89 0.04 0.83 0.76 0.02 0.63 0.76 0.03 0.42 0.58
NIR – – – 0.06 0.92 0.79 0.09 0.73 0.55 0.08 0.52 0.49 0.12 0.27 0.24
NDVI – – – 0.02 0.86 0.87 0.06 0.76 0.72 0.05 0.85 0.63 0.16 0.65 0.44

22  June
RED −0.01 0.85 0.84 – – – 0.02 0.81 0.82 0.01 0.60 0.73 0.02 0.42 0.52
NIR 0.03 0.76 0.71 – – – 0.06 0.74 0.60 0.07 0.46 0.42 0.12 0.24 0.13
NDVI 0.05 0.99 0.84 – – – 0.05 0.88 0.79 0.04 0.96 0.60 0.16 0.75 0.35

09  August
RED 0.01 0.79 0.74 0.01 0.94 0.81 – – – 0.00 0.67 0.83 0.02 0.48 0.42
NIR 0.06 0.72 0.43 0.08 0.77 0.68 – – – 0.04 0.60 0.69 0.10 0.36 0.32
NDVI 0.13 0.82 0.71 0.07 0.84 0.82 – – – 0.04 0.99 0.76 0.14 0.78 0.42

26  September
RED 0.02 1.01 0.74 0.04 1.09 0.77 0.03 1.13 0.85 – – – 0.01 0.78 0.72
NIR 0.07 0.93 0.45 0.10 0.89 0.48 0.05 1.05 0.70 – – – 0.06 0.70 0.70
NDVI 0.11 0.75 0.68 0.07 0.73 0.69 0.05 0.77 0.82 – – – 0.08 0.84 0.64

12  October
RED 0.02 1.16 0.71 0.04 1.26 0.73 0.03 1.24 0.77 0.00 1.10 0.87 – – –
NIR 0.09 0.89 0.35 0.12 0.89 0.35 0.07 1.03 0.47 −0.01 1.05 0.74 – – –
NDVI 0.10 0.69 0.59 0.08 0.67 0.63 0.07 0.68 0.64 0.02 0.87 0.75 – – –
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ased on the coefficient of determination, R2 (median = 0.76;
ange = 0.42–0.89); however, correlation strength decreased for all
ase dates as the time lag increased. R2 values associated with NIR
eflectance data (median = 0.48; range = 0.13–0.79) were usually
ower than those associated with the red reflectance data and
ecreased as the time lag between base and prediction dates

ncreased. Analysis of the red and NIR slope coefficients indicated,
ith few exceptions, greater departure from the 1:1 regression

ine as the lag between base and prediction dates increased.
Moderate to strong correlations (median = 0.69; range = 0.35–

.87) were evident for most sets of observed and predicted NDVI
alues (Table 2); however, R2 values associated with each base
ate tended to decrease as the time lag between base and pre-
iction dates increased. The degree of correlation associated with
ach prediction date generally decreased as the lag increased, but
as remarkably low for 12 October regardless of base date. Predic-

ion dates closest to each base pair tended to have intercept values
pproaching zero and slope coefficients that most strongly indi-
ated a 1:1 relationship between the observed and predicted NDVI
alues.

.2. Stratified NDVI predictions

.2.1.  Difference image analyses
Analysis of the entire study area provides a general impres-

ion of how well the STARFM algorithm performed when applied
o semi-arid rangeland; however, analyses based on individual
CLU classes can reveal important similarities and differences
mong NDVI estimates that span a growing season (Table 3). The
2 June base pair produced estimates with accuracies typically
0.10 (median = 0.063; range = 0.036–0.102) across all LCLU classes
or the two earliest prediction dates, but 26 September and 12
ctober predictions were generally less accurate across all classes

median = 0.123; range = 0.061–0.177). The sagebrush shrubland
lass produced the most accurate estimates for all prediction dates,
hile the least accurate estimates for the 06 June and 09 August
rediction dates were associated with the pasture/hay class and
he grassland class for the 26 September and 12 October prediction
ates. Estimates associated with four LCLU classes were biased low
or the 09 August prediction date; all other estimates were biased
igh regardless of LCLU or lag between base and prediction dates.
recision decreased for all LCLU classes as the lag between 22 June
nd the prediction date increased.

Comparison of the quality of NDVI predictions resulting from
he use of a single base pair, 22 June, versus those based on the
hronologically closest base pair revealed substantial differences.
se of the nearest date base pair produced more accurate and more
recise estimates than when a single date was used as the base pair
Table 4). This was true for all LCLU classes and applied to both pre-
iction dates, i.e., 26 September and 12 October. Predictions based
n the nearest date base pair were always less biased for the 12
ctober prediction date; however, 26 September predictions were

ess consistent.

.2.2. Correlation analyses
Pixel-based  simple linear regression analysis (Table 5, Fig. 3)
f 06 June and 09 August estimates revealed a strong correla-
ion, R2 ≥ 0.57, between observed NDVI values and those predicted
sing the 22 June base pair. Correlation strength decreased as
he time lag from 22 June increased and varied from moderate
o high (median = 0.49; range = 0.31–0.59) and weak to moder-
te (median = 0.25; range = 0.10–0.37) for 26 September and 12
ctober prediction dates, respectively. All LCLU classes exhibited Ta
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Table 4
Comparison of the performance of predictions based on a single base date versus use of the nearest preceding date. Mean absolute error, mean error, and error standard deviation were determined by full scene difference image
analysis  of observed and predicted NDVI values stratified by land cover or land use classification. All predictions based on a single date used a base pair date of 22 June. Base pair images collected on 09 August and 26 September
were  used to calculate predictions on 26 September and 12 October, respectively.

Land cover/land use Prediction date

26 September 12 October

Single date Nearest date Single date Nearest date

Mean
absolute
error

Mean
error

Error SD Mean
absolute
error

Mean
error

Error SD Mean
absolute
error

Mean
error

Error SD Mean
absolute
error

Mean
error

Error SD

Coniferous forest 0.114 0.017 0.163 0.092 0.031 0.124 0.152 0.034 0.206 0.087 −0.009 0.116
Deciduous  forest 0.125 0.091 0.122  0.101 0.066 0.108 0.177 0.145 0.151 0.106 0.072 0.111
Deciduous  shrubland 0.101 0.056 0.115 0.079 0.049 0.091 0.161 0.120 0.150 0.112 0.083 0.111
Disturbed/modified 0.075 0.010 0.104 0.049 0.016 0.070 0.106 0.033 0.136 0.072 −0.007 0.100
Grassland  0.130 0.095 0.134 0.081 0.052 0.097 0.155 0.107 0.159 0.084 0.021 0.112
Mixed  forest 0.125 0.088 0.124 0.097 0.046 0.117 0.165 0.120 0.157 0.094 0.029 0.117
Pasture/hay  0.118 0.024 0.163 0.088 0.048 0.108 0.128 0.022 0.168 0.068 0.017 0.091
Riparian/wetland 0.116 0.036 0.158 0.088 0.052 0.111 0.137 0.063 0.170 0.071 0.035 0.097
Sagebrush  shrubland 0.061 0.001 0.084 0.039 0.016 0.052 0.099 0.043 0.122 0.051 0.014 0.075
Steppe  0.086 0.029 0.111 0.055 0.030 0.070 0.122 0.072 0.138 0.060 0.025 0.082

Table 5
Results of pixel-based correlation analysis of observed NDVI estimates versus STARFM based predictions stratified by land cover or land use (LCLU) classification. All predictions use a base pair date of 22 June.

Land cover/land use Prediction  date

06 June 09 August 26 September 12 October

Intercept Slope r2 Intercept Slope r2 Intercept Slope r2 Intercept Slope r2

Coniferous forest 0.01 1.12 0.89 0.02 0.94 0.86 0.03 0.97 0.59 0.19 0.71 0.37
Deciduous  forest 0.08  0.98 0.85 0.10 0.87 0.76 0.15 0.88 0.49 0.30 0.65 0.18
Deciduous  shrubland 0.06 0.99 0.87 0.07 0.88 0.78 0.10 0.90 0.49 0.24 0.71 0.10
Disturbed/modified 0.04 1.00 0.75 0.05 0.85 0.72 0.02 0.97 0.49 0.20 0.54 0.16
Grassland  0.05 1.02 0.86 0.07 0.93 0.78 0.04 1.13 0.58 0.19 0.80 0.24
Mixed  forest 0.12 0.94 0.75 0.13 0.83 0.74 0.19 0.83 0.44 0.28 0.71 0.31
Pasture/hay  0.14 0.83 0.68 0.14 0.69 0.57 0.16 0.68 0.31 0.27 0.42 0.12
Riparian/wetland 0.10 0.92 0.81 0.09 0.79 0.65 0.09 0.86 0.46 0.21 0.62 0.27
Sagebrush  shrubland 0.03 0.98 0.74 -0.01 1.02 0.68 −0.02 1.12 0.42 0.08 0.86 0.27
Steppe  0.02 1.05 0.84 0.01 0.99 0.81 −0.04 1.23 0.55 0.08 0.98 0.25



lied Ea

a
v
A
f
h
t
a
p
s
(
c
p
1
s
w
d
S

F
a
T

produces accurate predictions when applied to semi-arid range-
land, but input pair selection and the time lag between input and
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 decline in correlation strength between observed and predicted
alues as the lag between base pair and prediction dates increased.
ssociated slope coefficients tended to show greater departure

rom unity as the time lag increased; however, several LCLU classes
ad slope coefficients associated with the 26 September predic-
ion date that approached unity. Intercept values demonstrated
n increased departure from zero as the lag between base and
rediction date increased, with few exceptions. Base input pair
election influenced the quality of the stratified NDVI estimates
Table 6). Pixel-based correlation analyses using the chronologi-
ally closest base pair, rather than the 22 June base date, always
roduced stronger correlation values for the 26 September and
2 October prediction dates. The nearest input date also produced
lope coefficients that were closer to unity and intercept values that
ere closer to zero than those associated with the 12 October pre-

iction date. This also held true, with two exceptions, for the 26
eptember prediction date.

ig. 3. Per-pixel comparison of observed and predicted NDVI values stratified by land cove
nd  columns depict the prediction dates. All predictions use a base pair date of 22 June 20
he  coefficients of determination are based on the entire LCLU classification. A sample of
rth Observation and Geoinformation 30 (2014) 30–41 37

4. Discussion and conclusions

Sequential  down-scaled surface reflectance and NDVI estimates
provide an effective means of monitoring plant phenology and
biomass associated with diverse biomes (Hilker et al., 2009a;
Hwang et al., 2011; Singh, 2012), but efforts to evaluate the qual-
ity of these synthetic products and their application to semi-arid
rangeland have been limited (Kim and Hogue, 2012; Schmidt et al.,
2012; Walker et al., 2012). We  provide a rigorous assessment of
data produced by the application of the STARFM algorithm to a
suite of LCLU classes important to managers of semi-arid range-
land in the western United States. Analysis of the suite of synthetic
Landsat product time-series revealed that the STARFM algorithm
r or land use (LCLU). Rows show the change in correlation over the growing season,
06. Stronger correlations occurred early in the growing season, regardless of LCLU.

 50,000 points is displayed for each LCLU.

prediction dates influence the quality of reflectance and NDVI esti-
mates.
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Fig. 3. 

Red reflectance predictions demonstrated consistently greater
ccuracy and stronger correlation with known values when com-
ared to their associated NIR predictions. This relationship held
rue regardless of the input pair date or the duration of the lag. These
ndings differed from previous studies that attributed better NIR
Hilker et al., 2009b; Roy et al., 2008) and short-wave infrared (Liu
nd Weng, 2012) predictions to greater influence of atmospheric
ontamination on shorter wavelengths; however, they were sim-
lar to results associated with semi-arid dryland forest (Walker
t al., 2012). We caution that the relative magnitude of band spe-
ific inaccuracies is inconsistent and recommend that all synthetic

eflectance products be evaluated prior to use as the influence of
ite specific conditions might be variable across the visible and NIR
ortions of the spectrum. The quality of both synthetic reflectance
roducts declined as the lag time increased in contrast to the
inued.)

relatively  constant performance demonstrated by dryland forest
predictions (Walker et al., 2012). These differences could be due to
greater phenological variation present across rangeland comprised
of multiple LCLU classes compared to conifer dominated forestland.
Variations in phenology among LCLU classes (Bradley and Mustard,
2008; Schmidt et al., 2012) likely leads to more heterogeneity in
reflectance across an area at any one time.

Our findings contribute to the previously limited knowledge
regarding the quality of NDVI predictions produced from syn-
thetic reflectance data. The first study to assess the quality of NDVI
estimates showed stronger correlation between observed and pre-

dicted values than was  observed for the individual reflectance
bands associated with conifer-dominated forest (Hilker et al.,
2009b). Our results were more similar to those presented by the
only other study predicting similar values in a semi-arid region;
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Table  6
Comparison of the performance of predictions based on a single base date versus use of the nearest preceding date. Intercept, slope, and coefficient of determination values
were  determined by regression of predicted against known NDVI values stratified by land cover or land use (LCLU) classification. All predictions based on a single date used
a  base pair date of 22 June. Base pair images collected on 09 August and 26 September were used to calculate predictions on 26 September and 12 October, respectively.

Land cover/land use Prediction date

26 September 12 October

Single date Nearest date Single date Nearest date

Intercept Slope r2 Intercept Slope r2 Intercept Slope r2 Intercept Slope r2

Coniferous forest 0.03 0.97 0.59 0.00 1.07 0.76 0.19 0.71 0.37 0.13 0.74 0.71
Deciduous  forest 0.15 0.88 0.49 0.07 0.98 0.60 0.30 0.65 0.18 0.20 0.71 0.34
Deciduous  shrubland 0.10 0.90 0.49 0.05 0.99 0.64 0.24 0.71 0.10 0.11 0.93 0.26
Disturbed/modified  0.02 0.97 0.49 0.01 1.02 0.70 0.20 0.54 0.16 0.10 0.69 0.37
Grassland  0.04 1.13 0.58 0.01 1.12 0.72 0.19 0.80 0.24 0.07 0.88 0.43
Mixed  forest 0.19 0.83 0.44 0.06 0.98 0.55 0.28 0.71 0.31 0.20 0.70 0.45
Pasture/hay  0.16 0.68 0.31 0.11 0.85 0.60 0.27 0.42 0.12 0.10 0.81 0.60
Riparian/wetland  0.09 0.86 0.46 0.10 0.88 0.65 0.21 0.62 0.27 0.12 0.77 0.64
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Sagebrush  shrubland −0.02 1.12 0.42 0.01 1.01
Steppe  −0.04 1.23 0.55 0.01 1.08

DVI values were more highly correlated than the contributing
ynthetic NIR values, but less correlated than the analogous red
alues (Walker et al., 2012). Our NDVI correlation values were
igher than those associated with the NIR predictions in all but
ne instance, and were typically lower than those associated with
he red reflectance values. NDVI estimates were consistently less
ccurate than the associated reflectance predictions and tended
o become less accurate as the lag between base and prediction
ates increased. Similar performance was noted for dryland forests
Walker et al., 2012) and reveals a potential limitation of dense
DVI prediction time-series based on a single base date. Applica-

ion of an alternative downscaling model (Hong et al., 2011) to a
emi-arid region consisting of upland vegetation and riparian wet-
ands revealed a similar decline in performance as the temporal gap
etween the initial and prediction dates increased (Kim and Hogue,
012), but the uncertainty associated with dynamic vegetation con-
itions influenced prediction quality more than the duration of the
emporal gap between selected images.

Prediction quality, in general, improved as the time lag between
nput and prediction dates decreased. These findings support the
onclusion that the accuracy of STARFM predictions depends on
he similarity between the base input pair and the prediction date
Walker et al., 2012; Zhu et al., 2010). Our results support pre-
ious findings that use of multiple base pairs can produce more
ccurate predictions (Gao et al., 2006; Zhu et al., 2010); however,
e demonstrate that multiple individual base pairs can be applied

equentially as opposed to concurrently in the same prediction
lgorithm. The chronological order of the base and prediction dates
id not influence bias; therefore, a time-series comprised of hind-
ast and forecast predictions developed using the chronologically
losest base pair is likely to best capture spatial and temporal dif-
erences associated with phenology or changes in aboveground
hytomass.

Expected differences in phenology and phytomass production
mong LCLU classes (Bradley and Mustard, 2008; Schmidt et al.,
012) motivated an examination of NDVI predictions stratified by
lass. The consistent quality of the NDVI estimates, preceding the
6 September and 12 October prediction dates, demonstrated that
se of a single base pair date can produce accurate estimates across
CLU classes within a growing season and revealed the challenge
f forecasting NDVI estimates beyond the growing season (Hilker
t al., 2009b). Our single base pair approximated the peak of the
rowing season (Thoma, 2011), which could explain its robustness
ver the entire growing season; however, predictions based on the

emporally closest available base pair resulted in more accurate and
ess biased estimates for both of the late season dates and provide
urther evidence of the importance of base pair selection (Walker
t al., 2012).
0.60 0.08 0.86 0.27 0.07 0.79 0.47
0.69 0.08 0.98 0.25 0.06 0.90 0.45

Sagebrush grassland cover types provide important forage for
wild and domestic ungulates and are often the focus of range mon-
itoring and wildlife management actions because of the potential
for foraging niche overlap (Hobbs et al., 1996; Torstenson et al.,
2006). NDVI estimates associated with sagebrush shrubland were
the most accurate modeled, closely approximated the 1:1 regres-
sion line, and demonstrated moderate to strong agreement with
observed TM-derived NDVI values throughout the summer. The
extensive distribution and uniformity of sagebrush stands likely
provided the homogeneous coarse-resolution pixels required by
the STARFM to produce accurate predictions (Gao et al., 2006).
The pasture/hay LCLU class, in comparison, exhibited some of the
largest errors, biggest departure from the 1:1 regression line, and
lowest correlations over the growing season. Prediction errors were
likely influenced by a relatively small patch size, heterogeneity
associated with forage offtake due to grazing and mowing, and
extreme NDVI values due to spatially variable irrigation. Compared
to the pasture/hay class, the grassland class, which was  likely com-
posed of similar native herbaceous vegetation growing under more
natural grazing and moisture regimes, showed a stronger correla-
tion between observed and predicted values, less departure from
the 1:1 regression line, and more accurate estimates throughout
the growing season. These results indicate a need to further evalu-
ate the impact of the type and timing of management actions, e.g.,
irrigation, haying, and grazing, on the accuracy of synthetic Landsat
data as such activities could produce small patches with extreme
values that are often associated with larger prediction errors (Gao
et al., 2006).

Predictions associated with the conifer class were less accu-
rate and exhibited greater deviation from the 1:1 regression line,
especially in late fall, than was  expected for a wide-spread cover
type that occurs in large, nearly monotypic stands. Prediction qual-
ity was similar to or lower than other cover types, e.g., deciduous
and mixed forest, deciduous shrubland, and riparian and wetland
areas, known to occur as small patches or within phenologically
heterogeneous areas. Mortality associated with the mountain pine
beetle (Dendroctonus ponderosae) might have lead to within-stand
heterogeneity due to the live/dead tree mosaic. Signs of infesta-
tion can manifest over several years, lead to changes in reflectance
over the growing season (Safranyik and Wilson, 2006; Wulder
et al., 2006), and produce spectral dissimilarity within a cover
type. Such fine grained disturbances will be difficult to model until
contiguous areas coalesce into larger regions with similar spectral
properties.
The results of this study suggest that land managers of semi-arid
rangelands might have alternatives when it comes to the assess-
ment and monitoring of the phytomass component of rangelands.
The recent success of the Landsat Data Continuity Mission (U.S.
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eological Survey, 2012) provides the possibility of even higher
uality predictions based on Landsat 8 imagery. Data collected by
he Operational Land Imager sensor should be radiometrically and
pectrally superior to that collected by Landsat 5’s degraded The-
atic Mapper sensor and provide more complete coverage than

andsat 7’s recent SLC-off products. Additional work should exam-
ne the quality of synthetic Landsat data as they relate to specific
abitat management actions and the timing of these activities. Our
ork confirms that use of STARFM can reliably model rangeland
DVI estimates; however results need validation to ensure esti-
ates are of the proper spatiotemporal scale to adequately assess

nd monitor rangeland conditions. Linking in situ biomass and
henology measurements with STARFM based predictions could
rovide a framework for effectiveness monitoring of habitat treat-
ents at fine to moderate spatial and temporal resolutions and

road spatial extents.
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