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Abstract

In order to prepare atmospheric forcing data setrive the hydrologic models at high spatial
resolution, it is necessary to apply appropriateitrale methods and bias correction schemes
to the coarse reanalysis products. In this mamisdirst we describe the methodology to
derive a high-resolution (1x1 Kirhourly) atmospheric forcing data set from 3-hrRR (North
American Regional Reanalysis) products originalty3@x32km resolution, and second we
illustrate the value and utility of the downscalgeducts to drive hydrologic models offline
through analysis of a long-term (5-year) continueumsulation of water and energy budgets in
the Southern Appalachians against flux tower olzt@ms. The IPHEx-H4SE atmospheric
forcing data set includes elevation corrected engerature and lapse rate, specific humidity,
friction velocity, surface layer winds, incomingnigwave radiation, and topographically and
cloudiness corrected incoming shortwave radiatioat ttnable simulating water and energy
fluxes from diurnal to annual time-scales, and &treme events. Although the 5-year
simulation presented here was conducted with aorahdselected rainfall product among those
recommended in the companion report ( EPL-2013-H3SRithout re-initialization or data
assimilation, and therefore does not represenipéimal simulation with the hydrological model
but rather a baseline control simulation that irdégs and propagates the uncertainty in all
forcing data sets, the results clearly illustrdte benefit of using the bias corrected NARR

atmospheric forcing fields made available here.
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1. Introduction

The IPHEX-H4SE project (Integrated Precipitatiod &tydrology Experiment — Hydrologic
Applications for the Southeast US) is the firstugrd-validation field campaign planned after the
launch of the Global Precipitation Measurement Miss satellite launch (GPM,
www.nasa.gov/mission_pages/GPMThe field campaign comprehends intense data collection
activities aimed at acquiring observational dataet@luate and improve GPM precipitation
estimation algorithms, as well as hydrologic maugliactivities focusing on evaluating the
utility of satellite-based rainfall products for drplogic applications including water resources
management and forecasting of natural hazards ssclilash floods, riverine floods and
landslides. The hydrologic modeling activitiestumn consist of real-time forecasting activities
during the Intense Observing Period of the IPHEdficampaign April-July 2014, and a
collaborative effort (H4SE) envisioned as a benatkmin facilitate inter-comparison of
hydrologic models and evaluation of rainfall estiima algorithms. The hydrologic applications
will be conducted without coupling to a weathechmate prediction model, therefore in the so-
called off-ine mode. A common data set concernatgiospheric forcing and landscape
attributes is provided to all H4SE participantseata sets span four drainage basins of interest
in the IPHEx-H4SE with headwaters in the Southeppalachians: Upper Tennessee River
Basin (UTRB), Savannah River Basin (SVRB), SantaeiRBasin (SRB) and Yadkin-Pee Dee
River Basin (YPDRB), as shown in Figure 1d. H4SHipigpants agree to conduct a selected
number of case studies and provide their resultiseqroject to be analyzed jointly and to be co-
authors in related synthesis publications, and miaynay not participate in the operational

forecasting activities during IPHEX.
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In this manuscript, we present the developmenttwfoapheric forcing datasets at high-
resolution (1x1 kfy hourly). The data were derived from the North ekivan Regional
Reanalysis (NARR) products originally at 32-km $gatresolution and 3-hour temporal
resolution (Mesinger et al., 2006). The standardoapheric datasets required for hydrologic
models typically include air temperature, air puess wind velocity, specific humidity and
downward radiation (shortwave/solar radiation amshgivave/thermal radiation). The air
temperature, air pressure, wind velocity and spebiimidity time-series should be available at
least one common measurement height (10m in tbjegt). Previous studies have demonstrated
that the bias correction applied to reanalysis pets] especially in the case of atmospheric
forcing data to drive land surface hydrological misdcan affect the simulations of hydrological
fluxes significantly (Berg et al., 2003; Lenters at, 2000). Thus, appropriate downscale
methodology correctly disaggregating atmospheridgabiées at coarse resolution to the fine
resolution required by hydrologic models is of Vitmmportance. Schomburg et al. (2010)
proposed a downscaling scheme based on statistieahcteristics of atmospheric near-surface
variables at different scales for disaggregatingaspheric forcing data for a soil-vegetation—
atmosphere transfer (SVAT) model. Gao et al. (2@plied an elevation correction method to
downscale 3-hourly ERA-Interim air temperature dagang internal vertical lapse rates derived
from different ERA-Interim pressure levels in coeplterrain. Berg et al. (2003) reported that
the implementation of a bias reduction schemertteaiperature, dew point temperature, surface
pressure, precipitation, shortwave and longwavatiath from the European Centre for Medium
Range Weather Forecasts (ECMWF) 15-year reanalif&t#\) and to the National Center for

Environmental Prediction/National Center for Atmbepc Research (NCEP/NCAR) reanalysis
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(NRA), reduced the errors in simulations of soilistare, runoff and snow water equivalence

using a catchment-based land surface model (CLSM).

The methodology based here was inspired by theoapprused for the development of
forcing datasets for NLDAS-2 (12x12 kmresolution, North American Land Data Assimilation
System, e.g. Cosgrove et al. (2003)). However, tduthe much higher spatial and temporal
resolution requirements, there are significantedéhces between the topographic and cloudiness
corrections used here, as well as interpolatioteria, and those used in NLDAS2. Specifically,
elevation adjustments and corrections to near-serfariables including air temperature, air
pressure, specific humidity and longwave radiatieyre applied between NARR terrain and
local terrain at every time-step based on predietedospheric conditions (e.g. using dynamic
lapse rates) instead of using average values othiyotime-scales. The dynamic lapse rates
were derived from the NARR atmospheric temperagucdiles using the isobaric levels closest
to the NARR terrain and the local DEM at high resioin, and then were applied to correct
atmospheric temperature first, followed by the @iessure, specific humidity and longwave
radiation. To downscale the wind velocity from NARRarse resolution to 1x1 Kmwe
adjusted friction velocity based on an empiricdlatienship between the geostrophic drag

coefficients and the Rossby Number proposed byalgit959).

Special bias corrections for downward shortwaveatazh are applied through dynamical
adjustment, accounting for cloudiness and topogdcagffects. The downward shortwave
radiation at the surface is of vital importance émergy exchange between the atmosphere and
the surface, influencing the efficiency of photagwsis in biosphere. The accurate real-time (up
to hourly) shortwave radiation at high resolutian @ssential for hydrological applications,
because radiative forcing drives water transfers earergy fluxes. NARR downward shortwave

7
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(SW) radiation at surface provide 3-hour incomingy &adiation flux at about 0.3deg (32km),
which show large bias especially in topographicaltynplex regions (Pinker et al., 2003;
Schroeder et al., 2009). The NLDAS-2 primary fogcotata includes bias-correction of NARR
downward shortwave radiation based on a ratio-basesl correction method at monthly time-
scales (Berg et al., 2003). In their method, the revas calculated using the monthly mean
diurnal cycle of downward shortwave radiation frothe GEWEX Continental Scale
International Project (GCIP) Surface Radiation Betd@RB-GCIP) dataset (Pinker et al., 2003)
to the monthly mean values from NARR dataset, &pd it was applied to correct hourly NARR
radiation linearly interpolated in time from theh8urly NARR data. To downscale the NARR
incoming shortwave radiation to high spatial retiolu for H4SE, the cloudy effects and the
topographic effects have to be explicitly accourftedn real-time because of the rapid evolution
and transformation of cloud systems. Based on agi@phic solar radiation model (Dozier,
1980; Dozier and Frew, 1990), a topographic ragiattorrection technique was developed
(Dubayah et al., 1990; Dubayah and Loechel, 199d) lzas been widely applied. A similar
correction technique is adapted to downscale 32KRRI incoming solar radiation data to 1km
resolution at monthly scale (Schroeder et al., 2008lere, we present a methodology for
cloudiness and topographic correcting and downsgaB-hr NARR incoming shortwave
radiation at 32km resolution to hourly data at ltasolution based on the technique developed
by Dubayah and Loechel (1997), relying on the ateutSRB-GCIP dataset for retrieving
shortwave atmopshere transmittance and real-timedgiess pattern. This method accounts for
both the cloudy effects and the terrain effects, regional cloudiness pattern, cast-shadow

caused by sun-blocking terrain, self-shadow, arel reflected shortwave radiation from the
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surrounding terrain. This leads to significant igements especially in the topographically

complex terrain such as the Southern Appalachiaariténs.

The adjusted atmospheric forcing datasets, inctudihe atmospheric temperature,
atmospheric pressure, specific humidity, wind spe¢dl10m above the ground, and the
downward shortwave and longwave radiation at saffaccre compared with available tower
observations, as well as with the NLDAS-2 primaokcfng data (Mitchell et al., 2004; Xia et al.,
2012a; Xia et al., 2012b). The premise in derivimgse data sets is that some hydrologic models
may require calibration and therefore in orderoi@ spurious model sensitivities an effort is
made to generate atmospheric forcing that can capie diurnal cycle as well as seasonal and
inter-annual variability, in addition to extremeeens. The utility of these atmospheric forcing
datasets in hydrological applications has been detrated in the basin featuring the most
complex terrain among the four drainage basinkenlPHEx-H4SE, the Upper Tennessee River
Basin (UTRB). Five-year continuous hydrological slations were conducted in a headwater
basin to the UTRB, the Pigeon River Basin in thetBern Appalachians (illustrated in Figure

1d), using a distributed hydrological model (3D-U8H(see report EPL-IPHEX-H4SE-3).

2. Methodology and Procedure
2.1Elevation Corrections

NARR terrain shows a smooth elevation envelopesdiffy very much from the local elevation
at high resolution, especially in the mountainoegion, as shown by Figute The maximum
difference between the NARR terrain and the lodaMDis up to 1064m at the ridge lines of the

Pigeon River Basin. To account for such significaletzation difference, the elevation correction

9
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to the NARR fields has to be performed before theyused as forcing datasets in hydrological
studies. In this study, the three-hour atmosphenoperature, atmospheric pressure, specific
humidity at 10m above ground (ABG) and downwardglwave radiation at surface originated
from NARR were corrected for elevation effects, @ttty the similar assumptions and
methodology as in the study of Cosgrove et al. 8208l of these NARR fields at about 32km
were bi-linearly interpolated to 1km first. The NRRterrain geometric height was also
interpolated to 1km, to calculate the elevatioredénce at 1km between the NARR terrain and
the local 1km DEM sampled from SRTM dag about 90m spatial resolution. High-resolution
elevation corrections (topographic adjustment) meqgspatially-temporally dynamic lapse rates
for adjusting atmospheric temperature [a constgpad rate (-6.5K/km) was used in Cosgrove et
al. (2003)]. Then the atmospheric pressure, speoifmidity and downward longwave radiation
were corrected sequentially. The lapse rate wasuleabéd from the NARR atmospheric
temperature profile at low isobaric levels (1000imIB00mb) at each pixel (1km grid element) at
each time step (3-hour). Instead of using NARRataras the reference level, the two closest
geometric heights converted from the geopotengdajlits at isobaric levels to the NARR terrain
and the local DEM were utilized to calculate lapste, which is used next to adjust atmospheric
temperature from the NARR terrain to the local DEM 1km. A flowchart describing the

procedures applying the elevation correction to lRAfieIds is given in Figure 2.

The adjusted atmospheric temperature is calculated

(1)

! http://srtm.csi.cgiar.org/SELECTION/inputCoord.asp
10
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where s the adjusted atmospheric temperature at 10m ARG is the original NARR
atmospheric temperature at 10m ABG (K)s the lapse rate (K/km) and is the elevation
difference between the NARR terrain and the DEMadat 1km. The lapse ratevaries
depending on the atmospheric conditions, for irarthe in the early morning is very
different from the at noon, and thein the mountainous region also differs from thathe
plain area. Thus, we calculate the lapse ratecit BARR time step (3hr) at each 1km pixel over
the southeast US. Figure 3 illustrates examplesatdulating lapse rate using atmospheric
temperatures and geometric heights converted fremgéopotential heights at selected isobaric
levels closest to the NARR terrain and local DEMor instance as shown in Figure 3(a), the
height at 900mb which is the closest level to tHERR terrain and the heights at 925mb level
which is the closest one to the DEM, were chosetatoulate the lapse rate, resulting in a quite
large lapse rate as -3.28K/km. In Figure 3(b), for a pixel that tB&M is much larger than
NARR terrain, the heights and temperatures at 87&ntb900mb were chosen to calculate and
obtain a lapse rateas -7.91K/km. Figure 3(c) demonstrates the elematiorrection to the
NARR atmospheric temperature along a transectdmdlustrated in Figure 1(c) starting from
the Tennessee Valleys and right crossing the BidgeRMountains to the Coastal plain in the
southeast corner of the region. As can be seen fr@ure 3(c), the adjusted atmospheric
temperatures show significant difference from thigioal NARR atmospheric temperature in
the mountainous region (up to 6K), although thé&dénce in temperature is not very large in the

flat areas due to the small elevation differendsvben the NARR terrain and the DEM.

Similar to Cosgrove et al. (2003), from the idgak law and the hydrostatic

approximation— , Wwe arrive at

11
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— ()

where is the atmospheric pressure (Pa)s the atmosphere density (kgjin is the gas
constant, and is the atmospheric pressure (K). Integrating stles of the equation (2), we

obtain,

& 3)
#$%%

where is assumed to be the average of and , 1 Iis the adjusted atmospheric
temperature at 10m above the DEM (Padyois the original NARR atmospheric temperature at

10m above the NARR terrain (Pa). Thus can be derived by rearranging equation (3),

#$%%

o x (4)

)—

-l
» 012_y/

Assuming a constant relative humidity throughdu t , and thus+

» 134

, we finally arrive at
» 012134

B s060t
5!,, 567 " M (5)

S 7 #$%%

where5, and5s; . are respectively the adjusted atmospheric spebffimidity and the

adjusted saturated specific humidity, @gheo, anNdSe 7 .4y, are the original NARR specific

humidity and the original NARR saturated specificriidity, respectively. The saturated specific

humidity can be calculated as:

12
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c 8¢5 67 6

6 7 !" !" 8S<:>| 6 7 !" ( )

5 8t 67 #$%% (7)
6 7 #$%%

(<=>'
8i<=> 67 #$%%

where' g7 . and’ g7 440, IS the adjusted and the original NARR saturatedewaapor
pressure which can be estimated by Wexler's equatio

Lastly, the adjusted downward longwave radiati®rcalculated based on the Stefan-

Boltzmann law,
A B . ©
2@, ! 8 ?@ise% (8)

PusoonB  ag00%

whereBis the Stefan-Boltzman constaf@, and?@ge0, are respectively the adjusted and
the original NARR downward longwave radiation atface(W/nf), and likewise A» and

Aisoe are the adjusted and the original NARR emissiatylongwave. The same simplified
equations as in Cosgrove et al. (2003) are usechliulate emissivity here based on vapor

pressure, to make the adjustment to the atmospaeigsivity,
Pn DE>EFC () 'y @)
Puswe CB>EFC () " Sthoe N (10)
where' » and' 4599 IS the adjusted and the original NARR vapor presgbPa), calculated by

"N @y FL89:;; where * denotes either ‘adj’ or ‘NARR'.

13
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2.2Wind Adjustment

For the wind adjustment, we follow Lettau’s work ¢ime dependence of geostrophic drag
coefficient on surface roughness (Lettau, 1959). ddtesider two spatial scales of interest: the
geostrophic (synoptic) scale, and the mesoscale depends on the topography (i.e. the

roughness length at the scale of interest) andCiwolis acceleration. The geostrophic drag

. S . ..
coefficient at a scale L can be expressedas T—N where u* is the surface layer friction
U

velocity at the same scale L, awdis the geostrophic wind. Based on a number of ballo

measurements, Lettau (1959) proposed an empietationship between the geostrophic drag

coefficients and the Rossby Number:

G 8D:wW ' (11)

The Rossby Numbad is equal tc{—;’, where’is the Coriolis acceleration angis the roughness

length at scale L. The Rossby Number is of the rooflenagnitude of the ratio of a geostrophic

to geostrophic winds, and thus is a metric of #lative role of the pressure gradient force (that
drives the geostrophic wind) and the Coriolis fordeeplacing Rwith [I—;’ in equation (11), we

arrive at,
A ]
85D:_VR a,\(" | FYI 4z (12)

AssumingVy is the same at the NARR resolution scale L (=32&ng at the local smaller scdde
(1km), then the right-hand side of equation (12 monstant, and thus we obtain the relationship

between friction velocity at different scales,

14
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a|(\: « IC|:Y| 1z alc\(/\ IC EY!4Z (13)

Therefore, the friction velocity at scdiés related to the friction velocity at scale L,

¢ Ylhaz

af afe—f (14)
|

where the roughness length at scale L is provideNARR, the friction velocityaggds retrieved
by the NARR wind speed at 10 meter and at 30 niteed on the logarithm profile law of wind
speed. Then, using the logarithm profile law toresp wind speed in the boundary layer, the

adjusted wind speed at schls expressed as,

o o DE |

where k is the Von Karman constant (~0.41), andrdlughness lengthf"and the displacement

height d depend on the landcover at the same Ebhaia).

2.3 Topographic and Cloudiness correction to downward Isortwave radiation

The topographic radiation correction techniquetdek four stages as illustrated in Figure 4: A)
Preprocessing, B) Preparation for auxiliary inpatgmeters, C) Cloudiness correction, and D)

Topographic correction.

A) Preprocessing The preprocessing mainly involves re-projectitiglee radiative fluxes
to UTM 17N (WGSB84) coordinates and spatially belnly interpolating the data to 1km

resolution. The spatially interpolated data arentlinterpolated from NARR SW in time (3-

15
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hourly to hourly) based on the real-time solar teangle. This step is similar to (Cosgrove et
al., 2003). However, the temporal interpolation moett using the solar zenith angle only cannot
account for cloudy conditions. We propose a medifinethodology for temporal interpolation
that incorporates the diurnal cycle of NARR clowdis, meanwhile preserving the total daily
energy. After the temporal interpolation is comgléhe cloudiness and topographic correction is
applied to the hourly incoming shortwave radiatidhe hourly SW radiation interpolated from

3-hour NARR SW radiation can be expressed by,

smn, tkuv, tkuv
r a °O ¢
mn, mn px, — T v (16)
wX . smn tkuv yJ ©
oyJ 0 4

q
where} is from 1 to 8 as the total daily number of 3-houervals in the NARR data, indicating
the}th 3-hour interval~varies from 1 to 3, indicating th¢h hour within each 3-hour interval ;
€+, fis the cosine of solar zenith angle at-#tehour within thgth 3 hour; ,@-_ 4s the daily

#$%%

total energy (a local diurnal cycle)@ is the original NARR 3-hour mean SW radiation for

the}th 3 hour, and€-, (is the mean cosine of solar zenith angle at theethours within thgth

€, . Inthis way, the hourly shortwave radiation degenot only

3 hour, i.es€., lﬂwJ.yJ

on the local solar zenith angle, but also on theRRAsimulated cloudiness by incorporating the

040
n@f#$/0A)

Then, the new interpolated 3-hour mean SW radidtiothe}’"3 hour is given by

16
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Sm <.,,6CE4
”@f WJ'yJ ,,@f" WJ'yJ n@7...7-l: — W‘42' (6@4&

Wiz, S %os!  <..6@

S %o&!  <..6@E . 6, S %og”  <..6@

@7 F———— Wy ——=8& @ ; F—— (17)

e o W5, <. s o
Wgz.S %og‘” <...6@& 4z ¢ 6@4 Wsz.S %os’” <...6(%

B) Preparation for auxiliary input parameters- In addition to the transmittance and spatial

statistic characteristics of solar radiation tha also needed to calculate based on hourly SRB
data, other auxiliary input parameters includingkg view factor, terrain configuration factor,
hourly local illumination angle and actual surfaabedo have to be calculated beforehand in
order to correct the topographic effects for shaxe radiation. The actual albedo of the land
surface is a weighted average of the black-skydall{BSA) and white-sky albedo (WSA). The
weighting coefficient is the fraction of diffuseyight depending on solar zenith angle, optical
depth, local aerosol type, etc. (Schaaf et al.2200he hourly BSA and WSA were calculated
using solar zenith angle and the BRDF model paramsegbrovided in the MODIS product
(MCD43B1). The fraction of diffuse skylight was teffom a lookup tabfeaccording to local
solar zenith angle, optical depth, aerosol modpé tgnd MODIS bands (0.25-4.00 um). The
detailed description is provided in the companiapgy (Tao and Barros 2013b- Part X). The sky
view factor represents the total portion of unalgted sky visible on a slope in all directions,
with a value of one indicating that the sky is ustolicted and zero meaning the sky is
completely obstructed by surrounding topography.ifstance, the sky view factor is very small
at the bottom of narrow valleys meaning the vatlegeives less diffuse radiation because a part

of the sky hemisphere is blocked by the nearbwieriThe terrain configuration factor indicates

2 http://www-modis.bu.edu/brdf/userquide/tools.html
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the fraction of the surrounding terrain visibleat@ixel that receives the reflected radiation from
the visible terrain. A terrain configuration factoir unity means that only terrain is visible. The
local illumination angle plays an important role uantifying the effects of self-shadowing and

reducing the incoming direct irradiance, i.e. whiee Sun is below the local horizon of the slope.

Another required input parameter is the shortwamasmittance for partitioning the direct and
diffuse radiation. We calculated the transmittamsing the ratio of the hourly SRB-GCIP
downward solar radiation at the surface to theatamh at the top-of-atmosphere (TOA). The
derived transmittance is assumed to be represeatattithe atmospheric conditions in which just
part of the radiation is transmitted through then@dphere. The transmittance will be used to
partition the total NARR SW shortwave radiationoimtirect and diffuse components. However,
SRB-GCIP does not provide data for early morningd kater afternoon at lower cosine of solar
zenith angle, i.e. solar zenith angle larger thariCGosgrove et al., 2003). Consequently, a filling
strategy based on the assumption that the cosiselaf zenith angle can be approximated by the
shortwave transmittance to the first order was eanmg@nted (Chavez, 1996). This approximation
works best at dawn or dust, when the incoming s@ldiation is also very small. On average,
transmittance largely depends on the light paths thn solar zenith angle. But note that, this
approximation is limited to the situation when s8@ar zenith angle is less than 55°. In reality,
highly non-linear relationships exist between traitance and the cosine solar zenith angle over
the full range of solar zenith angles. The nonliitgais attributed to non-uniform cloudy
conditions. The filing steps adopted here arefalews: 1) first use the downward solar
radiation at the top-of-atmosphere and at the sarfa calculate the raw transmittance; 2) then if
partial transmittance data over the whole regiorstexbut the locally is missing, the spatial

filling was performed first using the nearest noissing transmittance multiplied by the ratio of
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cosine of the solar zenith angle at the missinglgix the cosine of the solar zenith angle at the
non-missing pixel; 3) Temporal filling was perfordhfor the transmittance in early morning and
late afternoon using the closest available datp,using transmittance at 9am to fill the missing
data in 6am~8am, also based on the ratio of cosindhe solar zenith angles. 4) the final
transmittance is the average of spatially filled &mporally filled transmittance, to account for
the variability both in space and time. If the wdokgion misses the SRB completely, i.e. no
partial data exist, only temporal filling is necagsand the temporally filled transmittance is the

final transmittance.

)] Cloudiness correction For a clear situation, the topographic effecmsphate the spatial

variability of incoming solar radiation. While f@r cloudy situation, it is the cloudiness pattern
that determines the spatial distribution of theaseldiation. In order to account for real-time
cloudiness patterns, we rely on the SRB again. ifgaty, we calculated the PDF of both the
spatial SRB solar radiation and the NARR shortweadiation, then we match the PDF of the
NARR shortwave radiation to that of the SRB data,chlculating a histogram index at each
pixel,"O}*~P O " o)k I '+ where “O}*~R the SRB solar radiation at
pixel O} ~P . and Af is the maximum and minimum value of the spatial SRBr radiation
at current time, respectively. The regional cloedss pattern is represented 1Q}“ ~Rlepicting
a position at the histogram scale. Therefore, utieghistogram indeXO}" ~Pwe reshuffle the
NARR SW radiation by matching its PDF to SRB's PDQ}"P » 'O} ~PO .

¢ Pwhere the Q"-Pis the new NARR SW radiation accounted for theudloess pattern,

and ; are the maximum and minimum value of the spati@RR SW radiation at the

current time. Note, now the NARR SW radiation atghD}“~R at the same position at its

histogram scale as that at the SRB histogram scalenatching the PDF of NARR to SRB'’s, as
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shown in Figure 5. As it can be seen from the gc.2) shows the exact same PDF shape as
(b.2) which is the spatial PDF of SRB, i.e. showihg same cloudiness pattern as the SRB data
(illustrated by c.1 versus b.1), while maintainthg original range of NARR SW radiation (c.2)
over the region.

D) Topographic _correction- To downscale radiation from coarse resolution toerfi

resolution, effects from clouds and topography niestonsidered (Dubayah and Loechel, 1997).
Here the topographic correction was conducted enbiise of NARR SW radiation already
corrected for cloudiness effects (after procedixeas shown in Figure 4). The topographic solar
radiation model and the technique for topograpliorection we referred in this study, was
developed originally by Dozier (1980) and Dozied &rew (1990) assuming that the simulated
total incoming radiation is at the sea level. Thhe original model performs an elevation
correction before applying the topographic coractio solar radiation. However, the NARR
incoming shortwave radiation is already at the NARRRain elevation, thus we did not conduct
the elevation correction in our implementation bé tmethodology. Even though there are
elevation differences between the NARR terrain &iew at coarse resolution and the digital
elevation model (DEM) at 1km resolution, we assuhs the elevation effects caused by this
difference are negligible compared to the topog@pffects caused by the terrain complexity,
such as blocking the incoming radiation by nea#dyyain or reflecting radiation to surrounding
terrain, especially in regions such as the SoutAg@palachian mountains. The theoretical basis

of the topographic radiation correction is briedigscribed as follows.

The total incoming solar radiation at a slope idelsi three components, namely the diffuse

irradiance from the sky, direct irradiance from ten, and diffuse and direct irradiance from
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nearby terrain (Dubayah and Paul, 1995). The tdanward shortwave radiation can be

expressed as,

@ — G F ——QF G F Ttkudpes -G oF oG- G-F 0 (9)

where— -Q“-Pis the diffuse irradiance- *«Q“Pis the upwelling (terrain reflected) flux, and
>»— Q“Pis the direct beam irradiance; Q“Pis a sky view factoreQ“Pis a terrain
configuration factor™is a binary shadowing mask set equal to either @ which means that
the point is in the shadow caused by nearby tebriicking the Sun (cast-shadowinegss ¢-gds
the cosine of the local solar illumination angldigating that if the Sun is below or above the
local horizon caused by the slope itself (self-ghvadg), calculated aggsS ;. «€eS | «€e,

2} § ¢} ,€:0Z |, YP, where3, is solar zenith angle ari is solar azimuth angl&§andA are
slope magnitude and aspect. However, the origingbrighm performs the topographic
correction based on the exo-atmospheric radiatiter atmospheric attenuation noted as
shown in Figure 7, whereas NARR estimates shortwadation at the surface, thus already
accounting for the solar illumination angle on thessis of its terrain. Therefore, we defined a
scaled cosine of solar illumination angfei; * which is calculated by the ratio of the cosine of
solar illumination angle based on DEM to that basedNARR terrain, to account for the
topographic difference between the DEM and NARRaiar and used it in the IPW to illustrate

the topographic adjustment affecting the direcnb@&aadiancé€ —, as shown in Figure 7.

The first term in equation (9) is the diffuse iri@te from the sky, the second term in the
equation is the direct irradiance, and the lashtsrthe irradiance reflected by nearby terrain. In
order to perform the topographic correction, theudiness corrected NARR hourly total

incoming shortwave radiation has to be partitiom#d direct and diffuse components using the
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atmospheric transmittance at shortwave derived f&B-GICP radiation at surface and at the
TOA, to obtain the direct beam irradiance Q“-Pand diffuse irradianee- -Q“ . The partition
is very important in the topographically complegion because the diffuse and direct radiation
is affected by the terrain in different ways. Tlé#lected radiation (upwelling)}- «Q“ Pfrom the

surrounding terrain then can be expressed as,

— e Q*F( o(-P—-G-FC ", ¢-F tkus > - G-F (10)

where theaQ“Rjs the surface reflectance (albedo). The sky viewtdrV, varies from 1

(unobstructed) to 0 (completely obstructed), maaguhe received diffuse irradiance at a local

slope to that at an unobstructed slope, and caxpessed as,

E H« .
gt wEn o Mee e€ @ VFEGre o} terEereR2 (1D)
’ |

whereS andA are slope magnitude and aspect, &hds the zenith angle to the local horizon in

view directionf . Note the notatio@“ Pis neglected in equation (11), but each variabléhis

equation is at pixel base. The sky view factoiis large at an open area, but is small in the

bottom of a narrow valley where partial sky is obsted.

The terrain configuration factaeQ“-Pestimates the fraction of the surrounding terrain

visible to the point varying from 0 (only sky vig#) to 1 (only terrain visible), is calculated as,

C tkun
@G- — (12)

Thus, theoeQ“+P— «Q“Pis the radiation reflected by the surrounding blisiterrain to the

pointQ“ P, i.e. can be received at this point. Generallg $imaller the terrain configuration
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factor is, the larger the sky view factor is. Thaseiliary parameters, including, and C, can be

calculated though Image Processing Workbench (IF§w, 1990) based on high-resolution
elevation data. Detailed description about theinalgmethodology can be found in the study of

Dubayah and Paul (1995) and Dubayah and Loech@lF§19

3.1 RESULTS AND EVALUATION

3.2ELEVATION CORRECTION AND WIND ADJUSTMENT

The results of the adjusted and the original NARRaospheric temperature, atmospheric
pressure, specific humidity, downward longwave aaidn and wind speed are shown in Figure 8
to Figure 13, demonstrating the seasonal and diah@aiacteristics. The NLDAS?2 fields are also
shown in the figures for reference. As can be siem the figures, the adjusted fields
demonstrate very large spatial variability compavéth the original fields, especially over
mountainous terrain. The largest variability isfdun atmospheric pressure and in the southern
Appalachian Mountains, demonstrating very largetrast between the ridge lines and the
valleys. NLDAS2 forcing fields were corrected fdret elevation effects based on its own
topographic terrain, thus also show little varigpibnd topographic pattern. But the adjusted
NARR fields based on the 1km DEM illustrate muatgéa variability, clearly demonstrating the
effects of topography. Generally, at high elevasoich as ridge lines in the Pigeon River Basin,
the atmospheric temperature, the atmospheric peesthie specific humidity and the downward
longwave radiation are much smaller than that enwvalleys. The difference magnitudes depend
on the seasonal and diurnal changes of the vasiabler instance, the adjusted atmospheric
temperature is much different than the original N®AR the winter in contrast to that in the

summer, which is illustrated by the dark brown areaountains (bottom panel) in the Mar.1
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and Dec.1 in Figure 8. Other fields experience lsimthanges as atmospheric temperature,
except for friction velocity and wind speed. Figur2 and Figure 13 show the spatial friction
velocity and wind speed at different times on défé days in March, June, September and
December. Unlike other atmospheric forcing fieltt® spatial variability in friction velocity and
wind speed primarily is dominated by landcover type. surface roughness length and
displacement height. Although, the adjusted frictigelocity accounting for land surface
heterogeneity by variant surface roughness lengtws slightly larger values than the raw
friction velocity (Figure 12), the adjusted windeggl mainly shows smaller values than the raw
NARR data due to the introduction of landcover-aef@nt displacement height illustrated by
large blue areas in the bottom panel in FigureTh@. largest difference between both the friction
velocity and wind speed before and after adjustment urban areas, where the roughness

length is large (about 2.5 meters).

An intercomparison of these atmospheric forcingdfieat AmeriFlux towers and at the Duke
Environmental Physics Laboratory (DKEPL) tower (Teab), including the raw NARR, adjusted
NARR as well as the NLDAS?2 forcing data, againstéoobservations are given in Figure 14 to
Figure 19. Overall, the adjusted NARR fields dent@te very good agreement with tower
observations, generally showing better or at laagjood as the raw NARR without adjustment.
For instance, the adjusted atmospheric pressui@kK&PL tower, which is the only high-
elevation flux-tower in the Appalachians shows vgopd performance as shown in Figure 15,
while the raw NARR atmospheric pressure shows togmt overestimation. The differences for
other towers are not very large because of thelstwlation difference the correction method
accounts for as shown in Table 1. That is, toweeslacated at low elevations away from

complex topography. Figure 18 shows that, thefration velocity of NARR is underestimated
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at tower USChR, USDk2 and USDk3 where the adjus$tietion velocity shows improved
estimates especially in the large friction velocinge. At USDk1 and DKEPL, both the original
and adjusted NARR data underestimate the frictieloacity slightly. The adjusted wind speed
generally show much better performance than the N#RR data which significantly

overestimates wind speed at all towers, as showmgimre 19.

Figure 20 to Figure 24 show the probability dendimyction (PDF) of these adjusted
atmospheric forcing fields for four physiographioyinces (as shown in Figure 1) and for the
four seasons. As it can be seen from Figure 20shiape of PDFs of atmospheric temperature is
very similar for all seasons except in the sumnddA}, when it shows much less variability
illustrating much uniform atmospheric temperatuigtribution over the region in the summer.
The Appalachian Plateaus and the Blue Ridge hagletlsi smaller mean temperature than other
physiographic provinces, due to the cold tempeestim the mountainous region. The Coastal
plain always shows the largest mean temperature.PDFs of atmospheric pressure show very
different shapes according to different physiogr@pprovinces, while the dependence on
seasons is not very obvious, as shown in Figure e PDFS for the Piedmont, interior low
plateaus and the coastal plain are very similah wery little variability in atmospheric pressure.
The Blue Ridge, Valley and Ridge, and the Appalaciplateaus share a similar PDF shape, but
the changes are different. The Blue Ridge regidnbéts the largest variability independently on
seasons. In another words, surface atmospherisyeeds not characterized by a marked
seasonal cycle. The PDFs of specific humidity drews in Figure 22, which show very
difference behaviors both among seasons and amleysjographic provinces. The similarity
among PDFs of different physiographic provincesimithe same season is much larger than the

similarity between the PDFs of different seasonsdosame physiographic province, which
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implies that the temporal variability is much larglean the spatial variability. The PDFs of the
downward longwave radiation are shown in Figure £8.t can be seen, the mean downward
longwave radiation for the Blue Ridge is always tbhevest among the four physiographic
provinces no matter the season. The Piedmont aadt@lain have two peaks in the PDFs in
DJF and SON, which is associated with the largendiuvariability corresponding to a daytime
and a nighttime peak. The PDFs of wind speed detraiasvery similar shapes for all the
physiographic provinces and seasons, as showngurd=i24. The spatial variability of wind

speed is significantly affected by landcover arsb @abpography.

3.3Topographically and Cloudiness Corrected Shortwav&adiation

The cloudiness and topographic corrections wereanhycally applied to the regional
radiation at hourly scale, with aid of auxiliaryrpmeters as stated in Section 2.3. The time-
invariant auxiliary input data include the sky viéactor and the terrain configuration factor,
both of which can be calculated from the DEM. Tlg siew factor represents the ratio of
diffuse irradiance received at a particular slopéhtat at a completely unobstructed slope. The
diffuse irradiance is blocked by nearby terraia, partially unobstructed sky view. Thus, a slope
with larger sky view factor can receive more difusdiation than that with smaller sky view
factor, for instance the bottom of a narrow vall&fe terrain configuration factor then is a
counterpart of the sky view factor, measuring tisghle terrain to a slope. This factor is applied
to the upwelling shortwave radiation, i.e. the eefed radiation from surrounding terrain, to
account for the contribution of reflected radiativom the topography. Generally, the smaller
the sky view factor, the larger the terrain confegion factor. The time-variant auxiliary input
parameters include shortwave transmittance, surfdbedo and the cosine of the local

illumination angle. Transmittance directly reprasenatmospheric cloudy conditions,
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significantly influencing the direct and diffusediation partitioning which is very important for
topographically complex regions. Albedo influendbs reflected radiation from surrounding
terrain. The local illumination angle mainly affedhe direct radiation received at a slope. The
albedo shows large spatial variability dependindamd cover type (i.e. forest, cropland or bare
ground) and hydrometeorological conditions (dryjw&he albedo diurnal cycle reflects mainly
the diurnal solar cycle, through the fraction offudie skylight. The cosine of the local
illumination angle shows large spatial variability regions of complex terrain, due to the
relative position of the Sun and local slope. Besidopography, the diurnal variability and
seasonal variability in the local illumination aegire caused by the altitude and azimuth of the
Sun. As stated in Section 2.3, a scaled cosirslaf illumination angle was used in this study
to account for the topographic difference betwdsn DEM and NARR terrain, since NARR

already accounts for the solar illumination angidlee basis of its own terrain at coarse scale.

Figure 25 and Figure 26 show the intermediate tespérforming the cloudiness and
topographic correction for a cloudy case and aratese, respectively. In Figure 25, both the
direct and the total radiation components show \arge variability due to cloud cover. In
Figure 26, all the radiation data show very unifafistribution, except for a cloud band in the
southwest corner, illustrated as the green bands)iand (h). The cosine of solar illumination
angle mainly affects the direct radiation compon&hus, when it is cloudy (Figure 25) and the
direct radiation component is very small (e), esghcin the mountains where the illumination
effects are large. Therefore in the final resulteadiation after cloudiness and topographic
correction (g), the topographic effects are notyvebvious. In other words, the cloudiness
correction dominates the radiation variability farcloudy and partial cloudy case. On the

contrary, for a clear-sky case (Figure 26), theogwpphic effects are very clear in the
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mountainous region, demonstrating complex spatalbility in the Southern Appalachians as
shown in (h) and (g), and thus the topographicemions dominate the spatial variability in the

total shortwave radiation.

The comparison of the downward shortwave radiabietween the NARR total incoming
SW radiation before and after corrections, the NIS2Afield, as well as the SRB-GCIP solar
radiation for both the cloudy and clear case amwvshin Figure 27 and Figure 28. Figure 27
shows the final radiation results (e) after botbudiness and topographic corrections with very
good agreement when compared against the SRB-G&tl® athd GOES imagery in terms of
cloudiness pattern in contrast with NLDAS2. In @28, the final radiation result () maintains
the radiation magnitude as well as it incorporaitessmall cloudy band in the southwest corner,

meanwhile exhibiting large topographic variability.

The results of the downscaled shortwave radiatmpoanting for both cloudy effects and
topographic effects, the original NARR shortwavdiation, as well as the NLDAS2 shortwave
radiation, are shown in Figure 29 to illustrateseeel and diurnal characteristics. As it can be
seen in the figure, at any given time the diffeeeretween the radiation before and after
corrections can be as large as about 550M#mg. the example shown for a day in September).
The topographic effects are more obvious in wiated in the early morning or late afternoon,
showing large variability in the mountains. Nevet#ss, the dominant overall effect is due to the
cloudiness correction. The validation of the shaxtevradiation before and after corrections, as
well as the NLDAS2 data at AmeriFlux towers agaitis¢ tower observations are given in
Figure 30. Generally, both the NARR and NLDAS2dgebverestimate the incoming shortwave
radiation compared to the tower observations. TRB-&CIP data underestimate the radiation a

little bit, due to its large spatial resolution. €Tlgorrected shortwave radiation compares well

28



540

541

542

543

544

545

546

547

548

549

550

551

552

553

554

555

556

557

558

559

560

561

Environmental Physics Laboratory - CEE- Pratié®| of Engineering
Report EPL-2013-IPHEX-H4SE-2

against all tower observations (e.g. note lowestSEM Figure 31 provides the multiple-year
averaged monthly mean diurnal cycle of shortwawdkateon for the four datasets. The adjusted
shortwave radiation data show a very good match wié observation in terms of the diurnal

cycle shape as well as the peak times and peakszalu

3. Summary and Discussion

Atmospheric forcing datasets at high resolutiom{kkm, hourly) including air temperature,
air pressure, wind velocity, specific humidity, domard shortwave and longwave radiation were
developed for the IPHEx-H4SE project based on tletiNAmerican Regional Reanalysis
(NARR) products originally at 32-km spatial resadat and 3-hour temporal resolution, for a
five-year period (2007-2011) over the Southeast §f&cific downscaling methods in complex
terrain region require elevation correction to tlharse resolution atmospheric forcing fields. An
elevation correction was applied to the NARR amperature, air pressure, specific humidity
and downward longwave radiation using dynamic lapages derived from atmospheric
temperature profiles. Friction velocity was adjdsteased on a relationship between the
geostrophic drag coefficients and the Rossby Numdned then was used to recalculate wind
velocity. The downward shortwave radiation dataevgrst temporally interpolated to hourly
using a temporal interpolation method based orsther zenith angle as well as the diurnal cycle
of NARR cloudiness. Then the real-time cloudineattgsn were derived from the SRB-GCIP
dataset, and were applied to correct cloudy effertfNARR shortwave radiation, by matching
the spatial PDF of NARR data the that of the SRB¥@ata. The topographic effects then were

corrected based on a topographic solar radiatiodemorhe adjusted atmospheric forcing
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datasets demonstrate larger spatial variability gamed to the raw NARR fields, especially in
mountainous regions. The comparison between thesgheric forcing data against observations
at AmeriFlux towers and the DKEPL tower revealst ttiee adjustments to the NARR fields
improve these atmospheric variables, especiallyth@ mountainous regions where large
elevation differences exist between the NARR tereaid local DEM. All datasets are available
at the website of IPHEX (http://iphex.pratt.dukesgdand be open-access to the PMM science

team and all H4SE participants.
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from the top to the bottom, respectively. The gthdvindows represent the observation
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Figure 16 — The comparison between observed anchasetl atmospheric specific humidity
from NLDAS2, NARR before (Raw) and after (Adj) e&ion correction in the five year period,
at four AmeriFlux towers, namely US-ChR, US-Dk1,-D&2, US-Dk3, and the DKEPL tower
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Figure 17 — The comparison between observed amdasti downward longwave radiation at
surface from NLDAS2, NARR before (Raw) and aftedj)felevation correction in the five year
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Figure 20 — PDFs of atmospheric temperature at ABG for each physiographic province,

namely Appalachian Plateaus, Valley and Ridge, rRed, Blue Ridge, Interior low plateaus
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and Coastal plain (as shown in Figure 1), and lierfour seasons from the top to the bottom,
respectively. The horizontal dark bar indicatesrtiean for each case. All the x-axis is ranging
from 0 tol. The maximum pdf used for scaling, a#i a&the basic statistics is shown in Table 2.
........................................................................................................................................... 96

Figure 21 — PDFs of atmospheric pressure at 10m AB®ach physiographic province, namely
Appalachian Plateaus, Valley and Ridge, Piedmomie ERidge, Interior low plateaus and

Coastal plain (as shown in Figure 1), and for ther fseasons from the top to the bottom,
respectively. The horizontal dark bar indicatesrtiean for each case. All the x-axis is ranging

from 0 tol. The maximum pdf used for scaling, a#i a&the basic statistics is shown in Table 3.

Figure 22 — PDFs of specific humidity at 10m ABG &ach physiographic province, namely
Appalachian Plateaus, Valley and Ridge, Piedmomte ERidge, Interior low plateaus and

Coastal plain (as shown in Figure 1), and for tber fseasons from the top to the bottom,
respectively. The horizontal dark bar indicatesrtiean for each case. All the x-axis is ranging

from 0 tol. The maximum pdf used for scaling, a#i agthe basic statistics is shown in Table 4.

Figure 23 — PDFs of downward longwave radiatioswatace for each physiographic province,
namely Appalachian Plateaus, Valley and Ridge, rRed, Blue Ridge, Interior low plateaus

and Coastal plain (as shown in Figure 1), and tierfour seasons from the top to the bottom,
respectively. The horizontal dark bar indicatesrtiean for each case. All the x-axis is ranging

from 0 tol. The maximum pdf used for scaling, a#i a&the basic statistics is shown in Table 5.
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Figure 24 — PDFs of wind speed at 10m ABG for epblysiographic province, namely
Appalachian Plateaus, Valley and Ridge, Piedmoie ERidge, Interior low plateaus and
Coastal plain (as shown in Figure 1), and for ther fseasons from the top to the bottom,
respectively. The horizontal dark bar indicatesrtiean for each case. All the x-axis is ranging

from 0 tol. The maximum pdf used for scaling, a#i a&the basic statistics is shown in Table 6.

Figure 25 — The time-variant auxiliary input paraemns, including the derived transmittance at
shortwave (a), surface albedo (b) and the scalsohe®f local illumination angle (c) over the
SE US at 1pm on Sep. 1, 2009 from left to righte Tigures in the middle raw show the NARR
total incoming SW radiation after cloudiness catimet (d), and the direct (e) and diffuse (f)
components partitioned from the cloudiness corcetdgal SW radiation using the transmittance
(a). The figure at the bottom row show the cloudsand topographically corrected total SW
radiation (g), the sum of direct and reflected comgnts (h), and the diffuse component (i) of
the final corrected radiation (g)........oo s ceeee e 74

Figure 26 — The time-variant auxiliary input paraemns, including the derived transmittance at
shortwave (a), surface albedo (b) and the scalsthe®f local illumination angle (c) over the
SE US at 1pm on Feb. 1, 2009 from left to righte Tigures in the middle raw show the NARR
total incoming SW radiation after cloudiness catimt (d), and the direct (e) and diffuse (f)
components partitioned from the cloudiness cortetiigal SW radiation using the transmittance
(a). The figure at the bottom row show the cloudgand topographically corrected total SW
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Figure 27 — Comparison of the downward shortwaveiateon between the NARR total
incoming SW radiation before any correction (ag MLDAS2 field (b), the SRB-GCIP solar
radiation (c), the NARR SW radiation after cloudisecorrection (d) and after both cloudiness
and topographic correction (e) forcloudy situation at 1pm on Sep. 1, 2009; (f) is the GOES
visible (Channel 1) image, demonstrating the cloggs pattern. ..............cccvvvvvvviveescommeneens 76
Figure 28 — Comparison of the downward shortwaveiateon between the NARR total
incoming SW radiation before any correction (ag MLDAS2 field (b), the SRB-GCIP solar
radiation (c), the NARR SW radiation after cloudisecorrection (d) and after both cloudiness
and topographic correction (e) forckear situation at 1pm on Feb. 1, 2009; (f) is the GOES
visible (Channel 1) image, demonstrating the slainsost clear except for the southwest corner.
........................................................................................................................................... 177
Figure 29 — The downward shortwave radiation afaser over the SE US from NLDAS2,
NARR before (Raw) and after (Adj) cloudiness andographic correction at 9am, noon and
3pm (EST) on Mar. 15, Jun. 15, Sep. 15, and Decinl3009 from the left to the right,
respectively. The bottom figures show the diffeeebetween the NARR downward shortwave
radiation after and before corrections, using amginical blue-brown color scale such that the
brown color represents positive values and the bdler represent negative values............. 78...
Figure 30 — The comparison between observed arichast hourly downward shortwave
radiation at surface from GCIP/SRB, NLDAS2, theitiyp SW radiation temporally interpolated
from 3-hour NARR SW radiation based on the solaitheangle (Raw), and the hourly NARR
SW radiation after cloudiness and topographic @bioa (Adj) in the five year period, at four

AmeriFlux towers including US-ChR, US-Dk1, US-DK2S-Dk3, and the DKEPL tower from
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the top to the bottom, respectively. The shadeudwivs represent the observation available
1= 10T PP 79
Figure 31 — Comparison of the monthly mean diurogtle of incoming solar radiation
calculated using hourly SW radiation temporallyeipblated from 3-hour NARR SW radiation
based on the solar zenith angle (Raw), and thehhdIARR SW radiation after cloudiness and
topographic correction (Adj), as well as the hoBW radiation from NLDAS2 and SRB-GCIP,

at AmeriFlux towers including USChR, USDk1, USDKRIZUSDKS. ........ccooeveiiiiiiiiiiiiinenenn, 0.8
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822 Table 1 - Landcover of the referred towers location

823

Environmental Physics Laboratory - CEE- Pratié®| of Engineering

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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827

Table 2 — Statistics of atmospheric temperatureatk)Om above ground for each physiographic
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procinve and for four seasons.

Atmos.Temp.| App. Pla.| Val.&Rig. | Piedmont| Blue Ridge| Inter. Pla.| Coa. Plain
Mean 275.8 276.5 278.8 275.4 276.0 281.5
Median 275.2 276.1 278.2 275.2 275.3 281.3 DIF
Std. 6.6 6.7 6.5 6.7 6.4 6.8
Max.X-axis 0.2 0.2 0.2 0.2 0.2 0.2
Mean 287.1 287.5 289.2 285.5 287.8 290.9
Median 287.9 287.9 289.7 285.9 288.2 291.4 MAM
Std. 6.9 7.0 6.9 6.7 7.1 6.6
Max.X-axis 0.2 0.2 0.2 0.2 0.2 0.2
Mean 297.5 297.9 300.2 295.6 298.5 300.9
Median 297.6 298.0 300.1 295.6 298.7 300.6 JIA
Std. 3.9 4.2 4.1 4.0 3.9 3.9
Max.X-axis 0.4 0.2 0.2 0.2 0.4 0.2
Mean 288.2 288.6 290.3 286.6 288.7 291.8
Median 288.4 288.8 290.6 287.0 288.9 292.6 SON
Std. 7.2 7.3 7.3 7.0 7.4 7.2
Max.X-axis 0.2 0.2 0.2 0.2 0.1 0.2
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828 Table 3 — Statistics of atmospheric pressure (mid0an above ground for each physiographic
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829 province and for four seasons.

830
831
832

Environmental Physics Laboratory - CEE- Pratié®| of Engineering

Atmos.Press| App. Pla.| Val.&Rig. | Piedmont| Blue Ridge| Inter. Pla.| Coa. Plain
Mean 961.7 965.2 991.9 927.2 984.1 1010.7
Median 962.6 971.9 992.9 928.6 985.0 1011.0 DIF
Std. 17.6 25.8 12.5 32.4 10.4 8.5
Max.X-axis 0.4 0.2 0.4 0.2 0.4 0.5
Mean 960.3 963.8 989.8 927.4 981.6 1008.1
Median 961.1 970.3 990.7 928.9 982.4 1008.4 MAM
Std. 16.7 24.5 12.1 31.3 9.7 8.2
Max.X-axis 0.4 0.4 0.4 0.2 0.5 0.5
Mean 960.3 963.5 088.2 928.4 981.0 1005.9
Median 961.3 970.2 989.2 929.6 981.6 1006.3 JIA
Std. 15.5 23.1 10.5 29.8 8.1 6.4
Max.X-axis 0.4 0.4 0.4 0.2 1.0 1.0
Mean 961.8 965.2 990.9 928.9 983.2 1008.7
Median 962.7 971.9 991.9 930.3 984.0 1009.0 SON
Std. 16.4 24.1 11.6 31.0 9.2 7.5
Max.X-axis 0.4 0.4 0.4 0.2 0.5 0.5
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Table 4 — Statistics of specific humidity (g/kg) Hdm above ground for each physiographic
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procinve and for four seasons.

Environmental Physics Laboratory - CEE- Pratié®| of Engineering

Spec. Humid| App. Pla.| Val.&Rig. | Piedmont| Blue Ridge| Inter. Pla.| Coa. Plain
Mean 4.0 4.2 4.5 4.0 4.0 5.5
Median 3.3 3.4 3.6 3.2 3.4 4.7 DIF
Std. 2.3 2.3 2.6 2.3 2.3 3.0
Max.X-axis 0.2 0.2 0.2 0.2 0.2 0.1
Mean 7.7 7.8 8.3 7.3 8.1 9.3
Median 7.5 7.6 8.1 7.2 7.8 9.4 MAM
Std. 3.2 3.2 3.5 3.0 3.4 3.5
Max.X-axis 0.1 0.1 0.1 0.1 0.1 0.1
Mean 13.8 13.7 14.1 12.8 14.5 15.8
Median 13.9 13.8 14.4 12.9 14.7 16.0 JIA
Std. 2.6 2.6 2.5 2.4 2.8 2.4
Max.X-axis 0.1 0.1 0.1 0.1 0.1 0.1
Mean 7.8 8.0 8.6 7.6 8.1 10.0
Median 7.4 7.6 8.4 7.4 7.6 9.9 SON
Std. 3.4 3.4 3.7 3.3 3.5 4.2
Max.X-axis 0.1 0.1 0.1 0.1 0.1 0.0
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839 Table 5 — Statistics of downward longwave radiatiorsurface (W/f) for each physiographic

840 procinve and for four seasons.

841

842

DLWR App. Pla.| Val.&Rig. | Piedmont| Blue Ridge| Inter. Pla.| Coa. Plain
Mean 272.0 274.0 278.0 258.6 276.2 291.3
Median 271.1 272.0 272.8 253.3 276.4 288.6 DIF
Std. 51.1 52.1 54.5 53.1 51.3 57.6
Max.X-axis 0.1 0.1 0.1 0.1 0.1 0.1
Mean 321.2 322.8 330.6 304.9 327.4 341.2
Median 325.9 327.3 335.8 308.7 332.5 346.7 MAM
Std. 47.5 49.0 52.0 48.7 48.2 52.2
Max.X-axis 0.1 0.1 0.1 0.1 0.1 0.1
Mean 387.5 391.1 410.0 369.2 395.8 424.3
Median 390.7 394.1 413.3 370.5 400.3 427.7 JIA
Std. 35.2 37.8 35.7 35.6 35.5 31.7
Max.X-axis 0.2 0.2 0.2 0.2 0.2 0.2
Mean 324.3 326.5 338.9 309.1 329.7 351.8
Median 328.0 329.9 346.5 311.2 334.1 362.5 SON
Std. 53.7 55.5 59.0 54.5 55.0 60.3
Max.X-axis 0.1 0.1 0.1 0.1 0.1 0.1
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843 Table 6 — Statistics of wind speed (m/s) at 10mvahbground for each physiographic procinve

844 and for four seasons.

WindSpeed| App. Plg.Val.&Rig. | Piedmont| Blue Ridge| Inter. Pla.| Coa. Plain
Mean 2.8 3.3 3.0 3.2 3.6 3.0
Median 2.4 2.8 2.7 2.8 3.0 2.7 DIF
Std. 1.7 2.2 1.8 1.9 2.3 1.8
Max.X-axis 0.2 0.2 0.2 0.2 0.1 0.2
Mean 2.7 3.2 3.0 3.0 3.6 3.0
Median 2.3 2.7 2.7 2.6 3.0 2.6 MAM
Std. 1.6 2.1 1.7 1.8 2.3 1.8
Max.X-axis 0.2 0.2 0.2 0.2 0.1 0.2
Mean 1.9 2.2 2.3 2.0 2.5 2.4
Median 1.7 1.9 2.1 1.8 2.1 2.2 JIA
Std. 1.1 1.4 1.3 1.2 15 1.3
Max.X-axis 0.2 0.2 0.2 0.2 0.2 0.2
Mean 2.3 2.7 2.6 2.6 3.0 2.7
Median 2.0 2.3 2.4 2.2 2.5 2.4 SON
Std. 1.4 1.8 1.6 1.6 2.0 1.6
Max.X-axis 0.2 0.2 0.2 0.2 0.2 0.2

845
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847 Figure 1 — The local 1km DEM data resampled fronTBRa), the elevation data bi-linearly
848 interpolated from NARR terrain at 32km (b), thevalton difference between the two (c),
849 calculating from (a)-(b); A transect line crossitigg northwest to the southeast of the area is
850 shown in (c), is used to illustrate the elevationrection; the panel (d) shows the physiographic
851 provinces, including Appalachian Plateaus, Valleyl &idge, Piedmont, Blue Ridge, Interior
852 low plateaus and Coastal plain, generated fronPthsical Divisions of the United StateShe
853 locations of AmeriFlux towers and the tower frone thuke Environmental Physics Laboratory

854 (DKEPL) are also shown in (d).

855

® http://water.usgs.gov/lookup/getspatial ?physio
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857 Figure 2 - Flowchart for elevation correction to RR air temperature, air pressure, specific
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859 the original raw data, with the green backgrounpresenting the intermediate or processed

860 results, the rectangle with pink background meansgsses.
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Figure 3 — Example of elevation correction to atpesic temperature at 10m above ground

(ABG) at a pixel where the DEM is less than the N®ARrrain (a), and a pixel where the DEM

is larger (b); the bottom panel (c) shows the dlemacorrection along the transect line as shown

in Figure 1.
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Figure 4 — The flowchart illustrating the procedute generate the cloudiness-corrected and

topographically corrected hourly shortwave radiatiata from NARR 3-hr shortwave radiation.
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873 Figure 5 — The example of cloudiness correctioNARR SW radiation by matching the spatial
874 PDF to that of GCIP/SRB SW data over the SE USstithted by the data at 1pm (EST) on Sep.

875 1, 2009.
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877

878 Figure 6 — The Fixed auxiliary input parameterstfggographic radiation correction, including

879 the sky view factor (left) and the terrain configtion factor (right).

880
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Figure 7 — The difference in the local solar illmaiion angle caused by the different topography
of DEM and NARR terrair is the exoatmospheric radiation after atmosphettenuation and
arrives at the NARR terrain; ti®@-is the solar illumination angle based on NARRd#ry and
the® is the solar illumination angle based on DEM. Tkalad cosine of solar illumination
angle+®® " is defined by the ratio of the cosine of solaurilination angle based on DEM to
that based on NARR terrain to account for the topplgic difference, and is used to illustrate the
topographic effect acting on the direct beam iaadeu — in the IPW, instead of using

+23® - directly.
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Figure 8 — The atmospheric temperature at 10m agomend over the SE US from NLDAS2, NARR before {iRand after (Adj)
elevation correction/adjustment at 9am, noon amd @ST) on Mar. 1, Jun. 1, Sep. 1, and Dec. 1 B920om the left to the right,
respectively. The bottom figures show the diffeebetween the NARR atmospheric temperature afiéibafore adjustment, using

a symmetrical blue-brown color scale such thatttosvn color represents positive values and the bdl@r represent negative values.
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Figure 9 — The atmospheric pressure at 10m abawendrover the SE US from NLDAS2, NARR before (Ramgd after (Ad))
elevation correction/adjustment at 9am, noon and @ST) on Mar. 1, Jun. 1, Sep. 1, and Dec. 1 i92Z@om the left to the right,
respectively. The bottom figures show the diffeebetween the NARR atmospheric pressure aftebafate adjustment, using a

symmetrical blue-brown color scale such that tlwwor color represents positive values and the bbler cepresent negative values.
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Figure 10 — The specific humidity at 10m above gbwver the SE US from NLDAS2, NARR before (Rawy after (Ad))
elevation correction/adjustment at 9am, noon and @ST) on Mar. 1, Jun. 1, Sep. 1, and Dec. 1 i0Z@om the left to the right,
respectively. The bottom figures show the diffeeedetween the NARR specific humidity after andobefadjustment, using a

symmetrical blue-brown color scale such that tlwwor color represents positive values and the bbler cepresent negative values.
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Figure 11 — The downward longwave radiation ateam@fover the SE US from NLDAS2, NARR before (Raw)l after (Adj)
elevation correction/adjustment at 9am, noon amd @ST) on Mar. 1, Jun. 1, Sep. 1, and Dec. 1 B020om the left to the right,
respectively. The bottom figures show the diffeeebetween the NARR downward longwave radiatioarathd before adjustment,
using a symmetrical blue-brown color scale such ttiia brown color represents positive values aedotbe color represent negative

values.
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Figure 12 — The friction velocity near the surfaceer the SE US from NARR before (Raw) and after jJAelevation
correction/adjustment at 9am, noon and 3pm (ESTan 1, Jun. 1, Sep. 1, and Dec. 1 in 2009 froen¢iit to the right, respectively.
The bottom figures show the difference betweenNA&R wind speed after and before adjustment, ugisgmmetrical blue-brown

color scale such that the brown color represerggipe values and the blue color represent negatges.
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Figure 13 — The wind speed at 10m above ground thheeiSE US from NLDAS2, NARR before (Raw) and afi&d)) elevation
correction/adjustment at 9am, noon and 3pm (ESTan 1, Jun. 1, Sep. 1, and Dec. 1 in 2009 froen¢iit to the right, respectively.
The bottom figures show the difference betweenlNA&R wind speed after and before adjustment, ugisgmmetrical blue-brown

color scale such that the brown color represerggipe values and the blue color represent negatges.
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928

929 Figure 14 — The comparison between observed anchastl atmospheric temperature from
930 NLDAS2, NARR before (Raw) and after (Adj) elevatioarrection in the five year period, at
931 four Ameriflux towers, namely US-ChR, US-Dkl1, US-DHkUS-Dk3, and the DKEPL tower

932 from the top to the bottom, respectively. The gthdvindows represent the observation

933 available period.

934
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935

936 Figure 15 — The comparison between observed arichastl atmospheric pressure from
937 NLDAS2, NARR before (Raw) and after (Adj) elevationrrection in the five year period, at
938 four AmeriFlux towers, namely US-ChR, US-Dk1, USZDRIS-Dk3, and the DKEPL tower

939 from the top to the bottom, respectively. The ghdvindows represent the observation

940 available period.
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Figure 16 — The comparison between observed anchasti atmospheric specific humidity
from NLDAS2, NARR before (Raw) and after (Adj) e&ion correction in the five year period,
at four AmeriFlux towers, namely US-ChR, US-Dk1,-DE2, US-Dk3, and the DKEPL tower
from the top to the bottom, respectively. The ghdvindows represent the observation

available period.
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Figure 17 — The comparison between observed amdasti downward longwave radiation at
surface from NLDAS2, NARR before (Raw) and aftedj)Aelevation correction in the five year
period, at four AmeriFlux towers, namely US-ChR,-DEL, US-Dk2, US-Dk3, and the DKEPL
tower from the top to the bottom, respectively. eT@haded windows represent the observation

available period.
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Figure 18 — The comparison between observed aitdast! friction velocity near surface from
NARR before (Raw) and after (Adj) adjustment in tive year period, at four AmeriFlux towers,
namely US-ChR, US-Dk1, US-Dk2, US-Dk3, and the DKE®&wer from the top to the bottom,

respectively. The shaded windows represent thereason available period.
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961

962 Figure 19 — The comparison between observed aidatst! wind speed at 10m above ground
963 from NLDAS2, NARR before (Raw) and after (Adj) adfment in the five year period, at four
964 AmeriFlux towers, namely US-ChR, US-Dk1, US-Dk2,-D&3, and the DKEPL tower from
965 the top to the bottom, respectively. The shadeadaivs represent the observation available

966 period.
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967

968 Figure 20 — PDFs of atmospheric temperature at A&® for each physiographic province,
969 namely Appalachian Plateaus, Valley and Ridge, iR@d, Blue Ridge, Interior low plateaus
970 and Coastal plain (as shown in Figure 1), and lierfour seasons from the top to the bottom,
971 respectively. The horizontal dark bar indicatesrtiean for each case. All the x-axis is ranging

972 from 0 tol. The maximum pdf used for scaling, al agthe basic statistics is shown in Table 2.
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Figure 21 — PDFs of atmospheric pressure at 10m AB®ach physiographic province, namely
Appalachian Plateaus, Valley and Ridge, Piedmorte BRidge, Interior low plateaus and

Coastal plain (as shown in Figure 1), and for tber fseasons from the top to the bottom,
respectively. The horizontal dark bar indicatesrtiesan for each case. All the x-axis is ranging

from O tol. The maximum pdf used for scaling, al agthe basic statistics is shown in Table 3.
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Figure 22 — PDFs of specific humidity at 10m ABG &ach physiographic province, namely
Appalachian Plateaus, Valley and Ridge, Piedmorte BRidge, Interior low plateaus and

Coastal plain (as shown in Figure 1), and for tber fseasons from the top to the bottom,
respectively. The horizontal dark bar indicatesrtiesan for each case. All the x-axis is ranging

from 0 tol. The maximum pdf used for scaling, al agthe basic statistics is shown in Table 4.
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985

986 Figure 23 — PDFs of downward longwave radiatioswatace for each physiographic province,
987 namely Appalachian Plateaus, Valley and Ridge, iReed, Blue Ridge, Interior low plateaus

988 and Coastal plain (as shown in Figure 1), and lierfour seasons from the top to the bottom,
989 respectively. The horizontal dark bar indicatesrtiean for each case. All the x-axis is ranging

990 from 0 tol. The maximum pdf used for scaling, al agthe basic statistics is shown in Table 5.
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Figure 24 — PDFs of wind speed at 10m ABG for eablysiographic province, namely
Appalachian Plateaus, Valley and Ridge, Piedmorte BRidge, Interior low plateaus and
Coastal plain (as shown in Figure 1), and for tber fseasons from the top to the bottom,
respectively. The horizontal dark bar indicatesrtiesan for each case. All the x-axis is ranging

from 0 tol. The maximum pdf used for scaling, ai agthe basic statistics is shown in Table 6.
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Figure 25 — The time-variant auxiliary input paraems, including the derived transmittance at
shortwave (a), surface albedo (b) and the scalsthe®f local illumination angle (c) over the
SE US at 1pm on Sep. 1, 2009 from left to righte Tigures in the middle raw show the NARR
total incoming SW radiation after cloudiness catimct (d), and the direct (e) and diffuse (f)
components partitioned from the cloudiness corcetigal SW radiation using the transmittance
(a). The figure at the bottom row show the cloudthand topographically corrected total SW
radiation (g), the sum of direct and reflected comgnts (h), and the diffuse component (i) of

the final corrected radiation (g).
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Figure 26 — The time-variant auxiliary input paraems, including the derived transmittance at
shortwave (a), surface albedo (b) and the scalsthe®f local illumination angle (c) over the
SE US at 1pm on Feb. 1, 2009 from left to righte Tigures in the middle raw show the NARR
total incoming SW radiation after cloudiness caticet (d), and the direct (e) and diffuse (f)
components partitioned from the cloudiness cortetdtal SW radiation using the transmittance
(a). The figure at the bottom row show the cloudmand topographically corrected total SW
radiation (g), the sum of direct and reflected congnts (h), and the diffuse component (i) of

the final corrected radiation (g).

75



1015

1016

1017

1018

1019

1020

1021

Env Environmental Physics Laboratory - CEE- Pratié®! of Engineering
Report EPL-2013-IPHEX-H4SE-2

Figure 27 — Comparison of the downward shortwawiateon between the NARR total
incoming SW radiation before any correction (ag tMLDAS?2 field (b), the SRB-GCIP solar
radiation (c), the NARR SW radiation after cloudisecorrection (d) and after both cloudiness
and topographic correction (e) forckoudy situation at 1pm on Sep. 1, 2009; (f) is the GOES

visible (Channel 1) image, demonstrating the cloasds pattern.
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Figure 28 — Comparison of the downward shortwawiateon between the NARR total
incoming SW radiation before any correction (ag tMLDAS2 field (b), the SRB-GCIP solar
radiation (c), the NARR SW radiation after cloudisecorrection (d) and after both cloudiness
and topographic correction (e) forckear situation at 1pm on Feb. 1, 2009; (f) is the GOES

visible (Channel 1) image, demonstrating the slkainsost clear except for the southwest corner.
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Figure 29 — The downward shortwave radiation afaser over the SE US from NLDAS2, NARR before (Raamd after (Ad))

cloudiness and topographic correction at 9am, rawh3pm (EST) on Mar. 15, Jun. 15, Sep. 15, and Tem 2009 from the left to
the right, respectively. The bottom figures shiw difference between the NARR downward shortwaiation after and before
corrections, using a symmetrical blue-brown colcals such that the brown color represents positalees and the blue color

represent negative values.
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Figure 30 — The comparison between observed anchatsti hourly downward shortwave
radiation at surface from GCIP/SRB, NLDAS2, theutip SW radiation temporally interpolated
from 3-hour NARR SW radiation based on the solaitheangle (Raw), and the hourly NARR
SW radiation after cloudiness and topographic abioe (Adj) in the five year period, at four
AmeriFlux towers including US-ChR, US-Dk1, US-DK2S-Dk3, and the DKEPL tower from
the top to the bottom, respectively. The shadeadwivs represent the observation available

period.
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Figure 31 — Comparison of the monthly mean diurogtle of incoming solar radiation
calculated using hourly SW radiation temporallyemblated from 3-hour NARR SW radiation
based on the solar zenith angle (Raw), and thehhdlARR SW radiation after cloudiness and
topographic correction (Ad)), as well as the ho8W radiation from NLDAS2 and SRB-GCIP,
at AmeriFlux towers including USChR, USDk1, USDkitldUSDkS3.
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