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Abstract

Quality-controlled datasets at high spatial andperal resolution (1kmx1km, hourly) for a five-
year period (2007-2011) were developed for the RRHESE project (Integrated Precipitation
and Hydrology Experiment — Hydrologic Applicatiofsr the Southeast US), to support a
common platform for the intercomparison and evatmadf hydrological models using various
QPE (Quantitative Precipitation Estimation) product an operational setting in coordination
with the Intense Observing Period of the IPHExdfieampaign in April-July 2014 (IPHEX2014).
The data sets span four major river basins in thetgast US with headwaters in the Southern
Appalachians: the Upper Tennessee, the Savanraatawba-Sandee, and the Yadkin-Peedee.
Quality control and post processing were conducted correct and improve the
hydrometeorological forcing data sets. In this nsmnipt, we present the procedures and
methodology to develop land surface broadband albleadband emissivity, leaf area index
(LAI), and fractional vegetation coverage (CV) agh tempo-spatial resolution based on the
MODIS (Moderate Resolution Imaging Spectroradiomgbdeoducts. Quality control, gap filling
and temporal filtering were performed to correctl amprove the landscape attributes derived
from MODIS products mainly due to cloud or snowf@ggy contamination and limitations of
retrieval algorithms. The datasets were utilizedspecify land attributes in a distributed
hydrological model (3D-LSHM) in the Pigeon Riverdda a headwater basin of one of the four
major river basins in the Southeast of interesthn IPHEx-H4SE project. Results from five-
year continuous simulations from 2007 to 2011 aedullustrate the importance of the quality
landscape attributes affect the regional wateritgaring at basin scale and thus the overall the

hydrologic regime.
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1. Introduction

In anticipation of NASA'’s Global Precipitation Measment (GPM) ground-validation activities
in the Southeast United States, specifically théedrated Precipitation and Hydrology
Experiment (IPHEXx, http://iphex.pratt.duke.edu/), qaality-controlled digital repository of
comprehensive high-resolution data has been deseltgy Hydrologic Modeling/Forecasting in
the Southeast (IPHEx-H4SE). The data sets provaienwon control forcing and landscape
attributes to facilitate multi-scale, multi-purpobgdrologic modeling activities ranging from
flash-flood forecasting to basin-scale water reseuassessments in support of multi-model
Operational Hydrologic Forecasting during IPHEX2014e Intense Observing Period of the
IPHEX field campaign planned in April-July 2014.€Thbjective of this project is to establish a
comprehensive data base that will serve as thedftion of the Precipitation Measurement
Mission (PMM) Hydrology Working Group and HMT-SERSmmon platform for transparent
and robust testing and evaluation of various caméijons of hydrologic and atmospheric
models, the replication of operational forecastapgplications under the same conditions, and
thus the rigorous establishment of a state-of-therse baseline in satellite-based Quantitative

Precipitation Estimate (QPE) prior and after theM3Runch.

In the first phase of the project, the goal is émegrate quality hydrometeorological forcing data
sets at high spatial and temporal resolution (1kkmxlhourly time step) for the five-year time
period 2007-2011 with a focus on four major rivesins in the Southeast US, with headwaters
in the Southern Appalachians: Upper Tennessee MBesin (56,573 ki), Savannah River
Basin (27,110 kr), Santee River Basin (39,862 Rnand Yadkin-Pee Dee River Basin (46,310
km?), as shown in Figure 1. Overall, the databaselidie soil hydraulic parameters derived

from the State Soil Geographic (STATSGO) datablaselscape attributes datasets derived from

5
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the Moderate Resolution Imaging Spectroradiomef®DIS) products, atmospheric forcing
data derived from the North American Regional Reais (NARR), and precipitation generated
from NCEP/EMC 4KM Gridded Data (GRIB) Stage IV dwsts. All the datasets were firstly
extracted from original data sources, re-projectedUTM17N (WGS84) and bi-linearly
interpolated to the domain grid system at lkmxlkesolution. Then, corrections and
adjustments were applied to improve these dataai@ting to provide five-year “historical” best
estimates, which are essential for many applicatisnch as hydrological hindcast/forecast,
evaluating model skills and uncertainty, evaluatthg accuracy of current radar-based QPE
products especially in mountainous regions throinghrological verifications, and testing
impacts of hydrometeorology regimes any others.tHis paper, we will focus on the
development of landscape attributes datasets. @hel@pment of atmospheric forcing datasets is

provided in EPL-IPHEX-H4SE-2.

Space-time varying landscape attributes such aadbend albedo, broadband emissivity, leaf
area index (LAI), and fractional vegetation covergGV) are crucial parameters affecting water
and energy fluxes exchange at the soil-vegetatiomsphere interface. These landscape
attributes provide spatial-temporal varying patseraf land surface properties including

vegetation states describing phenological dynamirevious studies demonstrated that the
seasonality of latent heat flux and surface tentpezaare affected strongly by the vegetation
states, and that the difference in latent heateBulketween numerical experiments with fixed
annual mean values and realistic seasonally vamnyaggtation characteristics was proportional
to the difference in LAl (Lawrence and Slingo, 2@0#awrence and Slingo, 2004b). Yildiz and

Barros (2007) showed that fractional vegetationecage and albedo were the governing

hydrological parameters in their hydrologic sergyistudy using an uncalibrated model. Land
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surface albedo is an important indicator of landeoehange (e.g. deforestation and forest
restoration) resulting in impacts on regional egebglance at climate scale (Dickinson and
Kennedy, 1992; Dirmeyer and Shukla, 1994; GarE@93; Liu, 2011), and of land surface
disturbances (e.g. wildfire burning) at shorterdistales (Jin et al., 2012). Cedilnik et al. (2012)
found that using daily albedo instead of climatatajy based monthly albedo in a NWP model
could significantly reduce the model biases in atef net radiation. Land surface broadband
emissivity is also a key parameter playing an irtgoadrrole in energy budget in land surface
hydrologic model, and usually is assumed to be ister® or fixed values depending on
landcover (Dickinson et al., 1993; Sellers et 4996). However, Jin and Liang (2006)
demonstrated that evident changes in soil an smpérature, sensible and latent heat fluxes
were found using time-varying satellite-derived diband emissivity compared to the results
using fixed emissivity in a community land surfaceodel coupled NCAR community

atmosphere models (CAM2-CLM2).

In the IPHEX-H4SE project, the spatial-temporalyway landscape attributes, including LAI,
CV, land surface broadband emissivity and albedrewderived from the Moderate Resolution
Imaging Spectroradiometer (MODIS) products (Tab)e The unstable reliability of MODIS
land products due to cloud contamination, or migsiata due to persistent presence of cloud or
snow, and uncertainty in retrieval algorithm ardl\decumented (Gao et al., 2008; Roman et al.,
2009; Williamson et al., 2013; Yang et al., 2007ya¥i et al., 2011). Here, we conducted
independent quality control, gap filling and tengddiltering for MODIS products, to generate
spatially and temporally consistent landscapelaitei datasets of high quality for hydrological
applications. All the improved landscape attribut@sasets are available to PMM hydrologists

and potential participants at the website of IPHEXg://iphex.pratt.duke.edu/).
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Headwater catchments of the UTRB, a basin featutiiegmost complex terrain of the four
drainage basins of interest in this project (theRBT the SVRB, the SRB, and the YPDRB), are
located at the Southern Appalachian Mountains in K@e of these headwater basins, the
Pigeon River Basin (shown in Figure 1), will be tlestbed for the hydrological simulation
experiments in this study. The hydrological veation has been conducted in three sub basins
that are equipped with USGS stream gauge, buimadet by dam operation in the Pigeon River
Basin (see report EPL-IPHEX-H4SE-3). These inclieCataloochee Creek Basin (CCB), the
West Fork Pigeon River Basin (WFPRB) and the Eask Pigeon River Basin (EFPRB). The
impact of quality landscape attributes on watex #imulations will be illustrated by analyzing
the water balance/budget over the five year pgi2007-2011) in the Pigeon River Basin, using

the landscape attributes before and after adjusfmmgamovement.

The organization of this manuscript is as follo&ection 2 describes the methodology for
developing the landscape attributes datasets fradDM products, and the procedure for post
processing and improving the datasets. Sectiore&epts the results of the derived datasets and
analyzes the statistical seasonal characteristitisese landscape attributes with respect to land
cover. The comparison of derived land surface dvaad albedo with observations at AmeriFlux
tower is also provided. Section 4 presents hydio&@pplication experiments over the Pigeon
River basin using the 3D-LSHM driven by both thevrand the adjusted landscape attributes
datasets. The analysis of regional water budgdivetyear time scale is also included. The

summary and discussion are provided in Section 5.
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2. Methodology and Procedures

MODIS land products provide 8-day LAl and spectatlissivities which were used to construct
hourly LAI, CV and broadband emissivity within tH®HEx-H4SE domain at 1km in a
consistent projection system (UTM17N). There isavailable hourly product of land surface
broadband albedo, thus it was derived from MOBRDF parameters to generate a consistent
hourly land surface albedo for hydrological apgimas. Figure 2 illustrates the sequence of
procedures for generating landscape attributessef@tdrom MODIS products. Generally, the
original MODIS products were re-projected and cosiigal to the study area using the MODIS
Reprojection Tool (MRT), interpolated to basin gridsing the nearest-neighbor or bi-linearly
method depending on the resolution of MODIS prosluahd then interpolated into hourly time
steps. Quality-control and temporal filtering oetlandscape attributes data were performed to
reduce the discontinuities or to correct for clmeshtamination. The details about the procedure

are discussed in detail next.
a) LAl and CV

The leaf area index (LAI) is a key parameter inficiag energy fluxes exchange at vegetation-
atmosphere interface, and also water fluxes byctfffg hydrologic processes such as
intercepting rainfall and releasing throughfall astdmflow (Galdos et al., 2012; Marin et al.,
2000; Park and Cameron, 2008). The combined Temalmua MODIS version of the 8-day
Leaf Area Index and FPAR product (MCD15A2, Collent5s) was used to extract and generate
LAI data over the southeast US at IPHEx-H4SE bdsimain. Due to the cloud contamination,
post-process filtering combining quality controkia be applied to generate LAI of high quality
(Gao et al., 2008; Yuan et al., 2011). In this @ctj we use a software package, TIMESAT
(Eklundha and Jonssonb, 2012; Jonsson and Ekl@0@d,), to perform temporal filtering and to

9
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reduce the discontinuity caused by cloud contangnatombining quality control data. The
TIMESAT is a tool utilized for analyzing time sesief satellite-derived product and extracting
vegetation phonologic characteristics, and has bedely applied for post-processing and then
generating high-quality satellite products (Eklurethal., 2009; Heumann et al., 2007; Yuan et
al., 2011). The Savitzky-Golay (SG) filter methadplemented in the TIMESAT was used to
conduct the adaptive temporal filtering for MODIRAIL by fitting a quadratic polynomial

function using the time series data in a movingdein.

The Fractional vegetation coverage (CV) then wasnased from LAI, based on an empirical

relationship with LAI(Choudhury, 1987; French et 2003):

(2.1)

Many other methods estimate CV based on NDVI (Batral., 1995; Carlson and Ripley, 1997;
Gutman and Ignatov, 19983uch as the semi-empirical relationship proposedChylson and

Ripley (1997),

(2.2)

where and represent the values of NDVI for fully covered g&gion and bare
soil, respectively. Because NDVI is more indicatnf greenness than adult vegetation canopy
structure, density and coverage, NDVI product asfier from problems of contamination by
background soil and easy saturation for dense ag#get Therefore the CV estimated here is
produced by LAI based on equation (2.1). Other @&pcts estimated from NDVI can be also

provided upon request, or independently generatednterested users. Comparing the time

10
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series and also spatial distribution of these Cdtlpcts can help deciding the best method for

specific applications.
b) Land Surface Emissivity

Land surface emissivity plays an important roleéhie surface radiation budget, and has a strong
impact on energy balance especially at climate tgoales (seasonal to interannual). The
MODIS/Terra 8-Day Land Surface Temperature and Eiwity (LST/E) product on a
latitude/longitude—based (0.Qxlimate modeling grid (CMG) system (MOD11C2, @atlion 5)
consists of spectral emissivities. However, thellaarface broadband emissivity is required for
hydrological applications to describe the integealitting properties of surface over the full

electromagnetic spectrum (mainly concentratedrag-lwavelength infrared).

Previously, the linear relationship between theabband emissivity and MODIS spectral
emissivities was established through regressionysisaby Jin and Liang (2006), using
emissivity at MODIS band 29 (8.400-8.700), band 31(10.780-11.28®) and band 32

(11.770-12.270m):

L HE gl &H# g (2.3)

This relationship (2.3) almost fully covers the whangth of 8-12 m andaccounts for soils and
minerals background information, and was used tegde land surface broadband emissivity in

this project.

The TIMESAT software was also used for tempottgring to improve the emissivity data. The
method for detecting spikes/outliers and assigmiagghts to the LAI data relies on the Seasonal

Trend Decomposition using Loess (STL) algorithmjohHirst decomposes the time series into

11
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trends, seasonality and remainder components amda$signs the weights accordingly. On the
other hand, experimental tests demonstrated thatntedian filtering method was the most
efficient approach to detect emissivity outlierssulting in very similar weights as the STL-
decomposition method. Thus the median filtering vgatected for detecting spikes in the
emissivity data, while other parameters were deriveing the same approach as for the LAl
data (e.qg. fitting method is Savitzky-Golay, seadiboy parameter, etc). Because emissivity data
are governed by landcover, soil moisture conterd wegetation characteristics, the upper
envelope is not necessarily the true value. The-&domposition method is more favorable for

fitting to the upper envelope of data, for instgringhe case of LAI.
c) Land Surface Albedo

The MODIS albedo product (MCD43B3) provides boté tlrectional hemispherical reflectance
(black-sky albedo) at the local solar noon (a dptiolar zenith angle) and the bihemispherical
reflectance (white-sky albedo). Then the blue-skgtyal) albedo at local solar noon can be
calculated using the MCD43B3 product given the s@rooptical depth. However, the
instantaneous actual albedo at time other thatota solar noon cannot be obtained from the
MCD43B3 product, since the actual albedo dependsmstantaneous solar zenith angle (Liu et
al., 2009; Schaaf et al., 2002). Thus, the MODISDBRAIbedo Model Parameters product
(MCDA43B1), which provides spectral-band and alssadiband BRDF model parameters every 8
days with 16 days acquisition interval, is usedhis project to estimate the diurnal cycle of
actual albedo as a function of solar zenith aragesuggested by Schaaf et al. (2002). Relying on
the Ross-Thick/Li-Sparse-Reciprocal (RTLSR) kemt@len BRDF model, the directional
hemispherical reflectance (black-sky albedo) giesry solar illumination geometry condition

and the bihemispherical reflectance (white-sky @t)ecan be derived by calculating the

12
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weighted sum of an isotropic parameter and two eéderdescribing viewing and illumination

geometry (Roman et al., 2009; Schaaf et al., 2002).

)Vt V) M )®
Lot * o1 ' wod) ! 01)® (2.4)

s * A o3 ! lopz) 1 23)%
where' ( )*+ s the black-sky albedd;s; are coefficients anyl is the solar zenith angle.
.+ isthe isotropic scattering component; + is the parameter for the Ross-Thick volume
scattering kernel, angh; + is the parameter for the Li-Sparse-Reciprocal ggamscattering
kernel. These BRDF model parameters were extrdcted the product MCD43B1. Thies;

coefficients for the ( )*+ are provided in Schaaf et al.(2002), in which theegrated

coefficients over all the solar zenith angle fa thhite-sky albedbg  )*+ are also presented.
'8( )i+ (. + | 9 9" 01 T CH&& 3. T (25)

The actual albedo of the land surface then is thigjhted average of black-sky albedo (BSA)
' ( )*+ and white-sky albedo (WSA)s )*+ . The weighting coefficient is the fraction of
diffuse skylight which depends on solar zenith anglptical depth, local aerosol type etc.

(Schaaf et al., 2002).

1 )i+ ’ <4)’:+ 5:' ( )’+ I <4)i= + 5I 8( )i+ (2.6)

where<4)*= + 5is fraction of diffuse skylight which depends oolas zenith anglg and
optical depth= + . Solar zenith angle was calculated according @oStin position at local time.

The fraction of diffuse skylight was obtained franbookup table which was established with the

13



249

250

251

252

253

254

255

256

257

258

259

260

261

262

263

264

265

266

267

268

269

Environmental Physics Laboratory- CEE-Pratt Sclud&ngineering
Report EPL-2013-IPHEX-H4SE-1

help of the 6S (Second Simulation of a Satellitgn8l in the Solar Spectrum) code including
situations up to 90solar zenith angle (Go 89 with a 1 degree step), 50 optical depths (0 to 1.0
with 0.02 step), 10 bands (7 MODIS land bands ahtoad bands) and 2 aerosol model types
(continental and maritimé) The aerosol optical depths (at 550 nm) were nbthifrom the
MODIS Level 3 Atmosphere Daily Product (MODO08 D3WWhereas the simple linear
interpolation was used to generate hourly emiggiviAl and CV, the same method cannot be
applied to generate hourly albedo. In this case hthurly solar zenith angle should be calculated
first and then the fraction of diffuse skylight wasstimated according to the optical depth and
solar zenith angle. Furthermore, hourly albedo wepeluced by Eq. (2.6) using the BSA and

WSA derived from the 8-day BRDF model parameters.

3. Results and Analysis
3.1LAl and CV

The adaptive temporal filtering was performed féd using TIMESAT software (Eklundha and
Jonssonb, 2012; Jonsson and Eklundh, 2004), usirgl@ptive Savitzky-Golay filtering method
based on least-squares fits to the upper envelojpe dime series of data. Figure 4 and Figure 5
show the time series of LAl and CV before and até@nporal filtering at locations of towers in
the southeast US (shown in Figure 1), includingfsmxeriflux towers and a Duke Environmental
Physics Laboratory tower (DKEPL) installed at Past Knob in the Southern Appalachian
Mountains by the second author’s research group. [@hdcover for these towers is listed in
Table 2. However, no measurements of LAl and CV available for validation proper. We

show the comparison of time series to illustratev hihe adaptive filtering method can

! hitp:/mww-modis.bu.edu/brdf/userguide/tools.html
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significantly reduce the discontinuity in LAI andus CV, improving the data quality. It can be
seen from Figure 4 and Figure 5 that the filtere® preserve the inter- and intra-annual
variability and capture the growing season. Cousetly, the CV derived using the filtered LAI
is a true representative of the vegetation coverthge the CV directly calculated using
unfiltered LAI. The LAI and CV at the DKEPL-towebdttom rows in Figure 4 and Figure 5)
show the largest improvement compared to other rgweducing the fog and low level cloud
banks contamination during the warm season, a quitenal characteristic in the Smoky
Mountains. Generally, the most frequent contamameti occurred during the summer time
(shown by the downward peaks from Jun. to Octha figures), especially in 2009 (the third
column in each row in the figures) which witnessgirent storm events during the Atlantic
hurricane season. For example, MODIS can hardlyucagloud-free data over the southeast US
even within an 8-day period around Sep.16 in 208%d thus suffer from severe cloud
contaminations in the LAI product, as shown in ting-middle figures in Figure 6 and Figure 7.
As can be seen in the top panel in both Figured Fgure 7, the spatial LAI/CV on 10-day
before and after Sep.16 (left and right figurestha top row) exhibit reasonable values and
distributions over the southeast US, but the LAI/GV Sep. 16 show very small values (large
area in red color) due to cloud contamination. Tustamination is effectively removed by the
adaptive Savitzky-Golay filtering, as shown by theldle figure in bottom panel in Figure 6 and

Figure 7.

Figure 8 presents the time series of the averafiered LAl and CV for all the pixels of same
landcover types over the southeast US region ®fitle years 2007-2011 from left to right. The
barren or sparsely vegetated (BA) type is mainilycemtrated over the coastland, showing small

LAI/CV all year around. Mixed forest (MF) and deca@ls broadleaf forest (DBF) show close
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values and similar variability. Figure 9 and Figut® provide the PDF of LAl and CV
respectively, separated by four seasons for eacittwer type. The statistics associated with the
PDF figures of LAl and CV are given in Table 3 arable 4. It can be seen from Figure 9 and
Figure 10, the mixed forest (MF), evergreen broaidferest (ENF) and deciduous broadleaf
forest (DBF) present large variability, especiaifiythe growing season (MAM) and the dormant
season (SON), indicating the varying phonologicratieristics of broadleaf forests. Compared
to the large variability in the growing or dormaggason, all the forest type in the blooming
season (JJA) show much less variation. Note the Btidpes in the growing season are very
similar to the shape in the dormant season for siirath the landcover types, but having very
different PDF shapes in the blooming season (JJAis is quite important for data merging
techniques such as data assimilation, in whiclptier PDFs of land surface parameters usually
are assumed independently on seasons. In addiierdynamic temporal-spatial heterogeneity
of vegetation is essential for modeling energy arader fluxes, since apparently landcover-
determined values of vegetation characteristichi@arepresent the true landscape attributes in
reality. Closed shrubland (CS) and woody savann8AY\show less variation in LAl than open
shrubland (OS) and savanna (SA) respectively (Ei§)y although the mean for these types are
quite similar. The PDF shapes of LAI for both gtasd (GA) and cropland (CP) have long tails
(Figure 9), positively skewing to the upper sidéhwarger means than medians in four seasons
(shown in Table 3), indicating large diversitiesvefjetation existing in the same type of GA and
CP. But the long tails are just shown in the PDFCdf for GA and CP in MAM and SON
(Figure 10). While in JJA, the PDF of CV for GA a@dP present two peaks at both end sides,
demonstrating the nonlinear relationship between bBAd CV. Generally, the intra-annual

variation of CV is larger than LAI, which is aldtustrated in the spatial distribution examples of
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LAI (Figure 11) and CV (Figure 12). Figure 11 andufe 12 clearly demonstrate the temporal-
spatial heterogeneity over the region. The northEasouthwest patterns of alternating large and
low values are attributed to the vegetation zorestown in landcover map (Figure 3). As
shown in Figure 11, the mixed zones of woody samaamd croplands close to the coastlands
show low LAl all year around and for all the yedrscontrast to the adjacent mixed forest zone
which shows relatively larger LAI all the time. Tiseasonality of the mixed zones of woody
savanna and croplands is shown more clearly inr€idi2. Compared to the forests in the
Southern Appalachian Mountains, the northeast-takswest mixed forest zones in between the

woody savanna zones and close to the coastlanda/gtelarge CV all year around (Figure 12).

Overall, the filtered LAI and CV show reasonabled acorrect temporal-spatial patterns,
presenting dynamic temporal-spatial heterogeneityckv should be imposed in hydrological

modeling to correctly simulate energy and watexdhi

3.2Land Surface Emissivity

The land surface broadband emissivities are deffirgd spectral emissivities at MODIS band
29, 31 and 32. Temporal filtering for the emisgivitata was performed used the TIMESAT
software, as discussed in Section 2. Figure 13 shthe time series of the land surface
broadband emissivity before and after temporatriitig. In contrast to the LAI and CV, which
most contamination is negative-biased, the baditguai land surface emissivity is represented
by up and down dramatically noisy variations. Thigered results obviously demonstrate

smoother and reasonable changes.

Figure 14 presents the time series of averaged danfdice emissivity for different landcover

types. As can be seen from the figure, the lanthsaremissivity of most of the landcover types
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have similar inter- and intra- annual variabiligxcept for the barren or sparsely vegetated (BA)
and Urban and built-up (UB) type which present éargariation and smaller minimum values.
Figure 15 shows the PDF of land surface emissiatyeach landcover and each season, about
which the statistics are provided in Table 5. Nke ILAI or CV, the PDF of emissivity remain
similar for all the landcover types and seasortbpalh the variation changes in a similar way,
i.e. small variation in JJA but large variation ather seasons. The spatial distributions of
emissivity in different seasons are provided inuFég16. Previous study has demonstrated that
the land surface emissivity depends on surfaceactenistics (i.e. landcover type, vegetation
density and structure), soil moisture and soil oigaontent (Jin and Liang, 2006). Combing
with Figure 11 and Figure 12, we can see from fadL6, the overall emissivity increase as LAl
and vegetation coverage, such as that the emisssvibw in Feb. and then increase to larger
values though Apr., Jun. to Aug. and Oct., thenimgiecrease in Dec.. The dependence of
emissivity on vegetation demonstrated here is epasi with previous studies (Jin and Liang,
2006; Vandegriend and Owe, 1993). The urban regainsys stay at high values, which
although is altered by wet (e.g. June 1 in 2009 201D) or dry conditions (e.g. June 1 in 2008
and 2011), or subsequently by the surface moigietadéion and temperature conditions in the

urban areas.

In summary, the land surface emissivity is landcalependent and presents small seasonal
variations. The small tempo-spatial variability lahd surface emissivity is partially due to
spatial heterogeneity at 1km resolution and pédytadue to the climatologic characteristics of the

surface over the southeast US.
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3.3Land Surface Albedo

The albedo measurements at towers were obtained lmasthe reflected global solar radiation
divided by the incoming global solar radiation, dhdn were used to validating retrieved albedo
from MODIS. However, the point-to-pixel comparisai tower observation with MODIS
retrieved albedo is largely limited by the spahaterogeneity and the uncertainty induced by
scale mismatches (Cescatti et al., 2012; Liu e¢t2409; Roman et al., 2011). Roman et al.
(2009) proposed a methodology for assessing thdstape heterogeneity and the spatial
representativeness of albedo observations at AfogrfBrest sites based on variogram functions
calculated from ETM+(Enhanced Thematic Mapper Plnsdges, to evaluate if the tower
observed albedo can represent the spatial vatiabilithe surrounding landscape extending to
the spatial scales of MODIS products. This methed been applied by many studies on
evaluating albedo products (Cescatti et al., 2(R@man et al., 2013). Roméan et al. (2009)
concluded in their study that the US-ChR towerhis only tower spatially representative of its
surrounding landscape in the Southeast US. Figarehbws the ETM+ images over the tower
US-ChR, demonstrating a very similar spatial disttion of landscapes, i.e. low heterogeneity,
across the Oak Ridge Forest (Roman et al., 200893refore, we will validate the MODIS
retrieved albedo against the observation at tow®QHR, without further evaluating the spatial

representativeness at this tower.

Figure 18 shows the comparison of monthly meanndiucycle of land surface albedo between
estimation from MODIS and observation at US-ChRsi8ally the retrieved albedo agree well
with the observation at the tower except for therlafternoon, with a little bit underestimation
mainly during the winter time (Jan., and Oct. tocDe The derived albedo exhibit quite

symmetric diurnal cycle resulted from the assummptibsymmetry with respect to the local solar
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noon in the theoretical retrieving algorithm (Litt &., 2009), whereas the observed albedo
shows asymmetry characteristic as shown in thedigBrevious studies have investigated the
diurnal asymmetry characteristic of albedo in tieéds of grassland or cropland (Minnis et al.,
1997; Song, 1998), and found that albedo in théyeaorning usually is larger than in the
afternoon. The diurnal asymmetry of albedo mightikatted to the effects of dew, frost,
precipitation, evaporation and wind (Minnis et 4997), which cause brighter surface, but not
accounted for in the MODIS albedo retrieval alduorit For example, the strong prevailing wind
lean the vegetation canopy and turn the back ofelaipward, and then brighten the surface.
However, as shown in Figure 18, the observed allbeddarger value in the later afternoon than
in the early morning at a deciduous broadleaf tadesninated site US-ChR (Table 2), which can
be explained by the different canopy structureasé$t from grassland or cropland. Figure 19
shows the validation results of the retrieved landace albedo at the local solar noon (LSN),
demonstrating a good agreement with the observatitime tower US-ChR with small root mean
square error (RMSE=0.017), mean absolute error (MA&L3) and mean bias error (MBE=-
0.007). Since MODIS BRDF parameters are snow-freg@ eoud-free, to avoid cloudiness
condition, the mean of the observed albedo withBrl@our window centered at the LSN was
calculated and compared with MODIS retrieved albsithailarly to the study of Roman et al.
(2009). The snow conditions were identified by t@mperature less than zero Celsius degree
observed at the tower. However, it is not possidampletely screen out cloud conditions even
using 3-hr mean of observation for comparison, Wwhitay explained the underestimation of

retrieved albedo around May.

Figure 20 presents the time series of the averalipadio at the LSN for all the pixels of the same

landcover type from 2007 to 2011. Although the ager of many pixels may reduce the
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difference between landcover types, the ENF and BilFdistinguish themselves from other
types by much lower albedo except for BA. As statbdve, BA regions are concentrated along
the coastland and thus have very low albedo dtieetalark color. The lower albedo of the ENF
and DNF are attributed to the dark needles and tsarapping of light by the needle leaf
canopy. The outmost two types which present vargd albedo are grassland (GA) and
cropland (CP). Generally, albedo starts to increasang the growing and blooming season and
then decrease during dormant season, and incrgaseduring winter time. The PDF shapes of
the land surface albedo at LSN (as shown in Fi@liredo not exhibit much discrepancy in
different seasons for a same landcover type, ilitisg the diversity of vegetation of same
landcover do not affect the seasonality of albeely ymuch. The statistics associated with Figure
21 are given in Table 6. Figure 22 shows the apditstribution of land surface albedo at the
LSN, including the black-sky albedo, white-sky albeand the blue-sky (actual) albedo on
March 1, June 1, September 1 and December 1 in.2008an be clearly seen that, the wetlands
along river networks demonstrate very small albedpgecially the area near the coastlands. The
black-sky albedo heavily depends on solar zenitflearthus the difference between the black-
sky albedo at the LSN in different months is snaie to small difference in the solar zenith
angle. Whereas the white-sky albedo depends omliberved intrinsic properties of the land
surface as indicated by equation (2.5), thus ldifferences are shown between the white-sky
albedo in months, as shown in the middle columweirtical rows in Figure 22. The final actual
albedo then is the combination of black-sky andtevkky albedo, weighted by the condition of

the diffuse skylight.
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4. Hydrological Application

The illustrating hydrological modeling study wasidacted in one of the headwater basins of the
UTRB, the Pigeon River Basin (shown in Figure 1ydkblogical verification was performed in
three sub-basins equipped with USGS stream gaugiesdb limited by dam operation in the
Pigeon River Basin, including the Cataloochee CrBekin (CCB, 128kf), the West Fork
Pigeon River Basin (WFPRB, 71Krand the East Fork Pigeon River Basin (EFPRB, &)Lk
The Pigeon River Basin features topographically glemterrain, characterized by gentle to very
steep slopes and dominated by very dense forest fonest and deciduous forest). Previous
hydrological studies had been conducted in the drigRiver Basin investigating the
predictability of flash flood (Tao and Barros, 20)2&nd debris flow initiation (Tao and Barros,
2013a), for particular storm events. In this studyg conducted hydrological simulations at
IPHEX-H4SE conventional scale at 1kmx1km spatiabl@ion and hourly temporal resolution
over a five year period from 2007 to 2011, usingplaysically-based fully-distributed
hydrological model (3D-LSHM) driven by both raw atiee adjusted landscape attributes (LA),
in order to characterize the impact of landscapgbates on regional water budget. Raw
landscape attributes consist of the original breadbemissivity, LAl and CV datasets without
further quality control and adaptive temporal filbg. While the adjusted landscape attributes
include the emissivity, LAl and CV after post presimg, e.g. quality control and the Savitzky-
Golay filtering. The derived broadband albedo s $ame dataset in both the raw and adjusted
landscape attributes category. The atmospheriiniprdatasets developed for the IPHEx-H4SE
were derived from the North American Regional Régmis (NARR) and had been corrected for
elevation and topographic effects. Details aboatatjustment of atmospheric forcing datasets

are provided in EPL-HYPHEX-H4SE-2. Precipitationtadavere generated from NCEP/EMC
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4KM Gridded Data (GRIB) Stage IV datasets and tlemvnscaled to 1km using various
methods (see EPL-IPHEX-H4SE-3). Here, a randonglected realization among the 50
realizations available of the Precip_StagelV_TFdpat based on a transient multi-fractal
downscaling method is used to illustrate the seityitof model simulation to land attributes.
Model description and implementation can be foun{lTiao and Barros, 2013a; Tao and Barros,
2013b; Yildiz and Barros, 2007; Yildiz and Barr@§09). One-year spin-up simulations were
conducted before the five-year simulation, to retieh model consistency. The comparison of
the five-year continuous streamflow simulations iagfathe observations for the three sub-

basins (WFPRB, EFPRB and CCB) is shown in repott-EFHEX-H4SE-3.

Figure 23 shows the spatial distribution of simedatintercepted rainfall, evaporation and
transpiration in the Pigeon River Basin using lziage attributes (LA) before and after the
adjustment. As can be seen from the figure, theorgment in LAl and CV (as shown in Figure
6 and Figure 7) causes increase in interceptedatbamount and transpiration but decrease in
evaporation. Note the cloud contamination generadigguce LAl and then CV, thus the
adjustment or improvement for LAl data mainly reradvthese downward peaks as shown in
Figure 4 and Figure 5. Thus, the small LAl and fdbe improvement having cloud or foggy
contamination result in little canopy-intercepticapacity, which is quite critical for light rainfal
regime. For light rainfall dominated scenario, tigtainfall would exceed the interception
capacity when using inaccurate vegetation chanatitsr (i.e. the raw LAl and CV data), and
then could reach ground and wet the soil. Howawarality the light rainfall will most likely be
retained in the canopy and be evaporated later. nk@derate or heavy rainfall dominated
scenario, on one hand, more rainfall will be retdiim the canopy when using the corrected LAl

and then contribute to evaporation, and less rthicéa be infiltrated into ground and contribute
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to runoff, soil water content and thus transpimation the other hand, the CV after correction is
larger thus reducing the bare soil area, which esudecrease in evaporation. In the 3D-LSHM,
the evaporation at each pixel comprises the comperieom bare soil area (1-CV) and also skin
reservoir including canopy retention. However, allethe accumulated evaporation using
adjusted LA is less than that using raw LA as showrkigure 23, demonstrating that the
decrease in evaporation due to reduced area cavefdgare soil exceeds the increase in canopy
retention. Consequently, larger vegetation coveragalts in increase in transpiration as shown
by the third column in each panel of Figure 23. &tehweless, the varying changes in intercepted
rainfall, evaporation and transpiration also depemd landcover and hydrometeorological
regime. For instance, the transpiration is alwasgry emall in the urban area in the center and the
mixture patch of cropland and woody savannah inntbrghern part of the basin. Large changes
occur in the mix forest and deciduous forest doteharea. Also, the tremendous enchantment
in transpiration in 2011 (the third column in e.R Fgure 23) is due to the extreme wet
conditions in that year. In contrast, the year 602 shows very small transpiration and
experienced severe drought after a very dry yed@06B. In short, the accuracy of landscape
attributes directly affects the water partitionimgd then the regional water budget in a
nonlinearly complex manor. Water balance/budgettha Pigeon River Basin is of vital
importance. Figure 24 presents the basin-averagger womponents including precipitation (P),
runoff(R), evapotranspiration (ET), soil moistureange ( SM), leakage (LK) and the water
imbalance (Im.= P-(R+ET+SM+LK)) accumulated over the simulation period gsboth raw
and the adjusted LA datasets. As the figure shaitispugh water balance is closed with very
small imbalance fraction (about 4% accumulatedfii@ years) independently of using raw or

the adjusted LA, the accumulated ET estimates ufiagadjusted LA is much larger and the
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runoff is smaller compared with the counterparinestes using the raw LA data. Consequently,
the ratio of runoff to precipitation (R/P) is deased by 4%, and the ratio of ET/P increased by
4%. The increase in ET results from the largerdased amount in transpiration and relative

smaller decrease in evaporation (as shown by @ur& 24).

Note that these five year simulations were condlgtéhout initialization or re-initialization,
and therefore errors in the specification of ihia®il moisture conditions and groundwater
storage as well as rainfall related errors can refyeémpact the initial conditions for specific
events. To alleviating this impact, spin-up sinioias for 15 years were conducted. The spin-
up consisted in re-running the 5-year simulatiore¢htimes using the same 5-year forcing.
Results that illustrate the impact of initial camatis for the EFPRB watershed are shown in
Figure 25: the 5-year NSE (Nash-Sutcliffe efficignecore for hourly streamflow simulations
increases from 0.28 to 0.45. This implies, there still unaccounted for forcing errors,
especially in the rainfall as discussed in EPL-IX-HHEASE-3, but there is strong improvement in
model performance as indicated by the 61% improvenmmeNSE. This finding suggests that the
atmospheric forcing and land-attributes data setsreliable, and confirm the importance of
initialization of basin storage in basins wherefate-subsurface interactions are important (Tao

and Barros, 2013b).

5. Summary and Discussion

Dynamical landscape attributes varying in space tame affect regional water and energy
budget. However, currently there are no availablel$cape attributes products at high tempo-

spatial resolution for hydrological applicationn this study, we develop a quality landscape
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attributes datasets, including land surface broadbalbedo, broadband emissivity, leaf area
index (LAI) and fractional vegetation coverage (CV} high tempo-spatial resolution
(1kmx1km, hourly) based on the MODIS (Moderate Résm Imaging Spectroradiometer)
products for a five-year period (2007-2011) oves Boutheast US. The landscape attributes
datasets, as well as the atmospheric forcing da(gsd -HYPHEX-H4SE-2), is developed for
the IPHEx-H4SE project and will support the multbael Operational Hydrologic Forecasting
during the Intense Observing Period of the IPHEXficampaign in 2014 (IPHEX2014). All of

these datasets are available at the IPHEx welhdt{e/(iphex.pratt.duke.edu/).

The derived and improved LAl and CV demonstratesoeable inter- and intra-annual
variability and show better tempo-spatial pattemndach land cover type compared with the raw
LAl and CV before quality control and adaptive tera filtering. The developed land surface
broadband emissivity show much smaller tempo-sipeigability compared to LAl and CV, but

is also demonstrated dependent on land-cover aagbsse. The land surface broadband albedo
was derived from MODIS BRDF/Albedo Model Parametersduct. The retrieved albedo was
compared with the observation at an AmeriFlux toWd6-ChR) which is proved spatially
representative of its surrounding landscape. Thapewmison results reveal that the retrieved
albedo agree well with the observation at the tomerept for the later afternoon, and show a
little bit underestimation mainly during the wintme. The broadband albedo is also depending
on land cover and seasons. Diurnal cycle of albedaund showing much larger variability than
the seasonal changes. The land cover types shaeimgrally larger albedo are grassland (GA)

and cropland (CP) among others.

Hydrological application was conducted at the PigBwver basin, one of the headwater

basins of the UTRB in the Southern Appalachian Mauns. Both the raw and adjusted
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landscape attributes that are corrected for claudnow or foggy contamination effects were
utilized to drive the distributed hydrological méd8D-LSHM) continuously for the five-year
period (2007-2011) at IPHEx-H4SE conventional nesoh (1kmx1km, hourly). The regional
water budget analysis demonstrates that qualitysieepe attributes affect the water partition at
the surface, mainly due to the improvement in LAH&CV. Water balance is closed at very
small imbalance fraction (about 4%) for five-yeaalge in the Pigeon River Basin, no matter
using raw or the adjusted LA. However, the ratidrd® is decreased and the ET/P increased by
3% respectively, when using the adjusted LA congbavith that using Raw LA data. Although
the fraction is small, the absolute decreased nadgmiin runoff (about 200mm) over a drainage
area of 1,778 kmof the Pigeon River Basin implies a large chanig®i@al water volume about
355,600 km in five years, which is a huge number deserveentitins from water resource
management aspect. Therefore, tempo-spatiallyonadée and corrected landscape attributes
datasets for hydrological application is esserdia should be incorporated in modeling and
forecast activities. Or else, even with perfect Qiiative Precipitation Estimate (QPE) and
Quantitative Precipitation Forecast (QPF), the biahical model cannot resolve the water
budget correctly if these forcing datasets aredula® not representative of the real condition of
the land surface. This would impede any hydroldgstady such as the scientific objectives of
the IPHEX-H4SE project. Therefore, developing amdviging the best hydrometeorological

forcing datasets is the prerequisite task at tisé $tage of the IPHEx-H4SE project.
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Short name | Platform| MODIS Product Raster Resolution Tempora_l
type Granularity
MCD15A2 | Combined coq 2" "9~ | iie 1000m | 8day
Land Surface
MOD11C2 | Terra Temperature & CMG 5600m 8 day
Emissivity
8day
MCD43B1 | Combined ERDF-Albedo Model | ;0 1000m | (16 days
Parameters acquisition
interval)
MCD12Q1 | Combined Land Cover Type Tile 500m Yearly
MODO08_D3| Terra Atmosphere Daily Gridded | 1ldegree Daily

Global Product

2 https://lpdaac.usgs.gov/products/modis_produdtie ta
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754 Table 2 - Landcover of the referred towers location
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Tower footprint

Station MODIS Landcover (IGBP)| MODIS Landcover (UMDpe)

US-Akn Mixed Forest Mixed Forest Forest

US-ChR Deciduous Broad-leaf Forgsbeciduous Broad-leaf Forest Chestnut ridge
US-Dk1 Mixed Forest Woody Savannas Grassland, €ipkh
US-Dk2 Mixed Forest Woody Savannas Hardwoods
US-Dk3 Mixed Forest Mixed Forest Loblolly pine
US-WBW Deciduous Broadleaf Foregt  Deciduous Broadferest Oak Ridge
DKEPL Tower| Mixed Forest Mixed Forest Forest
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LAI ENF | EBF| DNF |DBF | MF |CS | OS| WSA SA |GA | CP | UB | BA
Mean 0.90 0.98| 0.64| 0.65|/1.34/0.71] 0.63| 0.86|0.79|0.56| 0.62] 0.61| 0.31
Median 0.58 0.70| 0.70| 0.60| 0.90| 0.60| 0.60| 0.70]| 0.67| 0.50| 0.58| 0.50| 0.24 DJE
Std. 0.91] 0.95| 0.09| 0.30]/0.90| 0.43| 0.29| 0.60|0.53|0.35/0.36| 0.46| 0.28
Max.X-axis| 0.40| 0.40| 1.00| 0.50| 0.40| 0.40| 0.40| 0.40| 0.40| 1.00| 0.50| 1.00| 1.00
Mean 1.85 2.59| 1.60| 2.70| 3.47|1.90| 2.06| 2.21|2.27|1.46|1.70| 1.55| 0.56
Median 1.30 2.09| 1.44| 2.26/3.29|11.39|1.72| 1.66|1.82|1.08]1.27|1.13| 0.40 MAM
Std. 159 1.68| 0.73| 1.78/1.96]/1.41|1.33| 1.54/1.56/1.13|1.20(1.29| 0.50
Max.X-axis| 0.20| 0.10| 0.20| 0.10| 0.10] 0.20| 0.10| 0.20| 0.10| 0.20| 0.20| 0.20| 0.40
Mean 2.80 4.28| 2.69| 5.73|5.40| 3.49| 3.78| 3.41|3.70| 2.48| 2.79| 2.42| 0.86
Median 2.41 4.20| 2.70| 5.92|5.80|3.32|3.71| 3.03|3.73|1.80|2.30|1.73| 0.69 JIA
Std. 1.84/ 1.58| 0.34] 1.10/1.4411.85/1.49| 1.70/1.74/1.61|1.48|1.67]|0.69
Max.X-axis| 0.10| 0.10| 0.40| 0.20| 0.20| 0.10| 0.10| 0.20| 0.10| 0.20| 0.20| 0.20| 0.40
Mean 1.77/2.35] 1.49| 3.00{3.31|1.83|1.87| 1.97]1.93|1.39[1.50|1.43| 0.56
Median 1.23 1.85| 1.49| 2.67|3.23]1.36|1.57| 1.52|1.56|1.05|1.22|1.03|0.40 SON
Std. 1.48 1.55| 0.46| 1.78|/1.67|1.32|1.17| 1.32|1.32|1.06|1.02|1.13]|0.52
Max.X-axis| 0.20| 0.10| 0.20| 0.10| 0.10] 0.20| 0.20| 0.20| 0.10| 0.20| 0.20| 0.20| 0.40
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Table 4 — Statistics of CV for each landcover tgpd for four seasons

CV ENF| EBF| DNF | DBF | MF |CS | OS | WSA'SA |GA | CP | UB | BA
Mean 0.31 0.34| 0.27| 0.27/0.44|0.28| 0.26| 0.33|/0.31|0.23|0.26|0.25|0.14
Median 0.25 0.30| 0.29| 0.26| 0.36] 0.26| 0.26] 0.30| 0.29| 0.22] 0.25]0.22| 0.11 DIF
Std. 0.22 0.17| 0.03| 0.09|0.20| 0.12| 0.09| 0.15/0.14|0.10|0.10| 0.14| 0.10
Max.X-axis| 0.20| 0.20| 0.50| 0.40| 0.20| 0.20| 0.20| 0.20| 0.20| 0.40| 0.20| 0.40| 0.40
Mean 0.51 0.64| 0.52| 0.64|0.73/0.54| 0.57| 0.59/0.59/0.46/0.51|0.47|0.22
Median 0.48 0.65| 0.51| 0.68|0.81] 0.50| 0.58| 0.56| 0.60| 0.42|0.47|0.43|0.18 MAM
Std. 0.25 0.22] 0.16| 0.24]0.21]0.22| 0.22| 0.20| 0.23| 0.20] 0.20| 0.20| 0.15
Max.X-axis| 0.04| 0.05| 0.10| 0.10| 0.20| 0.05| 0.04| 0.04| 0.04| 0.10| 0.10| 0.10| 0.20
Mean 0.66/ 0.84| 0.73| 0.93/0.91]0.75/0.80] 0.76|0.78| 0.64| 0.69| 0.62| 0.32
Median 0.70 0.88| 0.74| 0.95/0.94|/0.81]|0.84| 0.78)| 0.85| 0.59|0.68| 0.58| 0.29 JIA
Std. 0.23 0.12| 0.05| 0.06]0.10/0.19/0.15| 0.16/0.19/0.19/0.17]0.19| 0.17
Max.X-axis| 0.10| 0.20| 0.40| 0.50| 0.50| 0.20| 0.10| 0.20| 0.20| 0.10| 0.10| 0.10| 0.20
Mean 0.49 0.61| 0.51| 0.69|0.74| 0.53| 0.55| 0.56| 0.55| 0.45|0.48| 0.45| 0.22
Median 0.46/ 0.60| 0.52| 0.74|0.80]/ 0.49| 0.54| 0.53|0.54|0.41|0.46|0.40|0.18 SON
Std. 0.25/ 0.20| 0.11| 0.22]0.19|0.21| 0.20| 0.20|0.21|0.19|0.18| 0.20| 0.15
Max.X-axis| 0.05| 0.05| 0.10| 0.10| 0.10| 0.05| 0.04| 0.05| 0.04| 0.10| 0.05| 0.10| 0.20
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762 Table 5 — Statistics of emissivity for each landmoype and for four seasons

Emissivity | ENF | EBF | DNF | DBF | MF CS 0OS WSA SA GA CP UB| BA

Mean 0.9841| 0.9842 0.9842 0.9839 0.9843 0.9841 0.9849843.| 0.9841] 0.9842 0.9842 0.9835 0.9842
Median 0.9842| 0.9842 0.9842 0.9839 0.9843 O.9€l342 0.984984G.| 0.9842] 0.9842 0.9842 0.9836 0.9§ 4%)JF
Std. 0.0007| 0.000§ 0.0005 0.0007 0.0006 0.0006 0.0006008. 0.0006 0.0006 0.0006 0.00p8 0.0006

Max.X-axis | 0.2 0.2 0.2 0.2 0.2 0.2 0.2 0.2 0.2 0.2 0.2 0.2 0.2

Mean 0.9841| 0.9841] 0.9842 0.9841 0.9843 0.9841 0.984984Q.| 0.9841] 0.9842 0.9842 0.9838 0.9837
Median 0.9841| 0.9841 0.9842 0.9842 0.9843 O.9€l341 0.984984Q.| 0.9841] 0.9842 0.9842 0.9839 0.9§ %\%AM
Std. 0.0005| 0.0003 0.0008 0.0004 0.0004 0.0004 0.000800@.] 0.0004 0.0003 0.0003 0.0006 0.0006
Max.X-axis | 0.4 0.4 0.4 0.4 0.4 0.2 0.4 0.4 0.4 0.4 0.4 0.2 0.2
Mean 0.9838| 0.9839 0.9837 0.9841 0.9841 0.9838 0.9840830.| 0.9839 0.9840 0.9840 0.9833 0.9831
Median 0.9839| 0.9840 0.983y 0.9841 0.9841 0.9é39 0.9840830.] 0.9839 0.9840 0.98410 0.9834 0.98 3]JJA
Std. 0.0005| 0.0003 0.0008 0.0003 0.0003 0.0005 0.0008008. 0.0004{ 0.0003 0.0003 0.0007 0.0006
Max.X-axis | 0.2 0.4 0.4 0.4 0.4 0.4 0.4 0.4 0.4 0.4 0.4 0.2 0.2
Mean 0.9838| 0.9839 0.983y 0.9841 0.9841 0.9838 0.98409830.] 0.9839 0.9840 0.9840 0.9833 0.9831
Median 0.9839| 0.9840 0.983y 0.9841 0.9841 0.9é39 0.9840830.] 0.9839] 0.9840 0.98410 0.9834 0.98 3éON
Std. 0.0005| 0.0003 0.0008 0.0003 0.0003 0.0005 0.0008003.; 0.0004/ 0.0003 0.0003 0.00p7 0.0006
Max.X-axis | 0.2 0.4 0.4 0.4 0.4 0.4 0.4 0.4 0.4 0.4 0.4 0.2 0.2
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Table 6 — Statistics of albedo at local solar n@dBN) for each landcover type and for four seasons

Albedo ENF | EBF | DNF | DBF | MF CS OS WSA SA GA CP UB BA

Mean 0.0841| 0.1367 0.090p 0.1239 0.1113 0.1183 0.1444294.| 0.1308 0.1462 0.1540 0.1241 0.0659
Median 0.0822| 0.1353 0.0901 0.1185 0.1119 0.1220 0.1414280.| 0.1352] 0.1437 0.1492 0.1286 0.06 44bJF
Std. 0.0270| 0.0300 0.0089 0.0385 0.0163 0.0304 0.039P130.| 0.0314] 0.0361 0.0381 0.0196 0.0142

Max.X-axis | 0.2 0.2 0.4 0.2 0.2 0.2 0.2 0.2 0.2 0.2 0.2 0.2 0.2

Mean 0.0861| 0.1394 0.090p 0.1309 0.1208 0.1204 0.1417353.| 0.1346] 0.1452 0.1534 0.1297 0.0684

I

b
Median 0.0847| 0.1419 0.089p6 0.1300 0.1206 0.1274 0.14543538.| 0.1411] 0.1466 0.1535 0.13p2 0.06 %AM
Std. 0.0244| 0.0173 0.0075 0.0183 0.0160 0.0266 0.0210126.| 0.0257] 0.018]1 0.0143 0.0143 0.0136

——T0O)r1o

w

Max.X-axis | 0.1 0.2 0.4 0.1 0.2 0.1 0.2 0.2 0.2 0.2 0.2 0.2 0.2

Mean 0.0916| 0.1449 0.089y 0.1492 0.1317 0.1270 0.1481396.| 0.1398 0.149% 0.1568 0.1355 0.0698

0o

2}

i
Median 0.0910| 0.1474 0.0891 0.1487 0.1316 0.1370 0.1514398.| 0.1468 0.1503 0.1566 0.1363 0.06 68JJA
Std. 0.0256| 0.0170 0.0125 0.0129 0.01p7 0.0279 0.0212126.| 0.0259 0.0171 0.0131 0.0146 0.0167

[y

Max.X-axis | 0.1 0.2 0.2 0.2 0.2 0.2 0.2 0.2 0.2 0.2 0.2 0.2 0.2

Mean 0.0816| 0.1336 0.0801L 0.1269 0.1166 0.1158 0.1373296.| 0.1287] 0.1411 0.1470 0.1253 0.0599

o

[e5]

L
Median 0.0798| 0.1362 0.079y 0.1277 0.1168 0.1247 0.1403298.| 0.1359 0.1416 0.1468 0.1256 0.05 7§ON
Std. 0.0248| 0.0154 0.0122 0.0139 0.0184 0.0251 0.018011GQ.| 0.0255 0.0167 0.0127 0.0140 0.0146

\l

Max.X-axis | 0.2 0.2 0.2 0.2 0.2 0.2 0.2 0.2 0.2 0.2 0.2 0.2 0.4
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Figure 1 — The four drainage basins of intereshis project (shown on the right), namely Upper
Tennessee River Basin(UTRB), Savannah River BagiRB3, Santee River Basin(SRB) and
Yadkin-Pee Dee River Basin(YPDRB). Headwater caetts of UTRB are located at the
Southern Appalachian Mountains in NC. One of tHessins, the Pigeon River Basin (shown on
the left), will be studied intensively. The hydrgloal verification will be conducted at three sub
basins that are not limited by dam operation in figeon River Basin, including the
Cataloochee Creek Basin (CCB), the West Fork Pidgtiear Basin (WFPRB) and the East Fork

Pigeon River Basin (EFPRB).
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Figure 2 - Flowchart for generating quality langseattributes datasets, including broadband

albedo, broadband emissivity, LAl and CV, from M@roducts.
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782 Figure 3 — The MODIS yearly land cover product 80 (MCD12Q1, Collection V51)

783 (Type2/UMD) from 2007 to 2010.
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790 Figure 4 — Time series of the Leaf Area Index (LA8fore and after temporal filtering, at six

791 Ameriflux towers US-Akn, US-ChR, US-Dk1, US-Dk2, %3, US-WBW, and the DKEPL

792 tower from the top to the bottom, respectively.
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795 Figure 5 — Time series of the fractional vegetatiomerage (CV) derived using LAI before and
796 after temporal filtering, at six Ameriflux towersSJAkn, US-ChR, US-Dk1, US-Dk2, US-Dk3,

797 US-WBW, and the DKEPL tower from the top to thetbot, respectively.

798

47



Environmental Physics Laboratory- CEE-Pratt Scludd&ngineering
Report EPL-2013-IPHEX-H4SE-1

LAl on Sep.7,2009 LAl on Sep.25,2009
A 3 § ol B 2

T

sw  sw oW —asw sw  sw oW 0

6,2009 Sep.25,2009
— T e 10

799

800 Figure 6 — Example of the spatial distribution cAllbefore (top panel) and after temporal
801 filtering (bottom panel) over the SEUS. Extensieud contamination is clearly appearing on
802 Sep.16 (center figure, top row). For comparisoe, ltAl 10-days before and after Sep.16 are

803 shown on the left and right panel.
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806 Figure 7 — Same as in Fig.6 but for CV before (papel) and after temporal filtering (bottom

807 panel) over the SEUS.

808

49



Environmental Physics Laboratory- CEE-Pratt Scludd&ngineering
Report EPL-2013-IPHEX-H4SE-1

809

810 Figure 8 — Time series of the averaged LAl and Givall the pixels of the same landcover type

811 within the SEUS region from 2007 to 2011.
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813

814 Figure 9 —PDFs of LAI for each landcover type aodfbur seasons from the top to the bottom,

815 respectively. The dark bar indicates the meandchease.
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817

818 Figure 10 — The PDF of CV for each landcover typd &r four seasons from the top to the

819 bottom, respectively. The dark bar indicates thamfer each case.
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821

822 Figure 11 — The spatial distribution of LAl on FepApr.1, Jun.1, Aug.1, Oct.1 and Dec.1 (from

823 left to right), in 2007 to 2011 from top to bottomspectively.
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825

826 Figure 12 — The spatial distribution of CV on FelApr.1, Jun.1, Aug.1, Oct.1 and Dec.1 (from

827 left to right), in 2007 to 2011 from top to bottomspectively.
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828

829 Figure 13 — The time series of the land surfaceadirand emissivity before and after temporal
830 filtering, at six Ameriflux towers US-Akn, US-ChRJS-Dk1, US-Dk2, US-Dk3, US-WBW, and

831 the DKEPL tower from the top to the bottom, respety.
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833

834 Figure 14 — Time series of the averaged land serémissivity for all the pixels of the same

835 Ilandcover type within the SEUS region from 2002@4.1.
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837

838 Figure 15 —PDFs of land surface emissivity for ekidcover type and for the four seasons

839 from the top to the bottom, respectively. The daak indicates the mean for each case.
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841

842 Figure 16 — The spatial distribution of land suefdcoadband emissivity on Feb.1, Apr.1, Jun.1,
843 Aug.l, Oct.1 and Dec.1 (from left to right), in 20@0 2011 from the top to the bottom,

844  respectively.

58



Environmental Physics Laboratory- CEE-Pratt Scludd&ngineering
Report EPL-2013-IPHEX-H4SE-1

845

846 Figure 17 - Shortwave reflectance composites cedtat the Chestnut Ridge tower for two
847 seasonal periods illustrating conditions of gressn@pper) and dormancy (Bottom).Adopted

848 from (Roman et al., 2009).
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850

851 Figure 18 — The monthly mean diurnal cycle of |landiface albedo estimated from MODIS

852 BRDF parameters and observed at AmeriFlux towelQb&-in 2008 to 2010.
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854

855 Figure 19 — Time series and scatter plots of lanthse albedo at the Local Solar Noon (LSN)
856 estimated from MODIS BRDF parameters and observédareriFlux tower US-ChR from 2008

857 to 2010. The symbols with void color indicate snmamditions.
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859

860 Figure 20 — Time series of the averaged albedbeat tcal Solar Noon (LSN) for all the pixels

861 of the same landcover type within the SEUS regiomf2007 to 2011.
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863

864 Figure 21 —PDFs of land surface albedo at the L8ctr Noon (LSN) for each landcover type
865 and for four seasons from the top to the bottospeetively. The dark bar indicates the mean for

866 each case.
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868

869 Figure 22 - Spatial distribution of land surfacdemlo at noon (EST) on Marchl, June 1,

870 September 1, and December 1 over the SEUS.
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Figure 23 - Spatial distribution of simulated imtegpted rainfall, evaporation and transpiration
using landscape attributes before (*.1) and afteradjustment (*.2), accumulated in each year

from 2007 to 2011 (a.* to e.*), and the whole fiear period (f.*) over the Pigeon River Basin.
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Figure 24 - The time series of cumulative basinraged precipitation (P), runoff(R),
evapotranspiration (ET), soil moisture chang&N), leakage (LK) and the water imbalance
(Im= P-(R+ET+ SM+LK)) using raw (a) and the adjusted (b) landscattributes, accumulated
over the five-year period in the Pigeon River Basithe comparison of transpiration,
evaporation, ET and runoff between simulations gisaw and adjusted landscape attributes data

are shown in (c).
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Figure 25 - Continuous 5-year streamflow simulagionith the uncalibrated Duke-3DLSHM
hydrologic model (1 ki 1 hr resolution in this implementation) forced &yandomly selected
realization of Precip_StagelV_TF. The 5-year siriafawas conducted with a previous spin-up
period of 15 years consisting of repeating the &ysmulation three times using as initial
condition the final condition from the previous silation. The NSE score is indicated in the

scatter plots to the right.
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