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INTRODUCTION

The goal of this projectwas to quantify crop evapotranspiration (ET) by utilizing advanced
techniques such as the Bowen Ratio Energy Balance System (BREBS) antl' \\E[RIiBg
Evapotranspiration at high Resolution using Internalizédlibration) for agricultural and
rangeland areasin the Central Platte Natural Resources District (CPNRD), and improve
understanding of relevant processes that control ET in these settidgs of the specific
objectives of the widy was to produce spatial estimates of monthly and growing se@stay
through SeptemberET inthe CNPRD. This report describes sieupand processing of Landsat
satellite imageryencompassinghe CNPRRreafor year 2007using the METR{Calgorithms
developed by University of Idaho (Allen et al., 20b@)etermination of ET.

Evapotranspiration is calculated within METRIGing a surface energy balance that produces
instantaneousET (at approximately 1D0 am satellite overpass time) and daily values for ET.
Due to the location of the CPNRD, four Landsat paths/rows were required to completely cover
the CPNRD area shown in figure 1 (path 29, row 31; path 29, row 32; path 30, row 31; and path
30, row 32). A total of 39 Landsatsatellite imageswere processed to produce estimates of
monthly and growing season EThe dates of the satellite images processed using METRIC
are listed in Tabl@ of AppendixB. Each Landsat scene covers approximagey50 x 50 km
areaand has a spatial resolution of 30 meters

The METRI® procedure utilizes the visible, neanfrared, and thermal infrared energy
spectrumbands from Landsatensorand weather data to calculate ET on a pixel by pixel basis.
Energy is partiined into net incoming radiation (both solar and thermal), ground heat flux,
sensible heat flux to the air and latent heat flux. The latent heat flux is calculated as the residual
of the energy balance and represents the energy consumed by ET.

The topogrphy of theregion was incorporated into METRIGia a digital elevation model
(DEM), and used to accoufdr impacts of near surface air temperature gradiearsd lapse
rate in the energy balanceMETRIGvas run with the inputs (weather, soil properties, water
balance, etc.) for individual Landgadth androw. Individual daily ET maps for 2007 have been
generated for the area encompassing CPNRD from Landsat 5 and Larsigatlite imagery.
The modelwas calibrated for each imagatilizing ground based meteorological information
and identified anchor conditions (cold and hot pixélresent in each image. A detailed
description of METRfCcan be found in Allen et al. (2007a,b; 2010).

This report is orgaized to describe the processes involved to produce daily, monénig
seasonal ET maps from instantaneous satellite imagke detaiéd descriptionof quality control
of weather data;selection of Landsat images for METRI@odel pre-processing ofdigital
elevation map and a land use mapge procedures for cloud maskingnd estimating monthly
and seasonafraction of reference evapotranspiratiorE{rE equivalent to crop coefficients)
and ET from daily valupand estimation of distributed soil eporation and adjustment for
background evaporation are given in Appendix A through F. App&idiprepared to describe
extrapolaton of ETestimates from instantaneous (snapshothagesto daily, monthly, and
seasonatime steps.
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The project resultpresented herecan be used tdelp develop a capability to interpret ET
maps for water balances and develop crop coefficient curves for specific crops. This information
is critical in setting irrigation scheduling and in growmater modeling work. The flmwingis a
fAdAG 2F a@l f dzS I RRs2RE CRNRR Radz@nihdageis Kihdipro@uetywillo S
provide to contrast differences in ET among various locations or types of agriculture in addition
to supporting their efforts orthe COHYST model:

Qupport groundwater model calibration (MODFLOW) and operation.

Quantify water use by irrigated agricultuvathin CPNRD

Quantify net differences in ET from irrigated agriculture and feeh(dryland) agriculture
Quantify historical water use for wateights buyouts

Water budgets for hydrologic modeling.

Calibration of crop models including CROPSIM, DSSAT, and SWAP

Estimate aquifer depletion with groundwater (MODLOW) model

Monitor compliance with water rights, and support water resources systems planning,

NG~ ®DNE

Table 1list of Appendiesfor METRIE" ET processing.

Appendix | Title

Quality control of weather data

Selection of Landsat images for METRp@cessing

Preparationof digital elevatiormodeland land use map

Treatment of toud coverin satellite imagery

Development of FAO 56 water balance model in ArcGIS

Adjustment of ETrF for background evaporation

QMMmMo|0O|w >

Estimating monthly and seasonal ETrF andr&T daily values




PROJECT AREA

TheCPNRIs situated in central Nebraska along the Platte RiidreCPNRD manages natural
resources for all or parts of 11 counties in Nebraska and has an area of 2,136,304Theres.
elevation across CPNRD vateswveen1,430ft to 3,080t. Agricultural irrigation is important
to this area with over 18,00@rigation wellsandover 1 millioncertifiedirrigatedacres. The
dominant irrigation method in the area is center pivottathe irrigation season generallgsts
from mid June to mid Septembem order to cover the entire CPNRD boundary, two Landsat
paths (29 and 30) and two Landsat rows (31 and 32) were chosen (figuraeajor crops
grown in theCPNR[@rea are cornsoybean and alfalfgfigure 2).
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Figure 1. Central Platte NRD study area (yellow outline) showing weather station locations (yellow
circles) and Landsat image footprints (blue lines).



Central Platte NRD - Land Use

N

Land Use Classes [ other Agricultural Land I rrigated Small Grains [ oryland Sorghum
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[:I Range, Pasture, Grass [: Irigated Sorghum (Milo, Sudan) - Dryland Soybeans

Figure 2. The 2003.and usanap used for METRTCET processinpr CPNRD (Source CALMIT, 2006).

METRIE Algorithms

In the absence of horizontal advective flux, METRtGmputes LE as a residual of the energy

balance as:

LE=R,-G-H (1)

where R is the net radiation, G is the soil heat flux, H is the sensible heat flux, and LE is the
latent heat flux. The units for all the fluxes are in W.iMETRI® calculates net radiaon (R)

as the difference between incoming radiation at all wavelengths and reflected -short
wavelength (~ 0.3 0 >YO0 | YR 020K NBTtwaENSR (346§ RY S YA (G
radiation (Allen et al., 2007a). METRIQses the empirical equation developeby Tasumi

(2003) to compute soil heat flux (G).



(2)

=0.05+0.18 e %A (if LAl 0.5)

= (1.80 (T, - 272.15)/R,, +0.084) (if LAl < 0.5)

Flo Plo

where T (K) is the surface temperature from satellite. Equation 2 suggests that ther&@i®

increases with higher rates of dhd decreases with increasing Leaf area index (LAI).

Using the aerodynamic function, sensible heat flux (H) is expressed as:

Lot C, *dT 3)
lanh
6 KSNB ~  density (kdk®), G iskting specific heat of air (1004 J'kg"), dT is the near

surface and air temperature difference (K), ang is the aerodynamic resistance to heat
transfer (s rit) over the vertical distance. The dT parameter is used because dfifficulties in
estimating radiometric surface temperature accurately from the satellite due to uncertainties in
air temperature (%), atmospheric attenuation, contamination, and radiometric calibration of

the sensor (Allen et al., 208y

The transfe of the heat from the evaporating surface into the air above the canopy was

determined by the g, as suggested by Brart (1982).

1
fan = 2 (4)

Z
where z and z are heights (m) above zero plane displacement (d) of the vegetation. Tinresval
of 0.1 m for zand 2.0 m for zare used in METRTC The z=0.1 m is assumed to be greater
than the aerodynamic roughness length for H for dense vegetation gl m is low enough
that it can be assumed to be situated in the equilibrium boundargrdabove most surfaces.
u_is the friction velocity (m'§ which quantifies the turbulent velocity fluctuations in the air,

FYR 1 Aa GKS 2y YINXIyQa Oz2yaidlyld onodonmod
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Equations (3) and (4) are arranged to use a temperature gradientb@Ween two heights

above the surface to free up calculation gf from having to estimate a second aerodynamic
roughness for sensible heat transfer. METRHDes not require the actual absolute values of
air temperatures (3;) above each pixel, but §nnear surface temperature difference (dT) is

required to solve for H. Thus, the dT for each pixel is calculated as:
dT =T T2 (5)

where T;and T,are theair temperatures at height;zand 2 for any particular pixel. The dT is
estimated assuming a linear relationship between dT anihdt is calibrated to each satellite
image to compensate for uncertainties in surface radiometric temperatugeaid air

temperature (T):
dT=b +afTl (6)

where a and b are correlation coefficients determined with a linear function between dTsand T
derived using known pairs of @hd T at two anchor points (hot and cold pixels). This has been

done in a spreadsheet by plotting @fivs. T cogand dTet VS. T nerand correlation coefficients

I YR © FNB RSNAGSR FTNRY NBINBaarAz2yod @2NB RS
{SEtSOGA2Y F2NJ 9aldAYlLGA2y 2F {SyairofsS | SId Cf d:
field research demonstrated by Wang et al. (1995), Bastiaanssen (1995), Franks and Beven
(1997a), Franks and Beven (1997b), and Franks and Beven (If988% can assume the

presence of wet and dry pixels in the remotely sensed image, then the Hmagkcted surface
temperatures can be scaled to yieddaporative fractiorranging from 0 to 1. Thbasis of this

assumption is that evaporative fluxes acrosgiveen domain may be bounded at the extremes,

that is, no or nearly zero evaporation (hot or dry pixel) and potential evaporation (cold or wet

pixel). METRI® uses two anchor pixels (hot and cold) where a value of H can be estimated. G

and H are then subacted from R 42 OF f OdzAf S GKS aNBaARdz f

evapotranspiration (LE).



The LE time integration was split into two steps. The first step was to convert the instantaneous
value of LE into daily values of actual Eh4 values by holdinghe reference ET fraction
constant (Allen et al., 20@J. An instantaneous value of ET j(E)Tin equivalent evaporation
depth is the ratio of LE to the latent heat of vaporization. The reference ET fractign) (ET
usually range from 0 to 1.05 anddefined as the ratio of instantaneous ET{&Tor each pixel

to the alfalfareference ET calculated using the standardized ASCE Péviorarith equation

for alfalfa (EJ) following the procedures given in ASEWRI (2005):

_ ETinst
ETrF =— (7)

The procedures outlined in ASER/RI (2005) were used to calculate parameters in the hourly

ET equation. The daily ET at each pixel was estimated by considefifigand 24hour ETas:
ET,,=ETFXET ,, (8)

where E74is the daily values of actual ET (mm '&l)a;E‘I’rfMis 24 hour ETor the day of image

and calculated by summing hourly,E&lues over the day of image.

The daily ET at each pixel was estimated by considé&fingand 24hour ETas:
ET,, = ETFXET, 5, (8)

where E74is the daily values of actual ET (mm 'Ei)a;E‘I’rfMis 24 hour ETor the day of image

and calculated by summing hourly,E&lues over the day of image.

DATA PROCESSING

Weather data
METRIE utilizes alfalfa reference ET (i.e., ETr) as calculated by the ASCE standardized Penman

Monteith equation (ASCEWRI 2005) for calibration of the energy balance process and to
establish a daily soil water balance to estimate residual soil evaporation from bare soil following
precipitation events (Allen et aR007a).



9¢NJ A& dzaSR [OK 2 NRUf&K ehargyalance Wy rgpresenting the ET from
locations having high levels of vegetatianhfull ground coveand cooler surface temperatures.
Since METRICties-down the energy balance components to Efiigh quality estimates of ETr
are reeded, wheh in turn, require high quality weather data. Therefore, before processihg
satelliteimagey, the quality and accuracy of the meteorological data were assessed.

The weather datadfrom each Landsat Path/Row wetesed for the calibration of METRIE

model for the area of interest. The weather stationgere from the Merna, Grand Island,
Central city and Smithfield High PlasrRegional Climate Center (HPR@G)omated Weather

Data Network (AWDNyeather stations located withinr nearthe study area. The Central City
station was used in processing Landsat images for path 29 row 31, the Grand Island station was
used for path 29 row 32, the Merna station was used for path 30 row 31, and the Smithfield
station was used for path 30 row 32. The @weristics ofthe four AWDN stations used in the
project are given in Tab2

The AWDNstations recordhourly data for air temperature, humidity, soil temperature, wind
speed and direction, solar radiation, and precipitatidrhe eference ET (ETwalues were
calculated using the ASERVRI (2005) standardized Penmdonteith equation for alfalfa
reference generated from the R&T software developed by the University of Idahdourly
precipitation and ETr values were summed together to computeyda@dhour, ETrvalues.
Instantaneous and daily ETr values were used for calibration of METRIGel. Data from the
Central City, Grand Island, Merna, and Smithfield stations were used for the generation of
intermediate and final METRCproducts fromthe individual imagesData fromsurrounding
stationswere used to create an interpolated map of reference ET for the project area to be
used with the monthly and seasonal ET maps.

The weather data quality control is described in ApperiXourly weatler data time steps

are needed to produce ETr for calibration of the METRi@ergy balance estimation process at

the time of the Landsat overpasses. The hourly ETr values are summed to daily totals to provide
a basis for producing daily and monthly ETr.\&8s calculated using the RefET software (version

3) of the University of Idaho.

A daily soil water balance was parameterized and used to determine whether any residual
evaporation existed from exposed soil at the time of each satellite image due tatresuafall
SgSyitad ¢KS NBAARdAzZ £ SOFLR2NI A2y ¢l a O2yaARSN
anchor point during the METRICcalibration process, where the hot anchor point was
generally a bare soil condition located within ab@® km of theweather station. The FAG6

(Allen et al, 1998) soil evaporation model was used to estimate residual evaporation from the
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upper 0.125 m soil layer. Soil properties of the area were obtained from Soil Survey Geographic
(SSURGO) Database from Naturakources Conservation Services (NRCS). The simulated soil
water balance was initiated several months before each image date, hence meteorological data
from the full year of 2007 were used as input.

The weather data was quality controlled rigorously folilogvthe recommendations of Allen
(1996) and ASGEWRI (2005). For example, observed solar radiation values were compared
with calculited clear sky solar radiationHigure 3 and ¥ Of the four stations used for ET
calculations, only Central City was eatered in need of minor correction (FiguBeand 4).
Corrections are only applied when the data exhibits systematic errors. Individual values are not
corrected for. Reasons for errors in the solar radiation values can be due to misalignment or
miscalilyation of the sensor. The Central City solar radiation data was corrected by increasing
the values by 5% for days after 29 April 2007. Figure 4 shows observed solar radiation and clear
sky solar radiation values after correction was appliégpendix A preides details of QA/QC

for each weather station within CPNRD.

Table2. AWDNwveatherstationsused for each Landsat path/row wittoordinates anatlevation

Station Path Row Latitude Longitude Elevation (m)
Central City 29 31 41.15 97.97 517
Grandisland 29 32 40.88 98.5 507
Merna 30 31 41.45 99.77 809
Smithfield 30 32 40.58 99.67 768
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Figure3. Original observed solar radiatioR,W/m?) and calculated clear sky solar radiati®sg,
W/m?) for 2007 from the Central City HPRCC AWDN weathton.
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Figure4. Corrected observed solar radiati¢Rs, W/n) and calculated clear sky solar radiatidRe,
W/m?) for 2007 from the Central City HPRCC AWDN weather station. Observed solar radiatién (W/m
values were increased by 5% aft&pril 29,2007.

Daily Soil Water Balance Model to check METRt@libration

A daily soil water balance model was applied for 2007 using precipitation and ETr from the
Central City, Grand Island, Smithfield, and MeAVaDN weather stations. The water balance
model estimates residual evaporation from bare soil for each of the Landsat image dates. The
model is based on the twstage daily soil evaporation model of the United Nations Food and

I INR Odzt G dzNB Irrigatidh laydADraindgd Paye® &6 (Allen et al., 1998he results

from the soil water balance were used to determine[ETor hot pixel selection,rainternal
calbration step for running METRTC An example of soil water balance simulatiémsthe top

0.125 meter of soibased on soil properties and meteorological datam Central Citys shown
in figureb.

10



Water balance for bare soil
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Figureb. Soil water balance farpper 0.125 m o$oil calculated from meteorological data from
Central City, NE for 2007.

ETrF based on ETr
Precipitation (mm)

4412007
44152007
472972007
51372007
52772007
B/10/2007
6/24/2007
782007
712202007
8/5/2007 1
8/19/2007 7
9/2/2007 7
9/16/2007 A
9/30/2007
10/14/2007
10/28/2007

SatelliteImagery

The Landsat program is a series of eadbserving satellites managed by NASA and the U.S.
DS2f 23A0Ft { dzZNBSeod {AYyOS wmMopTtHX [FyRald al St
surface. The imagery used for this project was from lthedsat 5 and Landsat 7 satellites.
Landsat 5 and Landsat 7 are the only Landsat satellites currently operating. Landsat 5 employs
the Thematic Mapper (TM) sensahat collects spectral data across seven separate
wavelengths. The TM sensor has a spa#ablution of 30 meterg¢~98.5 ft)for bands 15, 7

and 120 meterq~394 ft)for band 6 (Thermal). Landsat 7 employs the Enhanced Thematic
Mapper Plus (ETM+) and collects speadtiatia across the same wavelengths as the TM sensor,
but has an added pancbmatic band with a spatial resolution of 15 meters. Also, the thermal
band (band 6) on the ETM+ sensor has a spatial resolution of 60 ntef&dg ft) Both sensors
providean approximate image size 15 by 105 miles (185 by 170 km).

In order to cover he entire CPNRD boundary, two Landsat paths (29 and 30) and two Landsat
rows (31 and 32) were chosen (figure B.total of 39 Landsat images from path/row: 29/31,
29/32, 30/31, and 30/32 were acquired from the USGS Hadbources Observation Systems
(EROS) Data Center in Sioux Falls, South Daluta://glovis.usgs.gov)for 2007 of the
Nebraska Central Platte NRD (Table Bhe satelliteimages wereordered as standardterrain
corrected (Level DTproducts which provide radiometric and geometric accuratjormally,

one satellite image per month is required to establish monthly and seasonal ET estimates (Allen
et al, 2010). Selection of Landsat images was carried out manually and based ohildyadfa
cloudfree images within the area of the Central Platte NRThe thermal band for each

11



Landsat scenwere re-sampled to 30 meters. The projection and datum used were UTM zone
14 and WGS 1984.

Gapfilling of Landsat 7 ETM+ due to the failucé the Scan Line Corrector (SLC)

On May 31, 2003, image data from the ETM+ sensor onboard the Landsdéllite began
G.aliwdd\ dedaryiiged thdt tNgirdol@nh Wad @result of the failure of

the Scan Line Corrector (SLC). Bhi€compensates for the forward motion of the satellite.
Due to the SLC failure, about 22% of the scene area is missing-off 8h@&ges. Processing of
SL@ff images requires replacing the missing data. Various approatsies beenused for

filling the missing data. Some of these approaches use data from the previously acquired
images to replace the missing pixels. However, this approach is not very useful for agricultural
applications due to temporal dynamidsor our purposes, &carried out our own caoection to

the SLCor Landsat7imagesthat used the approach of gap filling utilizing same time images
with spectral information from the neighboring pixels. For this, the convolution filtering
algorithm with majority function has been used to replace the missing data. The majority
function is préerred due to our overall objective of estimating ET from the agricultural fields.
This technique workevell for the inner missing lines. However, the missing pixels at the edges
of the image scene are not well represented due to large gaps.

SEKAOAGAY 3

Table3. Satdlite overpass dates, satellite platform and path/row processed using METRIC.

Date Satellite Path  Row
4/7/2007 Landsat 5 29 31
4/15/2007  Landsat? 29 31
5/17/2007  Landsaf7 29 31
6/10/2007 Landsat 5 29 31
7/12/2007 Landsat5 29 31
8/13/2007 Landsat 5 29 31
8/21/2007  Landsaf7 29 31
9/14/2007 Landsat 5 29 31
8/13/2007 Landsat 5 29 31
9/14/2007 Landsat5 29 31
9/22/2007 Landsat7 29 31
10/8/2007 Landsat7 29 31
10/24/2007 Landsaf7 29 31
4/14/2007 Landsat5 30 31
4/30/2007 Landsat5 30 31
6/9/2007 Landsat? 30 31
6/25/2007 Landsat? 30 31
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Date Satellite Path Row
4/7/2007 Landsat 5 29 32
4/15/2007  Landsaf? 29 32
5/17/2007  Landsaf? 29 32
6/10/2007  Landsat 5 29 32
7/12/2007  Landsat 5 29 32
8/132007 Landsat 5 29 32
8/21/2007  Landsaf? 29 32
9/14/2007  Landsat 5 29 32
8/13/2007 Landsat 5 29 32
9/14/2007 Landsat 5 29 32
9/22/2007  Landsat? 29 32
10/8/2007  Landsat7 29 32
10/24/2007  Landsaft? 29 32
4/30/2007  Landsat 5 30 32
5/8/2007  Landsat7 30 32
6/9/2007  Landsaft? 30 32
6/25/2007  Landsat7 30 32




8/4/2007 Landsat5 30 31 8/4/2007 Landsat5 30 32

8/20/2007 Landsat 5 30 31 8/20/2007 Landsat 5 30 32
9/5/2007 Landsat5 30 31 9/5/2007 Landsat 5 30 32
9/21/2007 Landsat7 30 31 10/31/2007 Landsat7 30 32

10/31/2007 Landsat? 30 31

Digital Elevation Model

A digital elevation model (DEM), a map of the surface topography, is required input for METRIC.
A DEM is required for the calculation of DiEbtrected surface temperature, determination of

hot and coldpixel elevations, and the calculation of air density for use in sensible heat
estimation (Allen et al. 2007a) A DEM of the study area was obtained from the EROS Data
Center Seamless Data Distribution Systéhtip://seamless.usgs.gov)The DEM data has a
spatial resolution of 30 meters and was reprojected to UTM14, WGS 84. The data distribution
system has a limit on the areal extent. Generally, more than one DEM image is required to
cover a study area. Because of this, the DEM files were mosaicketitcbed, together in

order to provide a single, seamless dataset that encompassed the entire Central Platte NRD
study area

Land Cover Data

METRIC does not require a land cover map but it does improve the parameterization and
estimation of the surfaceoughness parameter (Allen et al., 2007a,b). For this purpose the
Nebraska Land Use Map of 2005 and the Nebr&K®& land cover map were used. The 2005
land use data was considered acceptable because for agricultural areas, the surface roughness
parameteris a function of LAI not specific crop type.

By combining the classification strengths of both maps surface roughness estimation can be
improved. The focus of the land cover classes differs between the two maps. The classification
classes of the Nebrka Land Use Map describe detail agricultural areas While the
classification classes of the Nebraska GAP map describes in more detail forested/woodland,
prairie/rangeland, and riparian areas.

Due to the different land cover systems having the samkies for different classes, the
Nebraska GAP and Nebraska Land Use values were changed. A value of 100 was added to the
GAP data and a value of 120 was added to the Nebraska Land Use data. Pixels of non
agricultural classes were removed from the Nebratkad Use Map and replaced with the
geographically corresponding pixels from the Nebraska GAP map. A value of 100 was used in
order to account for class values-99) from National Land Cover Dataset (NLCD) dé&tar.

13



other purposes, NLCD data are utilized areas outside the Nebraska state bounddryt was
not used in this project

Calibration of METRI Model

The METRI® model calculates actual ET by utilizing satellite images containing both short

wave and thermal bandsThe model ignores minoenergy components and considers only

vertical fluxes (horizontal advective flux is not explicitly included) to estimate LE as a residual in

the EB equatior{Fig9). The sensible heat (H) for each pixel of an image is estimated at each

pixel and equationl() is used to find.E Values for H are calculated across an image according

to the surface temperature (f @ ¢ KA & Aa R2VYES Haph §EA 2y G REK SO &R
estimated as a linear function of surface temperature (Bastiaanssea.,e1998). It ighe

difference between the air temperature very near the surface, at 0.1 m above the zero plane
displacement height, d, and the air temperature at 2 m above the zero plane displacement
height.

METRIC™ Model
R,-G-LE-H+A=0 | R,

Where, R, = Net radiation
G = Soil heatflux

= Latent heat flux

H =Sensible heatfux  H

A = Change in storage

» Energy conservation
(Incoming Energy = Outgoing Energy)

¥ Only vertical fluxes considered

¥» Minor energy componentsignored

Fig.6. Schematic representation &T estimation in METRI®ased on the principle of energy
conservation.
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The linear equation for dT vs,ifi METRIE is developed by using the dT values for the cold
and hot pixels which provide internal and automatic calibration. In addition, internal calibration
of the EB tilizes groundbased reference ET (ETo tieedown the derived EB (Allen et al.,
2007a, b). Therefore, use of quality controlled hotEly is important to improve accuracy of
daily and longer period ET estimates.

In METRI€, cold and hot pixels shouldeHocated near the weather station (~within 50 km).
The cold pixel is used to define the amount of ET occurring from thewas#ired and fully
vegetated areas of the image which represent instances where the maximum (or near
maximum) amount of availablenergy is being consumed by evaporation. For this study, we
selected a number of cold pixel candidates for each image representing an agricultural area
under center pivot irrigation system that has vegetation at full cover (LAl is usually greater than
4.0m?) to estimate ET at the cold pixel. We assumed that ET = 1,@% t6€ cold pixel. The ET

is the rate of ET from the alfalfa reference calculated using the ASCE Standardized Penman
Monteith equation for alfalfa. H for the cold pixel was then calcudeds H = RgG¢ 1.05 ET

The selection of the hot pixel follows the same procedure as for the cold pixel. The hot pixel
should be located in a dry and bare agricultural field where one can assume evaporative flux is
0. We selected the hot pixel candiga with a surface albedo similar to dry and bare fields
(0.1750.2) with very low LAI (usually less than 0.1). In central Nebraska, we found that the hot
pixels could not be assumed to have zero evaporation because of high frequency of rain in the
region. Therefore, H was estimated as RnG ¢ Eare soit Where Efare soil Was obtained by
running a daily soil water balance model of the surface soil using grbased weather
measurements (Allen et al., 1998). The METRt®del was then run for each of ¢hcold and

hot pixel candidates. The best suitable anchor pixels were determined based on the distribution
of ETrF over the image. For instance, ETrF otimigthted and fully vegetated agricultural
crops should have an ETrF of 1.0, on average.

Model calibration exceptions

55SaSNI FyR N}Yy3aS az2iafa GeLAOFKffe& NHzy WK23G4S]
agricultural soils. Reasons for this include effects of organic mulches, shielding of the soall
surface by sparse live or dead vegetation, delatnon of soil crusts, and increased soil

porosity caused by animals and roots that is common to these land uses, but not to bare
agricultural soils. To prevent the higher temperatures in desert and range from overestimating

the near surface air temperaturgradient (dT) and thus H, thereby causing ET from the energy
balance to even go negative at times, adjustments were made to the dT estimation and
estimation of soil heat flux when surface temperature exceeded a threshold temperature. On

all image dates th soil heat flux and the slope of the dT function were reduced for those pixels
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where the surface temperature exceeded the surface temperature of a dry agricultural pixel as
described by Allen et al. (2008).

A surface temperature lapse rate is used duting METRI® process to normalize the surface
temperature image for changes in temperature caused by normal lapse effects associated with
elevationchanges within the image. This normalization is needed in any energy balance process
before estimating near surface air temperature gradients and the associated sensible heat flux
(Allen et al., 2007a). A lapse rate of 6.5 K/km elevation change wasHedver, this lapse

rate can be custom fitted to an image when the range in surface temperatures across an image
varies for the same evaporative conditions (wet or dry).

RESUILS

ReferenceEvapotranspiration

Traditionally, reference evapotranspiration uséor estimating ETc has been based either on
grass (ETo) or alfalfa (ETr) reference surfaces (BBEH 2005). Since ETr or ETo represents the
evaporative demand of the atmosphere, it is highly dependent upon the spatial variability of
the climatic parameers. The ETr values for each of the weather station under the study area
were estimated using the standardized American Society of Civil Engineers Rlontaith
(ASCEPM) equation (ASGBEWRI 2005) on an hourly time step. Hourly time steps are needed to
produce ETr for calibration of the METRIC energy balance estimation process at the time of the
Landsat overpasses. The hourly ETr values are summed to daily totals to provide a basis for
producing daily and monthly ET.

We used the RefET software (versi8) of the University of Idaho (Allen, 2008). Automatic
weather station (AWS) data, obtained from the High Plain Regional Climate Center (HPRCC),
were used for ETr calculations. The datasets measured at the stations included daily maximum
and minimum temprature (Tmax and Tmin), relative humidity (RH), wind speed (u), and solar
radiation (Rs). Since estimates of ETref could only be as good as the weather data quality, a
rigorous data quality check was carried out on the climatic data used as recommenddidry
(1996). Thaletails of data quality checkre described in Appendi&.

Daily (24h) ETrtotals for the processed Landsat 5(LS5) and Landsat 7(LS7) image dates are
listed in Table 3hrough 6 When the ETrF images were interpolated over time to create
monthly ET images, daily ETrF was determined by spline and multiplied by daily ETr. During the
AYOGSNLREFGAZ2Y LINRPOSaasx RFEATE@ 9¢NJ Wwada2NFI O0SaqQ
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Appendx A, using HPRCC ahWwSQOOPweather stations from within and outside the image
footprint.

Table4. Day of year and calculated alfalfa based ET, ETr ¢fay)/ at Central City for the LS5 and LS7
satellite image dates.

Image date Day of year Path Row ET, (mm/day)

417/2007 97 29 31 6.82
4/15/2007 105 29 31 4.69
5/17/2007 137 29 31 7.44
6/10/2007 161 29 31 9.97
7/12/2007 193 29 31 3.61
8/13/2007 225 29 31 6.32
8/21/2007 233 29 31 5.53
9/14/2007 257 29 31 3.38
9/22/2007 265 29 31 5.88
10/8/2007 281 29 31 4.23
10/24/2007 297 29 31 2.27

Table5. Day of year and calculated alfalfa based E/(n&m/day), at Grand Island for the LS5 and LS7
satellite image date.

Image date Day of year Path Row ET, (mm/day)
41712007 97 29 32 6.98
4/15/2007 105 29 32 4.85
5/17/2007 137 29 32 8.3
6/10/2007 161 29 32 10.27
7/12/2007 193 29 32 4.96
8/13/2007 225 29 32 6.98
8/21/2007 233 29 32 6.59
9/14/2007 257 29 32 4.56
9/22/2007 265 29 32 6.29
10/8/2007 281 29 32 4.7
10/24/2007 297 29 32 2.7

17



Table6. Day of year and calculated alfalfa based ET, ETr (mm/daygratfor the LS5 and LS7 satellite
image date.

Image date Day of year Path Row ET, (mm/day)
4/14/2007 104 30 31 5.63
4/30/2007 120 30 31 9.64
6/9/2007 160 30 31 8.08
6/25/2007 176 30 31 10.32
8/4/2007 216 30 31 6.43
8/20/2007 232 30 31 6.6
9/5/2007 248 30 31 6.9
9/21/2007 2.64 30 31 6.43
10/31/2007 304 30 31 4.03

Table7. Day of year and calculated alfalfa based ET, ETr (mm/d&mjtafieldfor the LS5 and LS7
satellite imagelate.

Image date Day of year Path Row ET, (mm/day)
4/30/2007 120 30 32 8.87
5/8/2007 128 30 32 7.19
6/9/2007 160 30 32 9.39
6/25/2007 176 30 32 9.6
8/4/2007 216 30 32 6.64
8/20/2007 232 30 32 6.43
9/5/2007 248 30 32 6.78
9/21/2007 2.64 30 32 5.55
10/31/2007 304 30 32 4.19

Daily Fraction of Reference EvapotranspiratigRelative ET or Crop Coefficient)
TheETFmapswere generated from Landsat 5 and Landsat 7 satellite imagery. Each satellite

image for 2007 was processed on a pixel by pixel basis using MEBRIGimate land surface
energy balance fluxes. Meteorological data used for the model inputs came frorespective
AWDN weather stationsMaps of reflectance of short wave radiation, vegetation indices (NDVI
and LAl), surface temperature, net radiation, and soil heat flux were generated as intermediate
products during the METRIC processing.

The final outpit from the METRIC model were images showing instantaneous ETrF (fraction of
alfalfa based reference ET, ETr) at the satellite overpass fifime. ETrF is defined as the ratio of
instantaneous ET (ETinst) for each pixel to the alfa@farence ET calculatl using the
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standardized ASCE Penmdonteith equation for alfalfa (ETr) following the procedures given

in ASCEEWRI (2005). The ETrF serves as a surrogate for Kc (basal crop coefficient) and has been
used with 24hour ETr in order to estimate the daily Gt each Landsat pixel. The ETrF values

range from O to 1.05. The ETrF of walgated and fully vegetated agriculturalogs usually

have an ETrF of 1dh averagewhile the dry and bare agricultural field have little evaporative

flux and ranges frord to 015 unless there is a recent precipitation extgorior to satellite
overpass.Daily ET in mm/day was calculated by multiplying ETrF by daily ETr values.

Procedures for obtaining daily estimates of ET and ETrF are further explained in Appendix E.

A map sequenceof daily ETrF for the areaound Lexington (subset of p30r3@r the
4/30/2007, 5/8/2007, 69/2007, 6/25/2007, 8/4/20078/20/2007, 09/5/2007 and 10/32007
image dates are shown irglire 10. Differencesn spatial ETrF and changes over time are
apparent.TheETrF is highly variable in space and time due to variability inusedsoil
properties, and management practices. Spateiiation in soil properties affectsurface soil
evaporation and surfacenergy balances Thiscausedwithin-field and across field variability in
ET

In the April 30 and May 8 images, a number of fields had ETriwvhilelthe bare soil/grass

land areas had relatively high ETrF values near 0.5. Within ten days of theQAprdge, the
Smithfield weather station measured over 5 inches of rainfall. A dramatic change in ETrF values
is seen in the following image, June 9. In the June 9 image, the difference between agricultural
fields and grasslands is apparent. A diagtinalruming from the east to the nortiest is

clearly visible. The low ETrF values in the fields are likely due to plantiegETTF for the
rangelandvariedfrom 0.25 to 0.4.Alfalfa fields had some vegetation transpiring some water,

with some fields likely irrigated. ETrF was lower for most fields than rangelaislis because

land use in the bottom part is mainly agricultural land and devoid of standing crops in the
beginnirg of the season, whereas the upper part is mostly rangeland/natural vegetation and
has green vegetation in early spring resulting in higher ETrF as compared to the lower part of
the image.

In the June 25 image, crops seem to have emerged and an incref@ddsnwith high ETrF is

visible. TheAugust4 image shows that crops have reached their full canopy cover with all
agricultural fields, except for fallow or cut alfalfa, having ETrF values around 1.0. The city of
Lexington is clearly visible in the sbtwest corner of the image with very low ETrF values. In

the August 20 image, crop fields have ETrF values around 1.0. Some fields have very low ETrF
values compared to the August 4 image which may be caused by alfalfa cutting. In the
September 5 imagea decrease in ETrF values for crop fields is noticeable. The grasslands in the
northeast portion of the image shows a significant decrease in ETrF compared with the August
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20 image. The final October 31 image shows very low ETrF values for muclntdglee The
topography of the grassland area in the northeast section of the image is more visible with
higher ETrF valuesore on the south slope.
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(subset of p30r32) during 2007 growing season.
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Treatment of Cloud Cover

BEvapotranspirationcannot be directly estimated for cloud covered land surfadgstore ETrF

images could be used in the generation of monthly and seasonal ET maps for 2007, the clouded
areas were manually identified, masked out, and then filled in by interpolating ETrf information
from adjacent images in time as described in Appeidit is essential that all satellite imagery

be checked for cloud cover and shadows, and be masked out for further procebtasged

out areas must be filled in so that further image processing can be uniformly appliled to

study area Figure 11 shws the before, masked out, and after cloud filling results for May 8,

2007 from path 30 row 32.

ETrF Cloud Contaminated
Path 30 Row 32
May 8, 2007

025 05 075 1 1.25ETF

ETrF Cloud Masked
Path 30 Row 32
May 8, 2007

.

025 05 075 1 1.25ETF

ETrF Cloud Filled
Path 30 Row 32
May 8, 2007

025 05 075

Figure8. Sequence showing cloud filling proce3he first image shows the cloud contamination in blue near the
western edge of the image. The second image shows the area that was masked out in white. The third image
shows the filledin cloud area carried out using the cloud filling method.
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Adjustmert of ETrF for Background Evaporation

Frequently, a Landsat image is processed on a date where previous rainfall has caused the
evaporation from bare soil to exceed that for the surrounding monthly period. For our
purposes, it is the goal that the final Eilage represents the average evaporation conditions
F2N) GKS Y2y (0K Ly 2NRSNJ 2 | OKAS@PS (KA&AXZ (K
can be adjusted to better reflect that for the month or other period that it is to represéiitis
adjustmert removes impacts of wetting events that occurred immediately prior to the image
date and then adds back in background evaporation that is similar to the average evaporation
expected for the averaging periodlhis period is identified as the time perioldat is halfway
between other adjacent imagesthe outcome of this adjustment will be to preserve any
significant evaporation stemming from irrigation and any transpiration stemming from
vegetation, but with adjustment to evaporation stemming from precipdga from that on the

image date to that of the surrounding time perio@his adjustment process is further discussed

in Appendixe

Monthly and SeasondETrF andET

In order to produce monthly and seasonal ET maps, individuél E&ps generated from
METRIC were interpolated usingcabic spline model. Values of ETrF for each day were
multiplied by the corresponding ETr data for that day and then integrated over the target
month. The spline model is deterministic interpolationethod which fits a mathematical
function through data points to create a surface (Hartkamp, 1999). The spline surface was
achieved through weights.y) and number of points (N)A regularized spline was used because
this method results in a smoother suda. Usingthe spline interpolation of daily ET maps,
monthly ET maps were generated tbe entire areaof the CPNRD.

Figurel2 shows the progression of ET from May through Septennb@007acrossthe CPNRD.

The monthly ET maps generated by the METRIG:hsitbwed a good progression of ET during

the growing season as surface conditions continuously changed. The main crops grown in the
areaare corn,soybears, and alfalfa Evapotranspiration increases gradually from May after
crop emergence and growth thogh July and August as vegetation ssad transpire at a
potential rate for most vegetation surfacedulyis usually the peak ET month with high
incoming solar radiation, high temperatures, and large vapor pressure deficit that increase ET.
The ET showgariation throughout the district as a function of different ET rates of various land
covers, including corn, soybean, natural vegetation, etc. With physiological maturity, leaf aging
and senescence, ET starts to decrease gradually in September. Widsthar®©ctober, most of

the ET in this month represents the soil evaporation component of ET. As shown in monthly ET
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maps, mapping ET on large scales can provide vital information on the progression of ET for
various vegetation surfaces over time. Infornoat gained enables the prediction of the timing

and the spatial extent of potential depletions or gains in both the skemin and in the long

term management of surface and ground water used for irrigated systems.
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Figure9. Monthly ET generated from METRIC for the Central Platte NRD for 2007.
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Generation of Synthetic ET Images for use in the Spline Interpolation for
Monthly and Seasonal ET

Estimates of ET produced using METRIC normally use a cubic spline model when interpolating
to monthly or seasonal estimates (Allen et al. 2010)terpolation of ETrF requires two images
before and after the period beinmterpolated. Typically during the beginning and end of the
growing season, two prior or following images may not be available. lergethere are fewer

clear sky images available during the months of October to April. Also, differences in surface
temperature due to evaporative cooling are very small or the land surface may have snow
cover making it very difficult to calibrate METRIBecause othis, synthetic image®f ETrF

were generated for use in the spline model.

During the early and late periods of the growing season, agricultural fields are typically bare
from tillage and seed bed preparatian due to senescence and hartieg). A large portion of

ET is therefore evaporation while the transpiration component is small. Therefore, it can be
assumed that ET during these periods can be approximated using estimations of evaporation
from a soil evaporation model (Allen et al. 201

For calculation of monthly ET using the spline interpolation, each image date is used to
represent ETrF for a period. This period is taken as the halfway point between image dates.
The synthetic image needs to be representative of the soil evaporatioditons prior to or
following the first or last month to be splined. ETrF from the soil water balance model is
averagedas the range between the date of the first (last) image and the first (last) day of the
month. During the spline calculation, the slgatic image is given a date of immediately prior

to the first month or immediately after the last month to be splinefl.spatial resolution of 90
meters was used for the bare soil water balance model.

Partition of Crop Types for Monthly and Seasonal Madps

As part of the products to be provided for the Central Platte NRD evapotranspiration project,
maps of ET values for major crop types were generated for each month and from seasonal ET.
Corn, soybeans, and alfalfa were identifiesing the NASS 200Nebraska Crdpnd Data Layer
Ob/ 5[0 YR ¢6SNB WOdzi 2dziQ FTNRY GKS Y2y (Kt e
summary of results providing the mean value and standard deviation are shown in table 7.
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Table 8. Mean and standard deviation of estiethET in inches for corn, soybeans, and alfalfa from
Central Platte NRD area by month and season (May 1 to September 30) for 2007. Crop types were
separated out using the NASS CDL for 2007.

Month Corn Corn Soybeans Soybeans Alfalfa Alfalfa
Mean(in.) Sd. Dev(in.) Mean(in.) Sd. Dev(in.) Mean(in.) Sd. Dev(in.)
May 2.83 0.62 2.93 0.57 4,78 1.68
June 4.98 0.85 4.66 0.86 5.86 1.01
July 6.46 1.06 5.60 1.08 6.05 1.48
August 5.91 0.65 5.65 0.54 5.12 0.81
September 4.63 0.73 413 0.57 3.90 1.07
Seasonal 24.79 2.20 22.93 1.96 25.67 3.25

Evaporation from Water

The METRI@odelapplied in this study attempts to account for variations among open water
bodies, provided the water bodies are classified and partitioning algorithms between water
heat storage and net radiation are adjusted accordin@liten et al., 2010)The partitioning can
change with time of year. Because such classification and description of partitioning were not
available for water bodies in the study area, and because the pyirpeojed goal was to
estimate ET fromagricultural crops and not evaporation from open water, the evaporation
from open water bodies (lakes, rivers, canals, reservoirs, farm ponds etc) was estimated using a
single algorithm that is calibrated to southelsiaho lakes (Allen et al., 2010), regardless of body
size, depth and turbidity.Since he surface energy balance of water bodies varies depend

their properties, especially depth, temperature profiles and turbiditge of a locally calibrated
singlealgorithm might cause bias in open water ET.

The algorithms useth METRIE to estimate open water ET represerdisnplicité f FHENBsS G S NJ
body properties This will likelyincrease the uncertainty of ET from the water within the
Landsatimage (Allen andasumi, 2005). This algorithm may underestimate the ET from small
water bodies such as cattle ponds, shallow lakes €herefore end users are cautioned if
extracting estimates of open water evaporation from the maps of ET or ERdsearch is
underwaywith METRIE to test the use of an aerodynamic function for evaporation from
water. We believe that use of aerodynamic functiamy have better accuracip calculate
evaporation from watein future applicationsvith METRIE.
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Summary anddiscussion

The METRI® model has been introduced to estimate surface energy fluxes at the same scale
as the input imagery, which is 30x30 m pixel size in the case of Landsat 5 and/or 7 satellite
images (Allen et al., 2010). The METRIC algorithms to LANDSAT 5/7 TM imageswgere be
applied over a crop growing season (April to October) for 2007 at CPNRD. The project area
consists of the CPNRD that use four sets of Landsat Path and Rows to cover the entire CPNRD.
The Landsat images that were being used consist of (a) path 30,Ircw)3ath 29, row 31; (c)

path 30, row 32; and (d) path 29 and row 32. Meteorological information from an automated
weather station (AWS) was used during the calibrations of MEYRA@/S data from Central

City were used in for path 29 row 31, the Grdsldnd AWS was used for path 29 row 32, the
Merna AWS was used for path 30 row 31, and the Smithfield AWS was used for path 30 row 32.
Extensive data quality analyses were conducted on climate data. A distributed daily water
balance model was used to esae residual moisture from the bare soil for 2007.

Images were acquired as systematic terraorrected (Level 1T) with a 30m spatial resolution

and the thermal band was reampled to 30m pixels. The satellite overpass times were acquired

from the image reta data files to estimate zenith angle of the sun, instantaneous values of

wind speed at 200m, air humidity, and reference evapotranspiratiofy(BT / NB I G Ay 3 WY L
that are useful in management and in quantifying and managing water resourcesa®tjugr

computation of ET over monthly and longer periods such as growing seasons or annual periods.
Interpolation between images involves treatment of clouded areas of images, accounting for
evaporation from wetting events occurring prior to satellite qvass. In order to produce

monthly and seasonal ET maps, individt@F (fraction of reference EThaps generated from

METRIE' were interpolated using a spline model

Our results showed that EThgghly variable in space and time due to variability irdlzse,

climatic conditions, soil properties, and management practigatial variation in soll
propertiesaffects surface soil evaporation and surface energy balances, causing-fiattiin

and across field variability in ET. Satellite remote sensinggesan opportunity for

representing spatial and temporal variation of Baily ET maps of CPNRD covered under four
different paths and rows of Landsat images are shown in appendix B. The images shown have
not had cloud masks applied.

The innovativecloud filling was completed to the acceptable range, the monthly and seasonal
ET map were generated for each path and row. The monthly and seasonal ET for afigpath
row were completed by combining (mosaic) parts of CPNRD from each path and row.

28



Acknowlkedgement The authors wish to express their sincere appreciation to CPNRD for
providing financial and other supports for this projedte gratefully acknowledge Jeppe
Kjaersgaard at the University of Idaho for providiechnical supportvith METRIE and Dr.
Richard G. Allefor providing insights into application of model to produce seasonal ET maps.
5NX | f f Sy éastruktifd Sdggestionsefdsignificantlyappreciate.

REFERENCES

Allen, R.G., 1996. Assessing Integrity of Weather Dafadtarence Evapotranspiration
Estimation. Jirrig. Drain. Engr122, 97106.

Allen, R. G., Pereira, L. S., Raes, D., and SmittQ9& Crop evapotranspirationGuidelines for
computing crop water requirements&lnited Nations FAOQ, Irrigation and Draiealyl.Y., Paper
No. 56.(http://www.fao.org/docrep/X0490E/X0490E00.hirfrebruary 52007.

Allen, R.G., et al., 2006. A Recommendation on the Standardized Surface Resistance for Hourly
Calculation of Reference ET by the FAO56 Pefivtarteith Method. Agric. Water Manag.,81,
1-22.

Allen, R.G., Tasumi, M., Trezza, R., a08&telliteBased Energy Balance for Mapping
Evapotranspiration with Internalized Calibration (METRIKYdel. J. Irrig. Drain Engrl,33(4),
380-394.

Allen, R.G., Tasumi, M., Morse, A.,Zk&e R., Wright, J.L., Bastiaanssen, W., Krambekovite,
l., Robison, C.W., 2007SatelliteBased Energy Balance for Mappinxppotranspiration with
Internalized Calibration (METRICApplicationsJ. Irrig. DrainEngr, 133(4), 395106.

Allen,R.G. 2010. Procedures for adjusting METdRI@/ed ETrF Images for Background
Evaporation from Precipitation Events prior to Cloudfilling and Interpretation of ET between
Image Dates. Report., University of Idaho. 11 pages. Version 7, last revised Bpril 20

ASCEEWRI., 2005. The ASCE Standardized Reference Evapotranspiration Equation. R.G. Allen,
I.A. Walter, R.L. Elliot, T.A. Howell, D. Itenfisu, M.E. Jensen, and R.L. Snyder (eds.).
Environmental and Water Resources Institute (EWRI) of the Am. Soeil. ocEQygrs., ASCE,
Standardization of Reference Evapotranspiration Task Committee Final Report. ASCE, Reston,
Virginia.

Bastiaanssen, W. G. M995 Regionalization of surface flux densiteesd moistureindicators
in composite terrain: A remote sensing@oachunder clear skies in Mediterranean climates.
Ph.D. DissertatiorCIP Data Koninklijke Bibliotheek, Den Haag, The Netherlands.

29



Bastiaanssen, W. G. M., Menenti, M., FeddRsA. and Holtslag, A. A. M py ® a! NBY20S
sensing surface energy balarlcd 32 NA G KY F2 NJ f | y RJ. dyfir6.212-218, Y M® C 2 |
198-212.

Brutsaert, W.1982.Evaporation into the atmospher&eidel, DordrechiThe Netherlands.

Franks, S. W., and K. J. Bev&®97a. Estimation of evapotranspiration at the landscapalsc
A fuzzy disaggregation approatiater Resour. Res33(12), 29262938

Franks, S. W., and K. J. Bev£d97. Bayesian estimation of uncertainty in land surface
atmosphere flux predictionsl. Geophys. ReED2(D20), 23,99099.

Franks, S. W., and K. J. Bey&99 Conditioning a multiplgpatch SVAT Model using uncertain
time-space estimates of latent heat fluxes as inferred from remotely sensed \d&tter
Resour. Res35(9), 27542761

Irmak, S., T. A. Howell, R. G. Alle@.Payero, D. L. Martin. 2005. Standardized ARGman
Monteith: impact of surrof-hourly vs. 24hour time step computations at referenceeather
station sites-Trans. ASABKoI. 48(3): 1063077.

Ranade, P2010. Spatial Water Balance for Bare Soil. &isity of Nebraska. Report, 10 pp.

Tasumi, M. 2003Progress in operational estimation of regional evapotranspiratismg
satellite imageryPh.D. dissertation, Univ. ¢daho, Moscow, Id.

30



APPENDIA

Quality Control of Weather Data
PariskhitRanade and Ayse Irmak. University of Nebrdskaoln.

DataAcquisition

Hourly and daily meteorological data from 22 High Plains Regional Climate Center (HPRCC)
automated weather data network stations, and 47 National Weather Service Cooperative
ObserverProgram (COOP) were assembled and analyzed for year Rigirg( 1) The names

and locations of the stations are listed in Tables 1 and 2.

@® NWS COOP [ ] Central Platte NRD T T T 17 T T T ]
® HPRCC [ State of Nebraska 0 75 150 300 km

Figure 1. The locations of weather stations used for METRIC ET processing.

Table 1. The names, and locationshaf weather network stations used to estimate continuous
surfaces of maps of precipitation in 2007 for CNPRD.

Station Network Lat Long Station Network Lat Long
Arapahoe Prairie HPRCC 41.48 -101.85 Wallace 2 W COOP 40.84 -101.21
Arthur HPRCC 41.65 -101.52 Aurora COOP 40.85 -97.98

Cedar point HPRCC 41.20 -101.63 Gothenburg COOP 40.95 -100.18
Central City HPRCC 41.15  -97.97 Grand Island af COOP 40.96 -98.31
Clay center(sc. HPRCC 40.57  -98.13 Ravenna COOP 41.03 -98.92
Curtisunsta HPRCC 40.63 -100.50 Surpri¢  COOP 41.10 -97.30
Dickens HPRCC 40.95 -100.98 Oconto COOP 41.13 -99.75

Grand island HPRCC 40.88 -98.50 Osceola COOP 41.18 -97.55
G“dm”rr‘g;i” HPRCC 42.07 -101.43 Stpaul4N COOP 4127 -98.47
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Halsey HPRCC 41.90 -100.15 Mason city COOP 41.22 -99.30

Holdrege 4n HPRCC 40.50  -99.35 David city COOP 41.25 -97.13
Holdrege HPRCC 40.33  -99.37 Loupcity COOP 41.28 -98.97
Kearney HPRCC 40.72 -99.02 Broken bow2 W COOP 41.40 -99.67
Lexington HPRCC 40.77  -99.73 Ammold COOP 41.42 -100.18

LincolnlANR HPRCC 40.83  -96.65 Columbus 3NE COOP 41.46 -97.33
Minden HPRCC 40.52  -99.05 Genoa2 W COOP 4145 -97.75

North Platte HPRCC 41.08 -100.77 Arthur COOP 4157 -101.69

ord HPRCC 41.62 -98.93 Anselmo 2 SE COOP 41.60 -99.83

Shelton HPRCC 40.73  -98.75 Albion COOP 41.69 -98.00
Smithfield HPRCC 40.58  -99.67 Clarkson COOP 41.72 -97.13
Ragan COOP 4027 -99.25 Mullen 21 NW COOP 42.25 -101.34
MediCi”eOD‘;en',l‘ COOP 40.38 -100.22 Stapleton 5W COOP 41.46 -100.60
Minden COOP 40.52  -98.95 Tryon COOP 41.77 -99.37

Hastings4 N COOP 40.65 -98.38

Table 2. The names, station IDs, weather network and locations of the weather stations used to estimate
continuous surfaces of maps of reference evapotranspiration for CNPRD.

Name Station ID Network Lat Lon
Kearney a254339 HPRCC 40.72 -99.02
Minden a255569 HPRCC 40.52 -99.05
Shelton a257779 HPRCC 40.73 -98.75

Holdrege 4N a253929 HPRCC 40.50 -99.35
Smithfield a258109 HPRCC 40.58 -99.67
Grandisland a253409 HPRCC 40.88 -98.50
Lexington a254669 HPRCC 40.77 -99.73
Cozad a251949 HPRCC 40.97 -99.95

Clay center(sc a257899 HPRCC 40.57 -98.13
Gothenburg a253369 HPRCC 40.95 -100.18
Merna a255399 HPRCC 4145 -99.77

Ord a256339 HPRCC 41.62 -98.93
CentralCty a251569 HPRCC 41.15 -97.97
Curtisunsta a252109 HPRCC 40.63 -100.50
York a259519 HPRCC 40.87 -97.62
NorthPatte a256079 HPRCC 41.08 -100.77
Monroe a255649 HPRCC 41.38 -97.52

Elgin a252599 HPRCC 41.93 -98.18

Halsey a253549 HPRCC 41.90 -100.15
Beatrice a250629 HPRCC 40.30 -96.93
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Lincoln 12W 55N a254739 HPRCC 40.87 -96.75
WestPoint a259209 HPRCC 41.85 -96.73

Weather data quality control

Rgorous quality control was performed on the weather data following the recommendations of
Allen (1996) and ASEEVRI (2005). Table 3 summarizes the list of QA/QC analysis conducted
on the data from each weather station.

Table 3. The details Gfuality Catrol/Quality Analysis of the Weather Data from the Weather Stations

Weather parameter Quality control analysis

Solar Radiation Comparison of Rwvith standard B, curve
Comparison of fand R, for cloudy and clear sky days
Comparison with measured Bata from close weather station
Checking pyranometer records

Wind speed Comparison with neighboring weather stations
Gust factor

Temperature Comparison of dailykxand T,
Comparison of i, with Tgew

Relative Humidity Checking daily R.and RRi,

Daily Rs is compared to calculated clear sky solar radiatignfdRchecking possible errors in

R (e.g. calibration errors, sensor misalignment, damaged sensor etcjs Baloulated based on
atmospheric pressure, sun angle and precipitable water in the atmospASE€EWRI, 2005)

On clear sky days the measuregsRould approach the value ofJROf the four stations used

for ET calculations, only Central City wasstdered in need of minorgRorrection. Corrections

are only applied when the data exhibits systematic errors. Individual values are not corrected
for. Reasons for errors in the solar radiation values can be due to misalignment or

miscalibration of thesensor. The Central City solar radiation data was corrected by increasing

the values by 5% for days after 29 April 2007. Figure 2 and 3 shows observed solar radiation and
clear sky solar radiation values fdoldrege 4Nand Cozad after correction was amuli
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Figure 2. Daily recorded solar radiation) @hd the theoretical clear sky solar radiation curvg)(fr
the Holdrege 4NHPRCC weather station for 2007 before (top) and after (bottom) corref@ujusted
down by 13% from DOY@D, 3% from DOY 6&M197, and 2% from DOY 1283)
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Figure 3. Daily recorded solar radiatio) @hd the theoretical clear sky solar radiation curvg)(f®r
the Cozad HPRCC weather station for 2007 before (top) faed(bottom) correction(R, adjusted down
by 9% from DOY-@0 and 10% from DOY 28485. Rs adjusted up by 2% from DOY187 and 5% from
DOY 19243)

Daily 24h air temperature data were screened to check the dataset for outliers and the
expected annual occurrence of maximum and minimum temperatures. Air temperature data
were analyzed by subtracting the average of 24 hourly Ta from the difference bethaly
temperature extremes (minimum and maximum Ta) (figure 6). Systematic differences greater
than 23 °C may indicate erroneous extremes in air temperature or impacts of missing hourly
data. Air humidity is shown in Figure 4 as minimum and maximum Bé&ll Daily maximum RH
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