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 37 

Abstract 38 

Quality-controlled datasets at high spatial and temporal resolution (1km×1km, hourly) for a five-39 

year period (2007-2011) were developed for the IPHEx-H4SE project (Integrated Precipitation 40 

and Hydrology Experiment – Hydrologic Applications for the Southeast US), to support a 41 

common platform for the intercomparison and evaluation of hydrological models using various 42 

QPE (Quantitative Precipitation Estimation) products in an operational setting in coordination 43 

with the Intense Observing Period of the IPHEx field campaign in April-July 2014 (IPHEX2014).   44 

The data sets span four major river basins in the Southeast US with headwaters in the Southern 45 

Appalachians: the Upper Tennessee, the Savannah, the Catawba-Sandee, and the Yadkin-Peedee.  46 

Quality control and post processing were conducted to correct and improve the 47 

hydrometeorological forcing data sets. In this manuscript, we present the procedures and 48 

methodology to develop land surface broadband albedo, broadband emissivity, leaf area index 49 

(LAI), and fractional vegetation coverage (CV) at high tempo-spatial resolution based on the 50 

MODIS (Moderate Resolution Imaging Spectroradiometer) products. Quality control, gap filling 51 

and temporal filtering were performed to correct and improve the landscape attributes derived 52 

from MODIS products mainly due to cloud or snow or foggy contamination and limitations of 53 

retrieval algorithms. The datasets were utilized to specify land attributes in a distributed 54 

hydrological model (3D-LSHM) in the Pigeon River Basin, a headwater basin of one of the four 55 

major river basins in the Southeast of interest in the IPHEx-H4SE project.  Results from five-56 

year continuous simulations from 2007 to 2011 are used illustrate the importance of the quality 57 

landscape attributes affect the regional water partitioning at basin scale and thus the overall the 58 

hydrologic regime.  59 
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1. Introduction 60 

In anticipation of NASA’s Global Precipitation Measurement (GPM) ground-validation activities 61 

in the Southeast United States,  specifically the Integrated Precipitation and Hydrology 62 

Experiment (IPHEx, http://iphex.pratt.duke.edu/), a quality-controlled digital repository of 63 

comprehensive high-resolution data has been developed for Hydrologic Modeling/Forecasting in 64 

the Southeast (IPHEx-H4SE). The data sets provide common control forcing and landscape 65 

attributes to facilitate multi-scale, multi-purpose hydrologic modeling activities ranging from 66 

flash-flood forecasting to basin-scale water resource assessments in support of multi-model 67 

Operational Hydrologic Forecasting during IPHEX2014, the Intense Observing Period of the 68 

IPHEx field campaign planned in April-July 2014. The objective of this project is to establish a 69 

comprehensive data base that will serve as the foundation of the Precipitation Measurement 70 

Mission (PMM) Hydrology Working Group and HMT-SEPS common platform for transparent 71 

and robust testing and evaluation of various configurations of hydrologic and atmospheric 72 

models, the replication of operational forecasting applications under the same conditions, and 73 

thus the rigorous establishment of a state-of-the-science baseline in satellite-based Quantitative 74 

Precipitation Estimate (QPE) prior and after the GPM launch. 75 

In the first phase of the project, the goal is to generate quality hydrometeorological forcing data 76 

sets at high spatial and temporal resolution (1km×1km, hourly time step) for the five-year time 77 

period 2007-2011 with a focus on four major river basins in the Southeast US, with headwaters 78 

in the Southern Appalachians: Upper Tennessee River Basin (56,573 km2), Savannah River 79 

Basin (27,110 km2), Santee River Basin (39,862 km2) and Yadkin-Pee Dee River Basin (46,310 80 

km2), as shown in Figure 1.  Overall, the databases include soil hydraulic parameters derived 81 

from the State Soil Geographic (STATSGO) database, landscape attributes datasets derived from 82 
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the Moderate Resolution Imaging Spectroradiometer (MODIS) products, atmospheric forcing 83 

data derived from the North American Regional Reanalysis (NARR), and precipitation generated 84 

from NCEP/EMC 4KM Gridded Data (GRIB) Stage IV datasets. All the datasets were firstly 85 

extracted from original data sources, re-projected to UTM17N (WGS84) and bi-linearly 86 

interpolated to the domain grid system at 1km×1km resolution. Then, corrections and 87 

adjustments were applied to improve these datasets, aiming to provide five-year “historical” best 88 

estimates, which are essential for many applications such as hydrological hindcast/forecast, 89 

evaluating model skills and uncertainty, evaluating the accuracy of current radar-based QPE 90 

products especially in mountainous regions through hydrological verifications, and testing 91 

impacts of hydrometeorology regimes any others. In this paper, we will focus on the 92 

development of landscape attributes datasets. The development of atmospheric forcing datasets is 93 

provided in EPL-IPHEX-H4SE-2. 94 

Space-time varying landscape attributes such as broadband albedo, broadband emissivity, leaf 95 

area index (LAI), and fractional vegetation coverage (CV) are crucial parameters affecting water 96 

and energy fluxes exchange at the soil-vegetation-atmosphere interface. These landscape 97 

attributes provide spatial-temporal varying patterns of land surface properties including 98 

vegetation states describing phenological dynamics. Previous studies demonstrated that the 99 

seasonality of latent heat flux and surface temperature are affected strongly by the vegetation 100 

states, and that the difference in latent heat fluxes between numerical experiments with fixed 101 

annual mean values and realistic seasonally varying vegetation characteristics was proportional 102 

to the difference in LAI (Lawrence and Slingo, 2004a; Lawrence and Slingo, 2004b). Yildiz and 103 

Barros (2007) showed that fractional vegetation coverage and albedo were the governing 104 

hydrological parameters in their hydrologic sensitivity study using an uncalibrated model. Land 105 
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surface albedo is an important indicator of landcover change (e.g. deforestation and forest 106 

restoration) resulting in impacts on regional energy balance at climate scale (Dickinson and 107 

Kennedy, 1992; Dirmeyer and Shukla, 1994; Garratt, 1993; Liu, 2011), and of land surface 108 

disturbances (e.g. wildfire burning) at shorter time scales (Jin et al., 2012). Cedilnik et al. (2012) 109 

found that using daily albedo instead of climatologically based monthly albedo in a NWP model 110 

could significantly reduce the model biases in surface net radiation. Land surface broadband 111 

emissivity is also a key parameter playing an important role in energy budget in land surface 112 

hydrologic model, and usually is assumed to be consistent or fixed values depending on 113 

landcover (Dickinson et al., 1993; Sellers et al., 1996). However, Jin and Liang (2006) 114 

demonstrated that evident changes in soil an skin temperature, sensible and latent heat fluxes 115 

were found using time-varying satellite-derived broadband emissivity compared to the results 116 

using fixed emissivity in a community land surface model coupled NCAR community 117 

atmosphere models (CAM2–CLM2).  118 

In the IPHEx-H4SE project, the spatial-temporal varying landscape attributes, including LAI, 119 

CV, land surface broadband emissivity and albedo were derived from the Moderate Resolution 120 

Imaging Spectroradiometer (MODIS) products (Table 1). The unstable reliability of MODIS 121 

land products due to cloud contamination, or missing data due to persistent presence of cloud or 122 

snow, and uncertainty in retrieval algorithm are well documented (Gao et al., 2008; Roman et al., 123 

2009; Williamson et al., 2013; Yang et al., 2007; Yuan et al., 2011). Here, we conducted 124 

independent quality control, gap filling and temporal filtering for MODIS products, to generate 125 

spatially and temporally consistent landscape attribute datasets of high quality for hydrological 126 

applications. All the improved landscape attributes datasets are available to PMM hydrologists 127 

and potential participants at the website of IPHEx( http://iphex.pratt.duke.edu/).  128 
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Headwater catchments of the UTRB, a basin featuring the most complex terrain of the four 129 

drainage basins of interest in this project (the UTRB, the SVRB, the SRB, and the YPDRB), are 130 

located at the Southern Appalachian Mountains in NC. One of these headwater basins, the 131 

Pigeon River Basin (shown in Figure 1), will be the testbed for the hydrological simulation 132 

experiments in this study. The hydrological verification has been conducted in three sub basins 133 

that are equipped with USGS stream gauge, but not limited by dam operation in the Pigeon River 134 

Basin (see report EPL-IPHEX-H4SE-3). These include the Cataloochee Creek Basin (CCB), the 135 

West Fork Pigeon River Basin (WFPRB) and the East Fork Pigeon River Basin (EFPRB). The 136 

impact of quality landscape attributes on water flux simulations will be illustrated by analyzing 137 

the water balance/budget over the five year period (2007-2011) in the Pigeon River Basin, using 138 

the landscape attributes before and after adjustment/improvement.  139 

The organization of this manuscript is as follows: Section 2 describes the methodology for 140 

developing the landscape attributes datasets from MODIS products, and the procedure for post 141 

processing and improving the datasets.  Section 3 presents the results of the derived datasets and 142 

analyzes the statistical seasonal characteristics of these landscape attributes with respect to land 143 

cover. The comparison of derived land surface broadband albedo with observations at AmeriFlux 144 

tower is also provided. Section 4 presents hydrological application experiments over the Pigeon 145 

River basin using the 3D-LSHM driven by both the raw and the adjusted landscape attributes 146 

datasets. The analysis of regional water budget at five-year time scale is also included.  The 147 

summary and discussion are provided in Section 5. 148 

 149 
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2. Methodology and Procedures  150 

MODIS land products provide 8-day LAI and spectral emissivities which were used to construct 151 

hourly LAI, CV and broadband emissivity within the IPHEx-H4SE domain at 1km in a 152 

consistent projection system (UTM17N). There is no available hourly product of land surface 153 

broadband albedo, thus  it was derived  from MODIS BRDF parameters to generate a consistent 154 

hourly land surface albedo for hydrological applications. Figure 2 illustrates the sequence of 155 

procedures for generating landscape attributes datasets from MODIS products. Generally, the 156 

original MODIS products were re-projected and composited to the study area using the MODIS 157 

Reprojection Tool (MRT), interpolated to basin grids using the nearest-neighbor or bi-linearly 158 

method depending on the resolution of MODIS products, and then interpolated into hourly time 159 

steps. Quality-control and temporal filtering of the landscape attributes data were performed to 160 

reduce the discontinuities or to correct for cloud contamination. The details about the procedure 161 

are discussed in detail next. 162 

a) LAI and CV  163 

The leaf area index (LAI) is a key parameter influencing energy fluxes exchange at vegetation-164 

atmosphere interface, and also water fluxes by affecting hydrologic processes such as 165 

intercepting rainfall and releasing throughfall and stemflow (Galdos et al., 2012; Marin et al., 166 

2000; Park and Cameron, 2008). The combined Terra and Aqua MODIS version of the 8-day 167 

Leaf Area Index and FPAR product (MCD15A2, Collection 5) was used to extract and generate 168 

LAI data over the southeast US at IPHEx-H4SE basin domain. Due to the cloud contamination, 169 

post-process filtering combining quality control has to be applied to generate LAI of high quality 170 

(Gao et al., 2008; Yuan et al., 2011). In this project, we use a software package, TIMESAT 171 

(Eklundha and Jönssonb, 2012; Jonsson and Eklundh, 2004), to perform temporal filtering and to 172 
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reduce the discontinuity caused by cloud contamination combining quality control data. The 173 

TIMESAT is a tool utilized for analyzing time series of satellite-derived product and extracting 174 

vegetation phonologic characteristics, and has been widely applied for post-processing and then 175 

generating high-quality satellite products (Eklundh et al., 2009; Heumann et al., 2007; Yuan et 176 

al., 2011). The Savitzky-Golay (SG) filter method implemented in the TIMESAT was used to 177 

conduct the adaptive temporal filtering for MODIS LAI, by fitting a quadratic polynomial 178 

function using the time series data in a moving window. 179 

The Fractional vegetation coverage (CV) then was estimated from LAI, based on an empirical 180 

relationship with LAI(Choudhury, 1987; French et al., 2003): 181 

 �� � � � ��� 	
 � � �
 � ��� �  (2.1) 

 Many other methods estimate CV based on NDVI (Baret et al., 1995; Carlson and Ripley, 1997; 182 

Gutman and Ignatov, 1998), such as the semi-empirical relationship proposed by Carlson and 183 

Ripley (1997), 184 

 
�� � �

���� � ���� �

���� � � ���� �
�

�

 (2.2) 

where ���� �  and ���� �  represent the values of NDVI for fully covered vegetation and bare 185 

soil, respectively.  Because NDVI is more indicative of greenness than adult vegetation canopy 186 

structure, density and coverage, NDVI product also suffer from problems of contamination by 187 

background soil and easy saturation for dense vegetation. Therefore the CV estimated here is 188 

produced by LAI based on equation (2.1). Other CV products estimated from NDVI can be also 189 

provided upon request, or independently generated by interested users. Comparing the time 190 
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series and also spatial distribution of these CV products can help deciding the best method for 191 

specific applications.   192 

b) Land Surface Emissivity  193 

Land surface emissivity plays an important role in the surface radiation budget, and has a strong 194 

impact on energy balance especially at climate time scales (seasonal to interannual). The 195 

MODIS/Terra 8-Day Land Surface Temperature and Emissivity (LST/E) product on a 196 

latitude/longitude–based (0.05� ) climate modeling grid (CMG) system (MOD11C2, Collection 5) 197 

consists of spectral emissivities. However, the land surface broadband emissivity is required for 198 

hydrological applications to describe the integral emitting properties of surface over the full 199 

electromagnetic spectrum (mainly concentrated at long-wavelength infrared).  200 

Previously, the linear relationship between the broadband emissivity and MODIS spectral 201 

emissivities was established through regression analysis by Jin and Liang (2006), using 202 

emissivity at MODIS band 29 (8.400–8.700� m), band 31(10.780–11.280� m) and band 32 203 

(11.770–12.270� m):  204 

 � � � � ����� � � � ! � �"#�# � � $%! � �
&
# � � $�  (2.3) 

This relationship (2.3) almost fully covers the wavelength of 8–12 � m and accounts for soils and 205 

minerals background information, and was used to generate land surface broadband emissivity in 206 

this project.  207 

The TIMESAT software  was also used for temporal filtering to improve the emissivity data. The 208 

method for detecting spikes/outliers and assigning weights to the LAI data relies on the Seasonal 209 

Trend Decomposition using Loess (STL) algorithm, which first decomposes the time series into 210 
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trends, seasonality and remainder components and then assigns the weights accordingly.  On the 211 

other hand, experimental tests demonstrated that the median filtering method was the most 212 

efficient approach to detect emissivity outliers, resulting in very similar weights as the STL-213 

decomposition method. Thus the median filtering was selected for detecting spikes in the 214 

emissivity data, while other parameters were derived using the same approach as for the LAI 215 

data (e.g. fitting method is Savitzky-Golay, seasonality parameter, etc). Because emissivity data 216 

are governed by landcover, soil moisture content and vegetation characteristics, the upper 217 

envelope is not necessarily the true value. The STL-decomposition method is more favorable for 218 

fitting to the upper envelope of data, for instance, in the case of LAI.  219 

c) Land Surface Albedo  220 

The MODIS albedo product (MCD43B3) provides both the directional hemispherical reflectance 221 

(black-sky albedo) at the local solar noon (a specified solar zenith angle) and the bihemispherical 222 

reflectance (white-sky albedo). Then the blue-sky (actual) albedo at local solar noon can be 223 

calculated using the MCD43B3 product given the aerosol optical depth. However, the 224 

instantaneous actual albedo at time other than the local solar noon cannot be obtained from the 225 

MCD43B3 product, since the actual albedo depends on instantaneous solar zenith angle (Liu et 226 

al., 2009; Schaaf et al., 2002). Thus, the MODIS BRDF/Albedo Model Parameters product 227 

(MCD43B1), which provides spectral-band and also broadband BRDF model parameters every 8 228 

days with 16 days acquisition interval, is used in this project to estimate the diurnal cycle of 229 

actual albedo as a function of solar zenith angle, as suggested by Schaaf et al. (2002). Relying on 230 

the Ross-Thick/Li-Sparse-Reciprocal (RTLSR) kernel-driven BRDF model, the directional 231 

hemispherical reflectance (black-sky albedo) given any solar illumination geometry condition 232 

and the bihemispherical reflectance (white-sky albedo) can be derived by calculating the 233 
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weighted sum of an isotropic parameter and two kernels describing viewing and illumination 234 

geometry (Roman et al., 2009; Schaaf et al., 2002).  235 

 ' �( 
 ) *+� � , -(. 
 +� 
 / � -(. ! / %-(. ) � ! / � -(. ) $�  

								!, 0.1 
 +�
 / �0.1 ! / %0.1) � ! / �0.1 ) $�  

                          +,23. 
 +� 4/ � 23. ! / %23. ) � ! / � 23. ) $5 

(2.4) 

where ' �( 
 )* +�  is the black-sky albedo; / 67  are coefficients and )  is the solar zenith angle. 236 

, -(. 
 +�  is the isotropic scattering component, ,0.1 
 +�  is the parameter for the Ross-Thick volume 237 

scattering kernel, and, ,23. 
 +�  is the parameter for the Li-Sparse-Reciprocal geometric scattering 238 

kernel. These BRDF model parameters were extracted from the product MCD43B1. The / 67 239 

coefficients for the ' �( 
 )* +�  are provided in Schaaf et al.(2002), in which the integrated 240 

coefficients over all the solar zenith angle for the white-sky albedo ' 8( 
 )* +�  are also presented. 241 

 ' 8( 
 ) *+� � , -(. 
 +� ! � ��9��9" ,0.1 
 +� � � ��::#&& ,23. 
 +�                           (2.5) 

The actual albedo of the land surface then is the weighted average of black-sky albedo (BSA) 242 

' �( 
 )* +� and white-sky albedo (WSA)	' 8( 
 )* +� . The weighting coefficient is the fraction of 243 

diffuse skylight which depends on solar zenith angle, optical depth, local aerosol type etc. 244 

(Schaaf et al., 2002). 245 

 ' 
 ) *+� � ; � � <4) *=
 +� 5>' �( 
 ) *+� ! <4) *=
 +� 5' 8( 
 ) *+�  (2.6) 

where <4)* =
 +� 5 is fraction of diffuse skylight which depends on solar zenith angle )  and 246 

optical depth =
 +� . Solar zenith angle was calculated according to the Sun position at local time.  247 

The fraction of diffuse skylight was obtained from a lookup table which was established with the 248 
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help of the 6S (Second Simulation of a Satellite Signal in the Solar Spectrum) code including 249 

situations up to 90�  solar zenith angle (0�  to 89�  with a 1 degree step), 50 optical depths (0 to 1.0 250 

with 0.02 step), 10 bands (7 MODIS land bands and 3 broad bands) and 2 aerosol model types 251 

(continental and maritime)1. The aerosol optical depths (at 550 nm) were obtained from the 252 

MODIS Level 3 Atmosphere Daily Product (MOD08_D3). Whereas the simple linear 253 

interpolation was used to generate hourly emissivity, LAI and CV, the same method cannot be 254 

applied to generate hourly albedo. In this case, the hourly solar zenith angle should be calculated 255 

first and then the fraction of diffuse skylight was  estimated according to the optical depth and 256 

solar zenith angle. Furthermore, hourly albedo were produced by Eq. (2.6) using the BSA and 257 

WSA derived from the 8-day BRDF model parameters. 258 

3. Results and Analysis 259 

3.1 LAI and CV  260 

The adaptive temporal filtering was performed for LAI using TIMESAT software (Eklundha and 261 

Jönssonb, 2012; Jonsson and Eklundh, 2004), using an adaptive Savitzky-Golay filtering method 262 

based on least-squares fits to the upper envelope of the time series of data.  Figure 4 and Figure 5 263 

show the time series of LAI and CV before and after temporal filtering at locations of towers in 264 

the southeast US (shown in Figure 1), including six Ameriflux towers and a Duke Environmental 265 

Physics Laboratory tower (DKEPL) installed at Purchase Knob in the Southern Appalachian 266 

Mountains by the second author’s research group. The landcover for these towers is listed in 267 

Table 2. However, no measurements of LAI and CV are available for validation proper. We 268 

show the comparison of time series to illustrate how the adaptive filtering method can 269 

                                                 
1 http://www-modis.bu.edu/brdf/userguide/tools.html 
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significantly reduce the discontinuity in LAI and thus CV, improving the data quality. It can be 270 

seen from Figure 4 and Figure 5 that the filtered LAI preserve the inter- and intra-annual 271 

variability and capture the growing season.  Consequently, the CV derived using the filtered LAI 272 

is a true representative of the vegetation coverage than the CV directly calculated using 273 

unfiltered LAI. The LAI and CV at the DKEPL-tower (bottom rows in Figure 4 and Figure 5) 274 

show the largest improvement compared to other towers, reducing the fog and low level cloud 275 

banks contamination during the warm season, a quite normal characteristic in the Smoky 276 

Mountains. Generally, the most frequent contaminations occurred during the summer time 277 

(shown by the downward peaks from Jun. to Oct. in the figures), especially in 2009 (the third 278 

column in each row in the figures) which witness frequent storm events during the Atlantic 279 

hurricane season. For example, MODIS can hardly capture cloud-free data over the southeast US 280 

even within an 8-day period around Sep.16 in 2009, and thus suffer from severe cloud 281 

contaminations in the LAI product, as shown in the top-middle figures in Figure 6 and Figure 7. 282 

As can be seen in the top panel in both Figure 6 and Figure 7, the spatial LAI/CV on 10-day 283 

before and after Sep.16 (left and right figures in the top row) exhibit reasonable values and 284 

distributions over the southeast US, but the LAI/CV on Sep. 16 show very small values (large 285 

area in red color) due to cloud contamination. This contamination is effectively removed by the 286 

adaptive Savitzky-Golay filtering, as shown by the middle figure in bottom panel in Figure 6 and 287 

Figure 7.  288 

Figure 8 presents the time series of the average of filtered LAI and CV for all the pixels of same 289 

landcover types over the southeast US region for the five years 2007-2011 from left to right. The 290 

barren or sparsely vegetated (BA) type is mainly concentrated over the coastland, showing small 291 

LAI/CV all year around. Mixed forest (MF) and deciduous broadleaf forest (DBF) show close 292 
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values and similar variability. Figure 9 and Figure 10 provide the PDF of LAI and CV 293 

respectively, separated by four seasons for each landcover type. The statistics associated with the 294 

PDF figures of LAI and CV are given in Table 3 and Table 4. It can be seen from Figure 9 and 295 

Figure 10, the mixed forest (MF), evergreen broadleaf forest (ENF) and deciduous broadleaf 296 

forest (DBF) present large variability, especially in the growing season (MAM) and the dormant 297 

season (SON), indicating the varying phonologic characteristics of broadleaf forests. Compared 298 

to the large variability in the growing or dormant season, all the forest type in the blooming 299 

season (JJA) show much less variation. Note the PDF shapes in the growing season are very 300 

similar to the shape in the dormant season for almost all the landcover types, but having very 301 

different PDF shapes in the blooming season (JJA). This is quite important for data merging 302 

techniques such as data assimilation, in which the prior PDFs of land surface parameters usually 303 

are assumed independently on seasons. In addition, the dynamic temporal-spatial heterogeneity 304 

of vegetation is essential for modeling energy and water fluxes, since apparently landcover-305 

determined values of vegetation characteristics cannot represent the true landscape attributes in 306 

reality. Closed shrubland (CS) and woody savanna (WSA) show less variation in LAI than open 307 

shrubland (OS) and savanna (SA) respectively (Figure 9), although the mean for these types are 308 

quite similar. The PDF shapes of LAI for both grassland (GA) and cropland (CP) have long tails 309 

(Figure 9), positively skewing to the upper side with larger means than medians in four seasons 310 

(shown in Table 3), indicating large diversities of vegetation existing in the same type of GA and 311 

CP. But the long tails are just shown in the PDF of CV for GA and CP in MAM and SON 312 

(Figure 10). While in JJA, the PDF of CV for GA and CP present two peaks at both end sides, 313 

demonstrating the nonlinear relationship between LAI and CV. Generally, the intra-annual 314 

variation of CV is larger than LAI, which is also illustrated in the spatial distribution examples of 315 
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LAI (Figure 11) and CV (Figure 12). Figure 11 and Figure 12 clearly demonstrate the temporal-316 

spatial heterogeneity over the region. The northeast-to-southwest patterns of alternating large and 317 

low values are attributed to the vegetation zones as shown in landcover map (Figure 3). As 318 

shown in Figure 11, the mixed zones of woody savanna and croplands close to the coastlands 319 

show low LAI all year around and for all the years, in contrast to the adjacent mixed forest zone 320 

which shows relatively larger LAI all the time. The seasonality of the mixed zones of woody 321 

savanna and croplands is shown more clearly in Figure 12. Compared to the forests in the 322 

Southern Appalachian Mountains, the northeast-to-southwest mixed forest zones in between the 323 

woody savanna zones and close to the coastlands stay with large CV all year around (Figure 12). 324 

Overall, the filtered LAI and CV show reasonable and correct temporal-spatial patterns, 325 

presenting dynamic temporal-spatial heterogeneity which should be imposed in hydrological 326 

modeling to correctly simulate energy and water fluxes. 327 

3.2 Land Surface Emissivity  328 

The land surface broadband emissivities are derived from spectral emissivities at MODIS band 329 

29, 31 and 32. Temporal filtering for the emissivity data was performed used the TIMESAT 330 

software, as discussed in Section 2. Figure 13 shows the time series of the land surface 331 

broadband emissivity before and after temporal filtering. In contrast to the LAI and CV, which 332 

most contamination is negative-biased, the bad quality of land surface emissivity is represented 333 

by up and down dramatically noisy variations. The filtered results obviously demonstrate 334 

smoother and reasonable changes.  335 

Figure 14 presents the time series of averaged land surface emissivity for different landcover 336 

types. As can be seen from the figure, the land surface emissivity of most of the landcover types 337 
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have similar inter- and intra- annual variability, except for the barren or sparsely vegetated (BA) 338 

and Urban and built-up (UB) type which present larger variation and smaller minimum values. 339 

Figure 15 shows the PDF of land surface emissivity for each landcover and each season, about 340 

which the statistics are provided in Table 5. Not like LAI or CV, the PDF of emissivity remain 341 

similar for all the landcover types and seasons, although the variation changes in a similar way, 342 

i.e. small variation in JJA but large variation in other seasons. The spatial distributions of 343 

emissivity in different seasons are provided in Figure 16.  Previous study has demonstrated that 344 

the land surface emissivity depends on surface characteristics (i.e. landcover type, vegetation 345 

density and structure), soil moisture and soil organic content (Jin and Liang, 2006). Combing 346 

with Figure 11 and Figure 12, we can see from Figure 16, the overall emissivity increase as LAI 347 

and vegetation coverage, such as that the emissivity is low in Feb. and then increase to larger 348 

values though Apr., Jun. to Aug. and Oct., then again decrease in Dec.. The dependence of 349 

emissivity on vegetation demonstrated here is consistent with previous studies (Jin and Liang, 350 

2006; Vandegriend and Owe, 1993). The urban regions always stay at high values, which 351 

although is altered by wet (e.g. June 1 in 2009 and 2010) or dry conditions (e.g. June 1 in 2008 352 

and 2011), or subsequently by the surface moist, vegetation and temperature conditions in the 353 

urban areas.  354 

In summary, the land surface emissivity is landcover-dependent and presents small seasonal 355 

variations. The small tempo-spatial variability of land surface emissivity is partially due to 356 

spatial heterogeneity at 1km resolution and partially due to the climatologic characteristics of the 357 

surface over the southeast US.  358 
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3.3 Land Surface Albedo  359 

The albedo measurements at towers were obtained based on the reflected global solar radiation 360 

divided by the incoming global solar radiation, and then were used to validating retrieved albedo 361 

from MODIS. However, the point-to-pixel comparison of tower observation with MODIS 362 

retrieved albedo is largely limited by the spatial heterogeneity and the uncertainty induced by 363 

scale mismatches (Cescatti et al., 2012; Liu et al., 2009; Roman et al., 2011). Román et al. 364 

(2009) proposed a methodology for assessing the landscape heterogeneity and the spatial 365 

representativeness of albedo observations at AmeriFlux forest sites based on variogram functions 366 

calculated from ETM+(Enhanced Thematic Mapper Plus) images, to evaluate if the tower 367 

observed albedo can represent the spatial variability of the surrounding landscape extending to 368 

the spatial scales of MODIS products. This method has been applied by many studies on 369 

evaluating albedo products (Cescatti et al., 2012; Roman et al., 2013). Román et al. (2009) 370 

concluded in their study that the US-ChR tower is the only tower spatially representative of its 371 

surrounding landscape in the Southeast US. Figure 17 shows the ETM+ images over the tower 372 

US-ChR, demonstrating a very similar spatial distribution of landscapes, i.e. low heterogeneity, 373 

across the Oak Ridge Forest (Roman et al., 2009). Therefore, we will validate the MODIS 374 

retrieved albedo against the observation at tower US-ChR, without further evaluating the spatial 375 

representativeness at this tower.  376 

Figure 18 shows the comparison of monthly mean diurnal cycle of land surface albedo between 377 

estimation from MODIS and observation at US-ChR. Basically the retrieved albedo agree well 378 

with the observation at the tower except for the later afternoon, with a little bit underestimation 379 

mainly during the winter time (Jan., and Oct. to Dec.).  The derived albedo exhibit quite 380 

symmetric diurnal cycle resulted from the assumption of symmetry with respect to the local solar 381 
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noon in the theoretical retrieving algorithm (Liu et al., 2009), whereas the observed albedo 382 

shows asymmetry characteristic as shown in the figure. Previous studies have investigated the 383 

diurnal asymmetry characteristic of albedo in the fields of grassland or cropland (Minnis et al., 384 

1997; Song, 1998), and found that albedo in the early morning usually is larger than in the 385 

afternoon. The diurnal asymmetry of albedo might attributed to the effects of dew, frost, 386 

precipitation, evaporation and wind (Minnis et al., 1997), which cause brighter surface, but not 387 

accounted for in the MODIS albedo retrieval algorithm. For example, the strong prevailing wind 388 

lean the vegetation canopy and turn the back of leaves upward, and then brighten the surface. 389 

However, as shown in Figure 18, the observed albedo has larger value in the later afternoon than 390 

in the early morning at a deciduous broadleaf forest dominated site US-ChR (Table 2), which can 391 

be explained by the different canopy structure of forest from grassland or cropland. Figure 19 392 

shows the validation results of the retrieved land surface albedo at the local solar noon (LSN), 393 

demonstrating a good agreement with the observation at the tower US-ChR with small root mean 394 

square error (RMSE=0.017), mean absolute error (MAE=0.013) and mean bias error (MBE=-395 

0.007). Since MODIS BRDF parameters are snow-free and cloud-free, to avoid cloudiness 396 

condition, the mean of the observed albedo within a 3-hour window centered at the LSN was 397 

calculated and compared with MODIS retrieved albedo similarly to  the study of Román et al. 398 

(2009). The snow conditions were identified by air temperature less than zero Celsius degree 399 

observed at the tower. However, it is not possible completely screen out cloud conditions even 400 

using 3-hr mean of observation for comparison, which may explained the underestimation of 401 

retrieved albedo around May.   402 

Figure 20 presents the time series of the averaged albedo at the LSN for all the pixels of the same 403 

landcover type from 2007 to 2011. Although the average of many pixels may reduce the 404 
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difference between landcover types, the ENF and DNF still distinguish themselves from other 405 

types by much lower albedo except for BA. As stated above, BA regions are concentrated along 406 

the coastland and thus have very low albedo due to the dark color. The lower albedo of the ENF 407 

and DNF are attributed to the dark needles and also the trapping of light by the needle leaf 408 

canopy.  The outmost two types which present very large albedo are grassland (GA) and 409 

cropland (CP). Generally, albedo starts to increase during the growing and blooming season and 410 

then decrease during dormant season, and increase again during winter time. The PDF shapes of 411 

the land surface albedo at LSN (as shown in Figure 21) do not exhibit much discrepancy in 412 

different seasons for a same landcover type, illustrating the diversity of vegetation of same 413 

landcover do not affect the seasonality of albedo very much. The statistics associated with Figure 414 

21 are given in Table 6.  Figure 22 shows the spatial distribution of land surface albedo at the 415 

LSN, including the black-sky albedo, white-sky albedo and the blue-sky (actual) albedo on 416 

March 1, June 1, September 1 and December 1 in 2008.   It can be clearly seen that, the wetlands 417 

along river networks demonstrate very small albedo, especially the area near the coastlands. The 418 

black-sky albedo heavily depends on solar zenith angle, thus the difference between the black-419 

sky albedo at the LSN in different months is small due to small difference in the solar zenith 420 

angle. Whereas the white-sky albedo depends on the observed intrinsic properties of the land 421 

surface as indicated by equation (2.5), thus large differences are shown between the white-sky 422 

albedo in months, as shown in the middle column in vertical rows in Figure 22. The final actual 423 

albedo then is the combination of black-sky and white-sky albedo, weighted by the condition of 424 

the diffuse skylight. 425 

 426 
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4. Hydrological Application  427 

The illustrating hydrological modeling study was conducted in one of the headwater basins of the 428 

UTRB, the Pigeon River Basin (shown in Figure 1). Hydrological verification was performed in 429 

three sub-basins equipped with USGS stream gauges but not limited by dam operation in the 430 

Pigeon River Basin, including the Cataloochee Creek Basin (CCB, 128km2), the West Fork 431 

Pigeon River Basin (WFPRB, 71km2) and the East Fork Pigeon River Basin (EFPRB, 131km2). 432 

The Pigeon River Basin features topographically complex terrain, characterized by gentle to very 433 

steep slopes and dominated by very dense forest (mix forest and deciduous forest). Previous 434 

hydrological studies had been conducted in the Pigeon River Basin investigating the 435 

predictability of flash flood (Tao and Barros, 2013b) and debris flow initiation (Tao and Barros, 436 

2013a), for particular storm events. In this study, we conducted hydrological simulations at 437 

IPHEx-H4SE conventional scale at 1km×1km spatial resolution and hourly temporal resolution 438 

over a five year period from 2007 to 2011, using a physically-based fully-distributed 439 

hydrological model (3D-LSHM) driven by both raw and the adjusted landscape attributes (LA), 440 

in order to characterize the impact of landscape attributes on regional water budget. Raw 441 

landscape attributes consist of the original broadband emissivity, LAI and CV datasets without 442 

further quality control and adaptive temporal filtering. While the adjusted landscape attributes 443 

include the emissivity, LAI and CV after post processing, e.g. quality control and the Savitzky-444 

Golay filtering. The derived broadband albedo is the same dataset in both the raw and adjusted 445 

landscape attributes category. The atmospheric forcing datasets developed for the IPHEx-H4SE 446 

were derived from the North American Regional Reanalysis (NARR) and had been corrected for 447 

elevation and topographic effects. Details about the adjustment of atmospheric forcing datasets 448 

are provided in EPL-HYPHEX-H4SE-2. Precipitation data were generated from NCEP/EMC 449 
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4KM Gridded Data (GRIB) Stage IV datasets and then downscaled to 1km using various 450 

methods (see EPL-IPHEX-H4SE-3).  Here, a randomly selected realization among the 50 451 

realizations available of the Precip_StageIV_TF product based on a transient multi-fractal 452 

downscaling method is used to illustrate the sensitivity of model simulation to land attributes. 453 

Model description and implementation can be found in (Tao and Barros, 2013a; Tao and Barros, 454 

2013b; Yildiz and Barros, 2007; Yildiz and Barros, 2009). One-year spin-up simulations were 455 

conducted before the five-year simulation, to reach the model consistency. The comparison of 456 

the five-year continuous streamflow simulations against the observations for the three sub- 457 

basins (WFPRB, EFPRB and CCB) is shown in report EPL-IPHEX-H4SE-3.  458 

Figure 23 shows the spatial distribution of simulated intercepted rainfall, evaporation and 459 

transpiration in the Pigeon River Basin using landscape attributes (LA) before and after the 460 

adjustment. As can be seen from the figure, the improvement in LAI and CV (as shown in Figure 461 

6 and Figure 7) causes increase in intercepted rainfall amount and transpiration but decrease in 462 

evaporation. Note the cloud contamination generally reduce LAI and then CV, thus the 463 

adjustment or improvement for LAI data mainly removed these downward peaks as shown in 464 

Figure 4 and Figure 5. Thus, the small LAI and CV before improvement having cloud or foggy 465 

contamination result in little canopy-interception capacity, which is quite critical for light rainfall 466 

regime. For light rainfall dominated scenario, light rainfall would exceed the interception 467 

capacity when using inaccurate vegetation characteristics (i.e. the raw LAI and CV data), and 468 

then could reach ground and wet the soil. However, in reality the light rainfall will most likely be 469 

retained in the canopy and be evaporated later. For moderate or heavy rainfall dominated 470 

scenario, on one hand, more rainfall will be retained in the canopy when using the corrected LAI 471 

and then contribute to evaporation, and less rainfall can be infiltrated into ground and contribute 472 
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to runoff, soil water content and thus transpiration. On the other hand, the CV after correction is 473 

larger thus reducing the bare soil area, which causes decrease in evaporation. In the 3D-LSHM, 474 

the evaporation at each pixel comprises the components from bare soil area (1-CV) and also skin 475 

reservoir including canopy retention. However, overall the accumulated evaporation using 476 

adjusted LA is less than that using raw LA as shown in Figure 23, demonstrating that the 477 

decrease in evaporation due to reduced area coverage of bare soil exceeds the increase in canopy 478 

retention. Consequently, larger vegetation coverage results in increase in transpiration as shown 479 

by the third column in each panel of Figure 23. Nevertheless, the varying changes in intercepted 480 

rainfall, evaporation and transpiration also depend on landcover and hydrometeorological 481 

regime. For instance, the transpiration is always very small in the urban area in the center and the 482 

mixture patch of cropland and woody savannah in the northern part of the basin. Large changes 483 

occur in the mix forest and deciduous forest dominated area. Also, the tremendous enchantment 484 

in transpiration in 2011 (the third column in e.2 of Figure 23) is due to the extreme wet 485 

conditions in that year. In contrast, the year of 2009 shows very small transpiration and 486 

experienced severe drought after a very dry year of 2008. In short, the accuracy of landscape 487 

attributes directly affects the water partitioning and then the regional water budget in a 488 

nonlinearly complex manor. Water balance/budget in the Pigeon River Basin is of vital 489 

importance. Figure 24 presents the basin-averaged water components including precipitation (P), 490 

runoff(R), evapotranspiration (ET), soil moisture change (� SM), leakage (LK) and the water 491 

imbalance (Im.= P-(R+ET+� SM+LK)) accumulated over the simulation period using both raw 492 

and the adjusted LA datasets. As the figure shows, although water balance is closed with very 493 

small imbalance fraction (about 4% accumulated for five years) independently of using raw or 494 

the adjusted LA, the accumulated ET estimates using the adjusted LA is much larger and the 495 
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runoff is smaller compared with the counterpart estimates using the raw LA data. Consequently, 496 

the ratio of runoff to precipitation (R/P) is decreased by 4%, and the ratio of ET/P increased by 497 

4%. The increase in ET results from the larger increased amount in transpiration and relative 498 

smaller decrease in evaporation (as shown by c in Figure 24). 499 

Note that these five year simulations were conducted without initialization or re-initialization, 500 

and therefore errors in the specification of initial soil moisture conditions and groundwater 501 

storage as well as rainfall related errors can severely impact the initial conditions for specific 502 

events.  To alleviating this impact, spin-up simulations for 15 years were conducted.  The spin-503 

up consisted in re-running the 5-year simulation three times using the same 5–year forcing.   504 

Results that illustrate the impact of initial conditions for the EFPRB watershed are shown in 505 

Figure 25: the 5-year NSE (Nash-Sutcliffe efficiency) score for hourly streamflow simulations 506 

increases from 0.28 to 0.45.  This implies, there are still unaccounted for forcing errors, 507 

especially in the rainfall as discussed in EPL-IPHEX-H4SE-3, but there is strong improvement in 508 

model performance as indicated by the 61% improvement in NSE.  This finding suggests that the 509 

atmospheric forcing and land-attributes data sets are reliable, and confirm the importance of 510 

initialization of basin storage in basins where surface-subsurface interactions are important (Tao 511 

and Barros, 2013b).   512 

 513 

5. Summary and Discussion  514 

Dynamical landscape attributes varying in space and time affect regional water and energy 515 

budget. However, currently there are no available landscape attributes products at high tempo-516 

spatial resolution for hydrological application.  In this study, we develop a quality landscape 517 



Environmental Physics Laboratory- CEE-Pratt School of Engineering 
Report EPL-2013-IPHEx-H4SE-1 

 

26 
 

attributes datasets, including land surface broadband albedo, broadband emissivity, leaf area 518 

index (LAI) and fractional vegetation coverage (CV) at high tempo-spatial resolution 519 

(1km×1km, hourly) based on the MODIS (Moderate Resolution Imaging Spectroradiometer) 520 

products for a five-year period (2007-2011) over the Southeast US. The landscape attributes 521 

datasets, as well as the atmospheric forcing dataset (EPL-HYPHEX-H4SE-2), is developed for 522 

the IPHEx-H4SE project and will support the multi-model Operational Hydrologic Forecasting 523 

during the Intense Observing Period of the IPHEx field campaign in 2014 (IPHEX2014). All of 524 

these datasets are available at the IPHEx website (http://iphex.pratt.duke.edu/). 525 

The derived and improved LAI and CV demonstrate reasonable inter- and intra-annual 526 

variability and show better tempo-spatial pattern for each land cover type compared with the raw 527 

LAI and CV before quality control and adaptive temporal filtering. The developed land surface 528 

broadband emissivity show much smaller tempo-spatial variability compared to LAI and CV, but 529 

is also demonstrated dependent on land-cover and seasons. The land surface broadband albedo 530 

was derived from MODIS BRDF/Albedo Model Parameters product. The retrieved albedo was 531 

compared with the observation at an AmeriFlux tower (US-ChR) which is proved spatially 532 

representative of its surrounding landscape. The comparison results reveal that the retrieved 533 

albedo agree well with the observation at the tower except for the later afternoon, and show a 534 

little bit underestimation mainly during the winter time. The broadband albedo is also depending 535 

on land cover and seasons. Diurnal cycle of albedo is found showing much larger variability than 536 

the seasonal changes. The land cover types showing generally larger albedo are grassland (GA) 537 

and cropland (CP) among others.  538 

Hydrological application was conducted at the Pigeon River basin, one of the headwater 539 

basins of the UTRB in the Southern Appalachian Mountains. Both the raw and adjusted 540 
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landscape attributes that are corrected for cloud or snow or foggy contamination effects were 541 

utilized to drive the distributed hydrological model (3D-LSHM) continuously for the five-year 542 

period (2007-2011) at IPHEx-H4SE conventional resolution (1km×1km, hourly). The regional 543 

water budget analysis demonstrates that quality landscape attributes affect the water partition at 544 

the surface, mainly due to the improvement in LAI and CV. Water balance is closed at very 545 

small imbalance fraction (about 4%) for five-year scale in the Pigeon River Basin, no matter 546 

using raw or the adjusted LA. However, the ratio of R/P is decreased and the ET/P increased by 547 

3% respectively, when using the adjusted LA compared with that using Raw LA data. Although 548 

the fraction is small, the absolute decreased magnitude in runoff (about 200mm) over a drainage 549 

area of 1,778 km2 of the Pigeon River Basin implies a large change of total water volume about 550 

355,600 km3 in five years, which is a huge number deserved attentions from water resource 551 

management aspect.  Therefore, tempo-spatially reasonable and corrected landscape attributes 552 

datasets for hydrological application is essential and should be incorporated in modeling and 553 

forecast activities. Or else, even with perfect Quantitative Precipitation Estimate (QPE) and 554 

Quantitative Precipitation Forecast (QPF), the hydrological model cannot resolve the water 555 

budget correctly if these forcing datasets are biased or not representative of the real condition of 556 

the land surface. This would impede any hydrological study such as the scientific objectives of 557 

the IPHEx-H4SE project. Therefore, developing and providing the best hydrometeorological 558 

forcing datasets is the prerequisite task at the first stage of the IPHEx-H4SE project.  559 

 560 

 561 
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Table 1 - Summary of the MODIS Products used in this project2. 751 

Short name  Platform  MODIS Product  
Raster 
type  Resolution  

Temporal 
Granularity  

MCD15A2  Combined  Leaf Area Index - 
FPAR  Tile  1000m  8 day  

MOD11C2  Terra  
Land Surface 
Temperature & 
Emissivity  

CMG  5600m  8 day  

MCD43B1  Combined  BRDF-Albedo Model 
Parameters  Tile  1000m  

8day 
(16 days 
acquisition 
interval)  

MCD12Q1  Combined  Land Cover Type  Tile  500m  Yearly  

MOD08_D3 Terra Atmosphere Daily 
Global Product 

Gridded 1degree Daily 

 752 

753 

                                                 
2 https://lpdaac.usgs.gov/products/modis_products_table 
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Table 2 - Landcover of the referred towers locations 754 

Station MODIS Landcover (IGBP) MODIS Landcover (UMD Type) Tower footprint 
US-Akn Mixed Forest Mixed Forest Forest 

US-ChR Deciduous Broad-leaf Forest Deciduous Broad-leaf Forest Chestnut ridge 

US-Dk1 Mixed Forest Woody Savannas Grassland, open field 

US-Dk2 Mixed Forest Woody Savannas Hardwoods 

US-Dk3 Mixed Forest Mixed Forest Loblolly pine 

US-WBW Deciduous Broadleaf Forest Deciduous Broadleaf Forest Oak Ridge 
DKEPL Tower Mixed Forest Mixed Forest Forest 

  755 
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Table 3 – Statistics of LAI for each landcover type and for four seasons 756 

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 

DJF 
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 
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 

MAM  
Median 1.30 2.09 1.44 2.26 3.29 1.39 1.72 1.66 1.82 1.08 1.27 1.13 0.40 
Std. 1.59 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 

JJA 
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 
Std. 1.84 1.58 0.34 1.10 1.44 1.85 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 

SON 
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 
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 
 757 

758 
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Table 4 – Statistics of CV for each landcover type and for four seasons 759 

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 

DJF 
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 
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 

MAM  
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 
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 

JJA 
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 
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 

SON 
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 
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 
 760 
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Table 5 – Statistics of emissivity for each landcover type and for four seasons 762 

Emissivity ENF EBF DNF DBF MF CS OS WSA SA GA CP UB BA   
Mean 0.9841 0.9842 0.9842 0.9839 0.9843 0.9841 0.9841 0.9843 0.9841 0.9842 0.9842 0.9835 0.9842 

DJF 
Median 0.9842 0.9842 0.9842 0.9839 0.9843 0.9842 0.9841 0.9843 0.9842 0.9842 0.9842 0.9836 0.9843 

Std. 0.0007 0.0005 0.0005 0.0007 0.0006 0.0006 0.0006 0.0005 0.0006 0.0006 0.0006 0.0008 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 0.9841 0.9842 0.9841 0.9842 0.9842 0.9838 0.9837 

MAM  
Median 0.9841 0.9841 0.9842 0.9842 0.9843 0.9841 0.9841 0.9842 0.9841 0.9842 0.9842 0.9839 0.9838 

Std. 0.0005 0.0003 0.0003 0.0004 0.0004 0.0004 0.0003 0.0004 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 0.9840 0.9839 0.9839 0.9840 0.9840 0.9833 0.9831 

JJA 
Median 0.9839 0.9840 0.9837 0.9841 0.9841 0.9839 0.9840 0.9839 0.9839 0.9840 0.9840 0.9834 0.9831 

Std. 0.0005 0.0003 0.0003 0.0003 0.0003 0.0005 0.0003 0.0003 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 0.9837 0.9841 0.9841 0.9838 0.9840 0.9839 0.9839 0.9840 0.9840 0.9833 0.9831 

SON 
Median 0.9839 0.9840 0.9837 0.9841 0.9841 0.9839 0.9840 0.9839 0.9839 0.9840 0.9840 0.9834 0.9831 

Std. 0.0005 0.0003 0.0003 0.0003 0.0003 0.0005 0.0003 0.0003 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 
 763 

 764 
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Table 6 – Statistics of albedo at local solar noon (LSN) for each landcover type and for four seasons 766 

Albedo ENF EBF DNF DBF MF CS OS WSA SA GA CP UB BA   
Mean 0.0841 0.1367 0.0900 0.1239 0.1113 0.1183 0.1444 0.1294 0.1308 0.1462 0.1540 0.1241 0.0659 

DJF 
Median 0.0822 0.1353 0.0901 0.1185 0.1119 0.1220 0.1414 0.1287 0.1352 0.1437 0.1492 0.1236 0.0644 

Std. 0.0270 0.0300 0.0089 0.0385 0.0163 0.0304 0.0392 0.0137 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 0.0905 0.1309 0.1208 0.1204 0.1417 0.1353 0.1346 0.1452 0.1534 0.1297 0.0684 

MAM  
Median 0.0847 0.1416 0.0896 0.1300 0.1206 0.1274 0.1454 0.1353 0.1411 0.1466 0.1535 0.1302 0.0663 

Std. 0.0244 0.0173 0.0075 0.0183 0.0160 0.0266 0.0211 0.0126 0.0257 0.0181 0.0143 0.0143 0.0136 

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 0.0897 0.1492 0.1317 0.1270 0.1481 0.1395 0.1398 0.1495 0.1568 0.1355 0.0698 

JJA 
Median 0.0910 0.1474 0.0891 0.1487 0.1316 0.1370 0.1514 0.1398 0.1468 0.1503 0.1566 0.1363 0.0668 

Std. 0.0256 0.0170 0.0125 0.0129 0.0157 0.0279 0.0212 0.0126 0.0259 0.0171 0.0131 0.0146 0.0167 

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 0.0801 0.1269 0.1166 0.1158 0.1373 0.1296 0.1287 0.1411 0.1470 0.1253 0.0599 

SON 
Median 0.0798 0.1362 0.0797 0.1277 0.1168 0.1247 0.1403 0.1293 0.1359 0.1416 0.1468 0.1256 0.0571 

Std. 0.0248 0.0154 0.0122 0.0139 0.0134 0.0251 0.0181 0.0113 0.0255 0.0167 0.0127 0.0140 0.0146 

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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 767 

Figure 1 – The four drainage basins of interest in this project (shown on the right), namely Upper 768 

Tennessee River Basin(UTRB), Savannah River Basin(SVRB), Santee River Basin(SRB) and 769 

Yadkin-Pee Dee River Basin(YPDRB).  Headwater catchments of UTRB are located at the 770 

Southern Appalachian Mountains in NC.  One of these basins, the Pigeon River Basin (shown on 771 

the left), will be studied intensively. The hydrological verification will be conducted at three sub 772 

basins that are not limited by dam operation in the Pigeon River Basin, including the 773 

Cataloochee Creek Basin (CCB), the West Fork Pigeon River Basin (WFPRB) and the East Fork 774 

Pigeon River Basin (EFPRB). 775 

  776 
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 777 

Figure 2 - Flowchart for generating quality landscape attributes datasets, including broadband 778 

albedo, broadband emissivity, LAI and CV, from MODIS products. 779 
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 781 

Figure 3 – The MODIS yearly land cover product at 500m (MCD12Q1, Collection V51) 782 

(Type2/UMD) from 2007 to 2010. 783 

 784 

 785 

 786 

 787 

 788 
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 789 

Figure 4 – Time series of the Leaf Area Index (LAI) before and after temporal filtering, at six 790 

Ameriflux towers US-Akn, US-ChR, US-Dk1, US-Dk2, US-Dk3, US-WBW, and the DKEPL 791 

tower from the top to the bottom, respectively.  792 
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 794 

Figure 5 – Time series of the fractional vegetation coverage (CV) derived using LAI before and 795 

after temporal filtering, at six Ameriflux towers US-Akn, US-ChR, US-Dk1, US-Dk2, US-Dk3, 796 

US-WBW, and the DKEPL tower from the top to the bottom, respectively. 797 
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 799 

Figure 6 – Example of the spatial distribution of LAI before (top panel) and after temporal 800 

filtering (bottom panel) over the SEUS. Extensive cloud contamination is clearly appearing on 801 

Sep.16 (center figure, top row). For comparison, the LAI 10-days before and after Sep.16 are 802 

shown on the left and right panel.   803 
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 805 

Figure 7 – Same as in Fig.6 but for CV before (top panel) and after temporal filtering (bottom 806 

panel) over the SEUS.  807 
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 809 

Figure 8 – Time series of the averaged LAI and CV for all the pixels of the same landcover type 810 

within the SEUS region from 2007 to 2011. 811 
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 813 

Figure 9 –PDFs of LAI for each landcover type and for four seasons from the top to the bottom, 814 

respectively. The dark bar indicates the mean for each case. 815 

  816 
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 817 

Figure 10 – The PDF of CV for each landcover type and for four seasons from the top to the 818 

bottom, respectively. The dark bar indicates the mean for each case. 819 

 820 
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 821 

Figure 11 – The spatial distribution of LAI on Feb.1, Apr.1, Jun.1, Aug.1, Oct.1 and Dec.1 (from 822 

left to right), in 2007 to 2011 from top to bottom, respectively. 823 

 824 
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  825 

Figure 12 – The spatial distribution of CV on Feb.1, Apr.1, Jun.1, Aug.1, Oct.1 and Dec.1 (from 826 

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

Figure 13 – The time series of the land surface broadband emissivity before and after temporal 829 

filtering, at six Ameriflux towers US-Akn, US-ChR, US-Dk1, US-Dk2, US-Dk3, US-WBW, and 830 

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

Figure 14 – Time series of the averaged land surface emissivity for all the pixels of the same 834 

landcover type within the SEUS region from 2007 to 2011.  835 
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 837 

Figure 15 –PDFs of land surface emissivity for each landcover type and for the four seasons 838 

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

Figure 16 – The spatial distribution of land surface broadband emissivity on Feb.1, Apr.1, Jun.1, 842 

Aug.1, Oct.1 and Dec.1 (from left to right), in 2007 to 2011 from the top to the bottom, 843 

respectively. 844 
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 845 

Figure 17 - Shortwave reflectance composites centered at the Chestnut Ridge tower for two 846 

seasonal periods illustrating conditions of greenness (Upper) and dormancy (Bottom).Adopted 847 

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

Figure 18 – The monthly mean diurnal cycle of land surface albedo estimated from MODIS 851 

BRDF parameters and observed at AmeriFlux tower US-ChR in 2008 to 2010.   852 
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 854 

Figure 19 – Time series and scatter plots of land surface albedo at the Local Solar Noon (LSN) 855 

estimated from MODIS BRDF parameters and observed at AmeriFlux tower US-ChR from 2008 856 

to 2010. The symbols with void color indicate snow conditions.   857 
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 859 

Figure 20 – Time series of the averaged albedo at the Local Solar Noon (LSN) for all the pixels 860 

of the same landcover type within the SEUS region from 2007 to 2011. 861 
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 863 

Figure 21 –PDFs of land surface albedo at the Local Solar Noon (LSN) for each landcover type 864 

and for four seasons from the top to the bottom, respectively. The dark bar indicates the mean for 865 

each case. 866 
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 868 

Figure 22 - Spatial distribution of land surface albedo at noon (EST) on March1, June 1, 869 

September 1, and December 1 over the SEUS. 870 
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 872 

Figure 23 - Spatial distribution of simulated intercepted rainfall, evaporation and transpiration 873 

using landscape attributes before (*.1) and after the adjustment (*.2), accumulated in each year 874 

from 2007 to 2011 (a.* to e.*), and the whole five-year period (f.*) over the Pigeon River Basin. 875 
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 877 

Figure 24 - The time series of cumulative basin-averaged precipitation (P), runoff(R), 878 

evapotranspiration (ET), soil moisture change (� SM), leakage (LK) and the water imbalance 879 

(Im= P-(R+ET+� SM+LK)) using raw (a) and the adjusted (b) landscape attributes, accumulated 880 

over the five-year period in the Pigeon River Basin. The comparison of transpiration, 881 

evaporation, ET and runoff between simulations using raw and adjusted landscape attributes data 882 

are shown in (c).  883 
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 884 

Figure 25 - Continuous 5-year streamflow simulations with the uncalibrated Duke-3DLSHM 885 

hydrologic model (1 km2, 1 hr resolution in this implementation) forced by a randomly selected 886 

realization of Precip_StageIV_TF. The 5-year simulation was conducted with a previous spin-up 887 

period of 15 years consisting of repeating the 5-year simulation three times using as initial 888 

condition the final condition from the previous simulation.  The NSE score is indicated in the 889 

scatter plots to the right.   890 


