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Abstract: Capturing spatial and temporal dynamics is a key issue for many resmadisng
based applications. Consequently, several infdgeding algorithms that can simulate the
surface reflectance with higbspatialtemporalresolution have been developed recently.
However,the performance of the algorithm against the effect of temporal interval length
between the base astnulationdates has not been reported. In this stodyaim was to
evaluate the effect of different temporal interval lengths on the accusaay the widely

used blending algorithm, Spatial and Temporal Adaptive Reflectance Fusion Model
(STARFM), based on Landsat, Modera¢solution Imaging Spectroradiometer (MODIS)
images and National Land Cover Database (NLA@king the southwestern contental
United States athe study area, a series of experiments was conducted using two schemes
which were the assessment of STARFM Wijta fixed base date and varied simulation date
and (ii) varied base date and specific simulation degspectively The result showed that

the coefficient of determination R Root Mean Squared Error (RMSE) varied, and overall
trend of R decreased along with the increasing temporal interval betihednase and
simulationdates for six land cover types. The meédndue of cropland was lowest, whereas
shrub had the highest value for two schemes. The result may facilitate seleciion of
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appropriate temporal interval when using STARFM.

Keywords: spatiattemporal image fusion; temporal interval, surface reflectance;
Landsat; MODIS

1. Introduction

According to the fundamentals of satellite sensor design, adfidrist be made among the spatial,
temporal, and spectral resolutions. A sirgdgsor is constrained by the specific aim, which constitutes
this sensospeific data frameworl1]; therefore, there is no single satellite sensor that can produce
multispectral/hyperspectral images with both fine spatial and temporal resolution. To resolve this
constraint, severapatialtemporalimage fusion models have bedaveloped to produce high spatial
and temporal resolution reflectance, which has aroused great interest within the-sensatg
community[2]. The Spatial and Temporal Adaptive Reflectance Fusion Model (STARFM) was initially
proposed, and has been documented to have the capacity of blending Landsat Thematic Mappe
(TM)/Enhanced TM Plus (ETM+) images (30 m, -d&) and Moderateesolution Imagig
Spectroradiometer (MODIS) images (500 m, daily) to simulate the daily surface reflectance at the
Landsat spatial resolution and MODIS temporal frequdB¢y Subsequently, this model has been
applied in many researdtelds, such as forest disturbanpl, evapotranspiratiofb], net ecosystem
exchange[6], gross primary productiofi/], land cover classificatiofi8], phenology[9], leaf area
index[10], and public healtfil1]. An enhanced STARFM, called ESTARHWR], allowedoverconing
some limitations bthe original in heterogeneous landscape but was not superior in homogeneous regions
with high temporal variancgl]. Meanwhile, severabtherimproved and derived versions based on
STARFM have subsequently been developeti3 15].

However,the spatialtemporalimage fusion models have limitations when the simulation dates are
distance from the available image pair at base[d&leUntil now, the temporal interval length between
the base date amsimulationdate (hereafter referred to &s) has beedetermined empirically using the
available data when thepatialtemporalimage fusion model has been used.qantitativeassessment
of spatal-temporalimage fusion model has been undertaken whefghie changedTherefore, if we
need to simulate sface reflectance with high spatial resolutiaich doesnot existon a specific date,
the issue arises of holeng Tos is suitable, with a predefined accuracy, usspatialtemporalimage
fusion. To our knowledge, there is pablished literature evalting theperformance o$patiattemporal
image fusion against the effect it

In this study, we asse=sthe performance ddpatialtemporalimage fusion with an increasinigys
and analyzed the accuracy with differ@as values for different land cover types. TREARFM was
used with ongoair of LandsatMODIS atabase date for the studgombined with land covetatg the
main objective of this study was to givg@antitative analysis on the performance of STARFM \jth
a fixed base date, varied simulation dates(@hdaried base dates, a specific simulation date.
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2. Data andMethods
2.1. StudyArea

The study area was located in the southwest ofctiminental United States with an area of
36 x30 km? (Figure 1) whichis for the Central Arizon®hoenix LonglTerm Ecological Research (CAP
LTER) project[17]. The study area has a dry (mean annual precipitatid®@fmn) and warm (mean
summer temperature of 30°8) climate with two distinct wet seasons (one isummer, the other is in
winter). The native vegetation @gominated bywo subdivisions ofhe Sonoran desert scrineis Arizona
Upland subdivision with Paloverddixed Cacti seriegcomposed ofCercidium microphyllumOlneya
tesota Simmondsia chinerssiLarrea tridentata Encelia farinosa Fouquieria splendensCarnegiea
giganteaandOpuntia sp), the other is Lower Colorado River subdivision with CreosoteBusbageseries
(Larrea tridentataand Ambrosia dumog418]. The other native ripariavegetation is characterized by
riparian scrubland along minor drainagd$e managed/egetation for the study area is mainly
cropland[19]. The land cover types in this region include cropland, grassland, shrub, urban, water, and
wetland, which were reclasied from the eight broad classes based on National Land Cover Database
(NLCD) classification systerf20i 22]. Specifically, cropland type includes cultivated crops; grassland
type includes grassland/herbaceous and pasture/hay; shrub type includexduwaahd shrub/scrub;
urban type include§) developed, open spacg) developed, low intensityiii) developed, medium
intensity,and(iv) developed high intensity; water type includes open water and perennial ice#smbw;
wetland type includes woodyetlands and emergent herbaceous wetlands. The other land cover types
comprised less than 0.1% of the study area, consequiglyyere not taken into account in this study.
More thanhalf of thecroplandand wetlandhas two growing seasgnshile grassland and shrub has one
growing seasoperyear[23]. The peak of growth for shrub, wetland is in early spring, early summer to
early autumn, respectively.Cropland has the shortest growth length and fastest
greenup rate Grassland has therngestgrowth lengthwhich never drops below a certain val8arub
growth star$ from early August or November, and end early summerWetland with two growing
seasonsgreen up in mieFebruary and defoliate in Jul¥he date ofbeginning and end growtior
cropland are closeo wetland than shruj23].

2.2. Data

The datasets used in this studyere as follows (i) Landsat TM/ETM+ surface reflectance
(2001 2012),(ii) MODIS reflectance (20012012) andii) land cover data (20Q22006 and 2011).

ThelLandsafTM/ETM+ surface reflectance product (path/row: 037/037) covering the study area was
acquired form EarthExplorer of United States Geological Survey (USGS) (http://earthexplorer.usgs.gov/)
during the period 2001 to 2012. Onlyridsat surface reflectance data with overall cloud cover of less
than 20% were selected as candidatdsch can cover the most of thandsat data within the extent of
study areavithout cloud contaminatedCandidate data were then clipped to the extent of the study area
(36 x 30 kn?), and the clipped data with cloud cover of more than 15% were notbasedon the
corresponding cfmask band. A total of 299 scenes of Landsat data were finally used (TEITNI42,
157),and information of frequency and day of year (DOY) distribution is shown in Figure 2. The gap
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within Landsat 7 ETM+ Scan Line Corrector (Sk€fj data was not taken into account for the
performance assessmentphtiattemporalimage fusion.
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Figure 1.Land cover mapNational Land Cover Databa@€¥L.CD), year: 2001) of the study
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Figure 2. Distribution of the Landsat data used in the stu@y day of year (DOY),

(b) frequency from the period 2001 to 2012. L5 denotes Landsat TM Idatdenotes

Landsat ETM+ data

For MODIS data, MOD09AL1 product datad8y reflectance, 500 m, Collection 5, tile: h08v05) for the
study area were obtained from the National Aeronautics and Space Administration (NASA) Earthdata portal
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(https://search.earthth.nasa.gov/) for the period 2001 to 2012. The MODIS data wqymojeeted,
resampled and clipped to the same spatial extent (36 x30aku resolution as the Landsat projection using
the MODIS Reprojection Tool (MRT) (available at URL https:/Ipdesgsigowiools/
modis_reprojection_tool)Any invalid MODO09A1 data were eliminated using the quality assurance
(QA) layer included in the produfg].

Forland cover datd\LCD with a spatial resolution of 30 m were obtained from the MRétsolution
Land Characteristics Consortium (MRLC) (http://www.mrlc.gov/index.php) for the years 2001, 2006,
and 2011. We assumed that the status of the study area durii@@08tould be represented by NLCD
2001; the status of study area during 20®08 could be represted by NLCD 2006andthe status of
study area during 2002012 could be represented by NLCD 20Mlationally,the overall accuracy of
NLCD 2001, and 2006 is 79% and 78%, respecti{@¥y. For NLCD 2011, the accuracy assessment is
currently underway25].

2.3. STARFM

STARFM, whichwas developed b§ao, Masek, Schwaller and Hall [8}as used in the study. Only
one pair of Landsat and MODIS images acquired on the base date and one MODIS observation on th
simulationdate were taken into account.

Landsat-like surface reflectance was obtained ongineulationdate using the following steps. First,
the spectral similar neighboring pixels within a local moving window of Landsat data were identified.
Second, a weighwik was calculated for each spectrahigar neighboring pixel based on: (i) the spectral
difference between the Landsat and MODIS data on the base date, (ii) the temporal difference of the
MODIS data between the base amiulationdate,and(iii) the spatial Euclidean distance between the
neighbor and the central pixel within the local moving window. Finally, the surface reflectance of the
central pixel was calculated as follows:

w w n

L%z e t) =8 & a {M(% y.1) Hxy.d) Mxyd) (1)

whereL andM indicate the surface reflectance of Landsat M@DIS, respectively L(xw2, Ywr2, ts) iS

the surface reflectance of the central pixeliz( ywz2) on the simulation date ts for Landsat
M(x, Vi, tv) is the surface reflectance of pixad, () within local moving window on the base datg (

for MODIS; andw is the size of the local moving window. For more detailed information of STARFM,
seeGao, Masek, Schwaller and Hall [3]

2.4. Evaluation with &ixed Base Date

To evaluate the performance of STARFM with a fixed base date, we changed the vaige of
Spedfically, one date was selected as the base date for every month of 2001, 2003 and 2008. For eac
month, only the Landsat data with the lowest cloud cover percentage were selected as the base data, a
the corresponding date was defined as base date (Trlee number of base dates in 2008 was 20,
which is more than 12Vhen evaluating the performance of STARFM with each fixed basettate,
value ofTesincreased until it reached the last simulation date in 2012.



ISPRS Int. J. Getnf. 2015 4 2547

Four pairs of LandsavlODIS data on the basgates of 9February 16 May, 28 August and 8
November2001, were selected. Land cover data from the NLCD for 2001, 2006, and 2011 were used to
assess the performance of STARFM on a fixed baseBased orfour fixed basedates 9§ February,

16 May, 28 August, and 8 November 2D0he performance of STARFM was evaluated according to

six land cover types. We defined four seasons and the corresponding months as winter (December
January and February), sprinddrch, April and May), summer (June, July and August), and autumn
(September, October and November). We assumed that each Lsi@B# pair on the base date
represented the average status of the study areas in the corresponding season.

Table 1. Details ofthe base date for thgpatialtemporalimage fusion Abbreviations:
January (Jan.), February (Feb.), March (Mar.), April (Apr.), June (Jun.), July (Jul.), August
(Aug.), September (Sep.), October (Oct.), November (Nov.), December (Baccplumn

of Sersor, L5 denotes Landsat TM, and L7 denotes Landsat EFVke base date for
February2003is 30January2003, because no Landsat data is availabfebruary2003

and the Landsat datan 30 January?2003 is the closest one k@bruary2003.

Day sinceStart of the Dataset

Fixed Base Date(2001) Specific Simulation Date (2009)
Year Month Day DOY  Sensor
Feb. Aug. Jan.  Apr. Jul. Oct.
9 e 28 Nov.8 14 12 9 21
2001 Jan. 24 24 L5 - - - - 2912 3000 3088 3192
Feb. 9 40 L5 - - - - 2896 2984 3072 3176
Mar. 13 72 L5 32 - - - 2864 2952 3040 3144
Apr. 14 104 L5 64 - - - 2832 2920 3008 3112
May 16 136 L5 96 - - - 2800 2888 2976 3080
Jun. 17 168 L5 128 32 - - 2768 2856 2944 3048
Jul. 19 200 L5 160 64 - - 2736 2824 2912 3016
Aug. 28 240 L7 200 104 - - 2696 2784 2872 2976
Sep. 21 264 L5 224 128 24 - 2672 2760 2848 2952
Oct. 23 296 L5 256 160 56 - 2640 2728 2816 2920
Nov. 8 312 L5 272 176 72 - 2624 2712 2800 2904
Dec. 18 352 L7 312 216 112 40 2584 2672 2760 2864
2003 Jan. 14 14 L5 704 608 504 432 2192 2280 2368 2472
Feb. 30 30 L5 720 624 520 448 2176 2264 2352 2456
Mar. 11 70 L7 760 664 560 488 2136 2224 2312 2416
Apr. 20 110 L5 800 704 600 528 2096 2184 2272 2376
May 22 142 L5 832 736 632 560 2064 2152 2240 2344
Jun. 23 174 L5 864 768 664 592 2032 2120 2208 2312
Jul. 9 190 L5 880 784 680 608 2016 2104 2192 2296
Aug. 10 222 L5 912 816 712 640 1984 2072 2160 2264
Sep. 11 254 L5 944 848 744 672 1952 2040 2128 2232
Oct. 13 286 L5 976 880 776 704 1920 2008 2096 2200
Nov. 14 318 L5 1008 912 808 736 1888 1976 2064 2168

Dec. 16 350 L5 1040 944 840 768 1856 1944 2032 2136
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Table 1.Cont.

Day sinceStart of the Dataset

DO Fixed Base Date (2001) SpecificSimulation Date (2009)
Year Mon Day Sensor
Y Feb.9 May1l6 Aug.28 Nov.8 Jan.14 Apr.12 Jul.9 Oct 21
2008 Jan. 20 20 L7 2536 2440 2336 2264 360 448 536 640
Feb. 5 36 L7 2552 2456 2352 2280 344 432 520 624
29 60 L5 2576 2480 2376 2304 320 408 496 600
Mar. 24 84 L7 2600 2504 2400 2328 296 384 472 576
Apr. 17 108 L5 2624 2528 2424 2352 272 360 448 552
25 116 L7 2632 2536 2432 2360 264 352 440 544
May 3 124 L5 2640 2544 2440 2368 256 344 432 536
11 132 L7 2648 2552 2448 2376 248 336 424 528
2008  Jun. 12 164 L7 2680 2584 2480 2408 216 304 392 496
20 172 L5 2688 2592 2488 2416 208 296 384 488
Jul. 22 204 L5 2720 2624 2520 2448 176 264 352 456
30 212 L7 2728 2632 2528 2456 168 256 344 448
Aug. 23 236 L5 2752 2656 2552 2480 144 232 320 424
Sep. 24 268 L5 2784 2688 2584 2512 112 200 288 392
Oct. 10 284 L5 2800 2704 2600 2528 96 184 272 376
18 292 L7 2808 2712 2608 2536 88 176 264 368
Nov. 3 308 L7 2824 2728 2624 2552 72 160 248 352
11 316 L5 2832 2736 2632 2560 64 152 240 344
Dec. 5 340 L7 2856 2760 2656 2584 40 128 216 320
29 364 L5 2880 2784 2680 2608 16 104 192 296

2.5. Evaluatiorfor a SpecificSimulationDate

To evaluate the performance of STARFM on a specific simulation date, the valgevas increased
until the farthest based date was reaclsgekcifically,four simulation daies in 2009 were selected for
the staly: 14 Januaryl2 April, 9 July, and 210ctober2009. Thereforefor each simulation datel0
base date LandsMODIS pairs were used to produce 40 simulati@®91, 2003, and 2008) (ke 1).
The land cover data from NLCD for 2001, 2006, and 2011 were also used to assess the performance c
STARFM onspecific simulatiordates.We assumed that each simulated reflecta¢be simulation
date represented the average status of the study areas in the corresponding season.

2.6. Accuracy Assessment

We assessed the accuracy of simulations by comparing the simulated Lieddata to a Landsat
observation on the same date. A linear regrassiodel (observedersussimulated surface reflectance)
was used to assess the performance of STARFM, with reference to the statistical pardeedeRdot
Mean Squared Error (RMSE), which were used to measure the fitness of the linear regression,
differenceshetween simulated and observed reflectance, respectively.
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3. Results
3.1. Landsal ike Surface Reflectaned@th aFixed Base Date

The R and RMSE value varied seasonally, arfd/&ue was generally decreased as the value of the
temporal interval between thase andimulationdates Tbos) increasedThe RMSE value for band 1 is
lowest compared to other ban@enerally, he DOYs of simulation date for bestworst performance
(maximum R and minimum RMSEminimum R and maximum RMS[Eat eactsimulationyearwere
near téfar fromthe DOY of base dat¢Figures 3 and4).
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Figure 3. Distribution of theday of year (DOY Yor maximum R (not filled marker)and
minimum RMSE (filled marker)valueat each yeairom 2001 to 2012The corresponding
base datédash line)is (a) 9 February(DOY: 40), (b) 16 May (DOY: 136),(c) 28 August
(DOY: 240) and ) 8 November(DOY: 312 for year 2001 respectively The markes for

six Landsafike bandsare circle, triangle, diamond, square, hexagram and pentagram
respectivelyThe color for each land cover type is black (WAT: water), red (URB: urban),
green (SHR: shrub), blue (GRA, grasslandplet (CRO: cropland) and browfWET:
wetland).The meaning of marker and color for symbalshe same for Figure 4
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Specifically,with one pair of LandsaMODIS images as base data on 9 February 2001 (DOY: 40),
the high R and low RMSE valug often occurred at the beginning (base date +39 days) or end (last
month) of the yeafFigure 3a) The DOY of simulated reflectance witsw R? and high RMSE value at
each year was mainly distributed from 140 to 300 (Figure 4a). When the temporaledigtenwithin
+70 days between simulation date and base date, the highdRow RMSE value for water and grass
can also be obtained. Among each land cover type, the performance of STARFM was worst for cropland,
which median and mear?Ralues for the sivands were lower than 0.25, the RMSE value for band 4
had reached to 0.08 (Figgi®la, 2a,andS3a). The best performance of STARFM was simulated result
for shrub, the median and meafA\Rlues for each Landsat band was higher than any other land cover
type, the simulated reflectance of band 5 was clos8rt¢(Rhe observed reflectance than to the other
bands, and result of band 1 had lowest bias compared to other bands (Figur@s,3iw] Sc).

Figure 4. Distribution of the day of year (DOY) faninimum R? (not filled marker)and
maximumRMSE (filled marker) value at each year from 2001 to 2012. The corresponding
base date (dash line) ig) (©@ February (DOY: 40),h) 16 May (DOY: 136), €) 28 August
(DOY: 240) and @) 8 November(DOY: 312)for yea 2001, respectively.

Whenthe base date was moved 16 May 2001 (DOY: 136), the highesfAnd low RMSE often
occurred in the middle (base date +30 days) of the year for most land cover types. However, the high



