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The four states of the Upper Division as defined in the Upper Colorado River Basin (UCRB) 
Compact (Colorado, New Mexico, Utah, and Wyoming), through the Upper Colorado River 
Commission (UCRC), requested that the United States Bureau of Reclamation (Reclamation) 
initiate a study to assess and improve consumptive use determinations.  Reclamation then 
contracted with a consultant team led by URS, with assistance from CH2M Hill, Wilson Water 
Group, and Hydrologic Engineering, Inc. (HEI) to review and document the consumptive use 
methodologies used by the four Upper Division States and Reclamation, and to report on the 
state-of-the-art of remote sensing for consumptive use calculations and its potential applicability 
to the UCRB.  The assessment is limited to the beneficial consumptive uses associated with 
direct irrigation and does not address other consumptive use and loss components in the UCRB.   

The Assessing Agricultural Consumptive Use in the UCRB Study Team (Study Team) wishes to 
thank the technical staff of the four Upper Division States, the UCRC staff, and Reclamation 
staff – in particular staff at the Technical Services Center in Denver – for their technical 
assistance on the Assessing Agricultural Consumptive Use in the UCRB Project (Project).   

The intent of Phase I of the study, completed in November 2013, was to: 

1. Identify the differences in consumptive use methodologies used by the four Upper Division 
States and Reclamation;   

2. Provide the basis for a discussion among these entities as to whether changes to the 
methodology used by Reclamation are appropriate at this time; or 

3. Provide a recommendation as to whether the current state-of-the-art of remote sensing is 
sufficiently advanced for the Upper Division States and Reclamation to further investigate its 
implementation within the UCRB. 

In Phase II, the Study Team was directed to make recommendations for the appropriate number 
and locations of Extended Climate Stations and eddy covariance (EC) Towers, and perform an 
analysis based on the amount of irrigated acreage covered by the number of existing Extended 
Climate Stations to recommend the number and locations of new stations to install.  
Additionally, the Study Team was directed to install and operate, an EC tower for six months, 
and to use the resulting data to provide “ground truth” for the evaluation of various remote 
sensing models for the estimation of actual consumptive uses.   

EXTENDED CLIMATE STATIONS 
Section 2 of this report includes information on the procedures used to assess existing Extended 
Climate Stations and identify locations to install new ones, as well as information on the funding 
requirements involved with these stations.  Section 2 also provides information on the final site 
selection process for Extended Climate Stations. 

Section 2.1 discusses the identification of existing Extended Climate Stations in the Upper 
Division States during Phase I of the Project, and the procedures used to determine their 
suitability for estimating crop consumptive use.  Section 2.1 also provides a list of proposed 
Extended Climate Stations and estimated irrigated acreages that would be covered by those 
stations. 
Section 2.2 provides estimates of installation and operation and maintenance (O&M) costs, as 
well as information on procedures for maintenance, calibration, and data review.  
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Section 2.3 discusses coordination with state Climatologists and/or state climate network 
representatives to identify land owners interested in allowing Extended Climate Stations on their 
land, and includes information on requirements regarding land access and training on equipment 
maintenance.   

EDDY COVARIANCE TOWERS 
Section 3 provides a discussion of the EC process, including an introduction to 
evapotranspiration (ET) measurement techniques, advantages of the EC technique, assumptions 
of EC, and recommended readings for EC.  Information on physical infrastructure requirements, 
footprints, data stewardship techniques, and location considerations for EC towers is also 
included.   

Section 3.1 includes background information on EC and ET, including a discussion of ET 
measurement techniques based on three methods: energy balance, mass balance, and physical 
transport.   

Section 3.2 includes a discussion on the advantages and synergies of EC, including taking 
representative measurements of a large land area, and providing independent measurements that 
are based on turbulent transport.  EC is currently seen as the standard for measuring ET in the 
field, and is essential to flux estimates for multiple networks.  

Section 3.3 discusses assumptions of the EC method with regards to turbulence, land surface, 
mean vertical wind, and stationarity.  The EC measurement technique can be disrupted if either 
of the first two assumptions are violated. 

Section 3.4 provides information on recommended readings on EC, and Section 3.5 provides a 
description of the infrastructure required for EC techniques.  This section includes a discussion 
of sensor types and the packages available, and goes on to discuss the following information: 

• The sensor selection process. 

• Additional optional sensors that are available.   

• Physical infrastructure that is necessary to support EC data collection, including suspending 
EC instruments above the land surface, providing electricity to equipment, protecting 
instruments from local wildlife, and grounding electrical structures.   

• The importance of real-time telemetry of raw data and configurations to support it. 

• The site survey that should be performed at the time of setup. 

• EC tower maintenance, including recalibration of sensors, checking of electronics, and other 
necessary practices for upkeep.   

• Selection of EC tower locations within the field sites based on meteorological data. 

• Safety hazards that should be addressed before initiating field work. 

• Lessons learned and potential failure modes of EC. 
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Section 3.6 discusses specialized data handling and analysis techniques used for EC; the raw data 
must be processed in several steps before the ET can be determined, including: 

• Initial screening, which includes removing suspect data flagged by the system, determining 
tower shadow (regions of disturbance), and checking for improbable values based on 
physical constraints.  

• De-Spiking, or removing data “spikes” that fall outside certain standard deviations. 

• Density corrections. 

• Planar fit. 

• Ogive analysis. 

• Breaking data into averaging intervals. 

• Blocking de-trending. 

• Optional spectral analysis. 

• Flux calculation. 

• Additional flux corrections. 

Section 3.7 discusses footprints, or the region of influence of the flux measured by EC 
techniques, and provides information on the variables and assumptions that go into flux 
calculations.   

Section 3.8 provides a description of the skills personnel should assess for O&M and data 
stewardship of the EC method. 

Section 3.9 includes information on the 2015 growing season, including information on data 
sampling as well as results for daily and cumulative ET. 

Section 3.10 contains a map of the study region with existing and planned EC towers, as well as 
specific considerations used to identify locations for installation of EC towers.  These criteria 
were used to develop a list of first- and second-choice candidate locations for additional 
EC towers.  Precise locations will be finalized after a field assessment by an EC expert and will 
depend on available funds and preferred outcomes.  Section 3.10 concludes with a discussion of 
the advantages and disadvantages of mobilizing EC towers. 

REMOTE SENSING MODELING ASSESSMENTS 
Section 4 of this report evaluates the practicality of applying remote sensing data to calculate 
actual consumptive use of irrigated areas in the UCRB.  It includes information to assist the 
Upper Division States and Reclamation in assessing whether to: 

1. Continue investigating the current state of technology associated with remote sensing;   

2. Move towards a preferred remote sensing method with a small-scale pilot study to potentially 
investigate the ease of use and accuracy of different methods; or 

3. Adopt a remote sensing method that is best suited to the UCRB. 
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Background and Methods 
The objectives of the remote sensing aspects of this Project were focused on evaluation of the 
operational applications of various remote sensing methods to estimation of crop ET over 
agricultural fields of the UCRB.  The methods analyzed included the Reconstructed Mapping 
EvapoTranspiration at High Resolution and Internalized Calibration (R-METRIC) method and 
the operational Simplified Surface Energy Balance (SSEBop) method in Colorado, New Mexico, 
Utah, and Wyoming.  Additional space-based SSEBop estimates of ET were made in Colorado.  
These alternative approaches investigated the influence of:  1) the number of scenes analyzed, 
2) cold pixel selection, and 3) automatic hot and cold pixel selection.  Satellite methods were 
compared to estimates of reference evaporation in each state, respectively.  A detailed 
comparison between the satellite methods and a direct measurement of actual ET, measured with 
an EC tower, were performed in Colorado.  The comparison (Figure ES-1) between the EC tower 
and the satellite estimation methods was made for the subset of satellite image ‘pixels’ that 
corresponded directly to the measurement footprint of the EC tower.  Inter-comparisons were 
performed only when data from all sources were available. 

Figure ES-1 Comparison of EC tower cumulative ET ground-truth data for the growing season 
compared to various remote sensing estimating methods; Penman-Monteith 
reference ET is also plotted as an upper boundary, indicating the EC tower site 
near Rifle, Colorado was under some water stress during the 2015 growing season 
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Lessons Learned 
1. All remote sensing methods over-estimated cumulative seasonal ET relative to the EC tower 

measurements.   

2. The Penman-Monteith reference ET results were higher than any of the remote sensing 
estimating methods and the EC tower data indicating that the site of the EC tower has some 
water stress, and that all of the methods constrained the ET estimate to some degree while 
showing similar patterns through the season of high, moderate, and low ET days. 

3. SSEBop using the U.S. Geological Survey (USGS), which determines cold reference values 
for each pixel using air temperature and an automated correction coefficient called c-factor, 
was the most similar to the EC tower measurements, for this particular comparison. 

4. R-METRIC using hot and cold pixel selection by closely following the METRIC Manual 
Guidelines, had a substantial bias and reported the highest ET of all remote sensing methods. 

Remote sensing methods have promise and their potential for automation could lead to an 
economical approach to estimate agricultural consumptive water use throughout the entire 
UCRB.  Space-based ET estimates are high relative to the EC tower, but the SSEBop algorithm 
showed the highest level of fidelity, for this comparison.  

Recommendations 
If the potential of space-based ET estimation is to be realized, continued confidence building in 
the methods of data analysis and interpretation is necessary.  There is value in having a set of 
‘ground-truth’ sites to determine the level of ET accuracy.  Moving forward, a modest EC tower 
network is recommended that would include a minimum of one EC tower in each state of the 
UCRB.  The purpose of this expansion is to test and build confidence in remote sensing ET 
estimation methods.  This includes evaluating the performance of remote sensing methods 
covered in this report and possibly newer methods over a wider range of climatological regimes.  
The influence of hot and cold pixel selection methodologies, in particular automated pixel 
selection methods for R-METRIC, should be investigated in more detail.  This portion of the ET 
estimation algorithms was a source of significant positive bias in this study.  An automated 
boundary pixel selection procedure would also lead to labor savings.  The Upper Colorado River 
Commission (UCRC) should be open to new and evolving methods of ET determination using 
remote sensing platforms.  Although Landsat 8 will remain the preferred platform for the 
foreseeable future, new platforms are in the planning stages and new algorithms for data analysis 
are evolving. 
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1. Section 1 ONE Introduction  

The four Upper Division States through the UCRC, requested that Reclamation initiate a study to 
assess and improve consumptive use determinations.  Reclamation then contracted with a 
consultant team led by URS, with assistance from CH2M Hill, Wilson Water Group, and HEI to 
review and document the consumptive use methodologies used by the four Upper Division States 
and Reclamation, and to report on the state-of-the-art of remote sensing for consumptive use 
calculations and its potential applicability to the UCRB.  The assessment is limited to the 
beneficial consumptive uses associated with direct irrigation and does not address other 
consumptive use and loss components in the UCRB.   

The intent of Phase I of the study, completed in November 2013, was to: 
1. Identify the differences in consumptive use methodologies used by the four Upper Division 

States and Reclamation; 

2. Provide the basis for a discussion among these entities as to whether changes to the current 
methodology used by Reclamation are appropriate at this time; or  

3. Provide a recommendation as to whether the current state-of-the-art of remote sensing is 
sufficiently advanced for the Upper Division States and Reclamation to further investigate its 
implementation within the UCRB. 

In Phase II, the Study Team was directed to: 

1. Estimate the appropriate number and locations of Extended Climate Stations desired based 
on the location of irrigated acreage and the distance between Extended Climate Stations. 

2. Identify the existing Extended Climate Stations that meet the defined criteria and that can 
be used to calculate potential ET.   

3. Recommend existing temperature/precipitation stations that can be upgraded to measure 
extended climate data, specifically solar radiation and wind speed. 

4. Estimate the required number of new Extended Climate Stations and recommend locations 
for those.   

5. Recommend new Extended Climate Stations based on weighing cost versus benefits.   

6. Recommend, develop, and document procedures for assigning current and future climate 
stations to irrigated land locations.   

7. Document standard American Society of Civil Engineers (ASCE) procedures for 
reviewing, correcting, and filling/supplementing extended raw climate data.   

8. Estimate the required number of EC towers and recommend locations for those.  Note: The 
number of EC towers was actually determined by budgetary constraints.  The purpose of 
the EC towers is to serve as ground-truth for the remote sensing data analysis described in 
Section 4.   

9. Work with Reclamation and the States to recommend individual EC tower ownership 
(e.g., part of current state network, agricultural weather network [AgriMet], etc.).  Similar 
to the Extended Climate Station recommendation approach above, an “appropriate” number 
and associated locations will be examined and then weighed against costs and benefits to 
provide the final recommendation.   
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10. Assess the potential for allowing EC towers to be moved over a determined period of time 
to cover more irrigated acreage.  The advantage of having a mobile EC tower, defined as a 
tower that may be moved from one growing season to another but not within a growing 
season, is that EC tower data for other vegetation canopies can be collected, processed, and 
used as ground-truth for the remote sensing data analysis.  The disadvantage is the cost of 
moving the EC tower and the multiple installation costs.   

11. Estimate installation and O&M costs including procedures, schedules, and responsible 
entities.  Costs will be, in part, based on information gathered through interviews with state 
and Federal network operators. 

12. Provide cost breakdowns for equipment and installation of EC towers.  

13. Develop O&M costs that include routine maintenance costs, costs to calibrate sensors, and 
costs to stock backup sensors to allow for timely replacement of any failing sensors when 
taken off-line for repairs and maintenance. 

14. If mobile EC towers are recommended, examine the frequency and costs associated with 
relocation. 

15. Recommend data retrieval, processing, quality assurance (QA), quality control (QC), 
distribution, and storage procedures, and develop associated cost estimates.   

16. Review existing network procedures and identify if existing networks follow or deviate 
from the recommendations.   

17. Make recommendations for greater consistency across state and Federal networks, if 
necessary. 

Appendix A contains meeting minutes and conference call notes that reflect the efforts of the 
Study Team in progressing this Project between Phase I and Phase II.  Appendix B contains the 
final memorandum of understanding (MOU) concerning the UCRB and the installation and 
maintenance of consumptive use instrumentation.   

Water allocation among the states in the UCRB is stipulated by the Colorado River Compact of 
1922, and the Upper Colorado River Compact of 1948.  These are the principal (but not the sole) 
documents of the “Law of the River.”  This Phase II Report focuses on estimation of 
consumptive use by irrigated agriculture in the four Upper Division States.  Article VI of the 
Upper Colorado River Compact directs that the UCRC shall determine the quantity of 
consumptive use of water; Article VIII directs that the UCRC shall have the power to, among 
other things, make findings as to the quantity of water used each year in the states in the UCRB, 
make findings as to the quantity of water deliveries at Lee Ferry during each water year, and 
make findings as to the necessity for and the extent of curtailment of use.  Additionally, the 
UCRC is directed to make and transmit an annual report covering its activities to the Governors 
of the four Upper Division States and the President of the United States. 
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Reclamation is directed by Title VI of the 1968 Colorado River Basin Project Act (Public Law 
[PL] 90-537) to make reports of the annual consumptive uses and losses, on a five-year basis, 
beginning with the period starting on October 1, 1970.  Reclamation is further directed to prepare 
these reports in consultation with the states and the UCRC, and to report to the President of the 
United States, the Congress, and to the governors of the states signatory to the Colorado River 
Compact.  Reclamation is also to condition any contracts for delivery of water originating from 
the UCRB upon the availability of water under the Colorado River Compact.  Since 1971, 
Reclamation has both estimated and reported UCRB consumptive use in its Consumptive Uses 
and Losses Report. 

Efficient administration of the Colorado River Compact requires accurate estimates of 
agricultural consumptive use within the UCRB.  More than 80 percent of the total consumptive 
use of water within the UCRB is from irrigated agriculture.   

As the demands on the water resources of the Colorado River intensify, it is becoming even more 
important to document both the potential consumptive use (i.e., the amount of water crops would 
use if given a full supply), as well as the actual consumptive use (i.e., the amount  of water crops 
actually consume).  Many areas in the UCRB consistently exist on a “short supply,” depending 
upon direct flow or limited reservoir storage to supply the crops.  The accurate and defensible 
calculation and reporting of the shortages that the UCRB incurs during its normal operations is 
necessary for any future negotiations on shortage allocations.  

Monitoring Network Recommendation:  Sections 2 and 3 of this report documents the 
recommendations for the network of Extended Climate Stations and EC towers that would 
support a move towards an improved method of documenting the agricultural consumptive uses 
in the UCRB.  

Remote Sensing Assessment:  Section 4 of this report describes the potential application of 
remotely sensed data to the calculation of actual ET of irrigated lands in the Colorado River 
Basin of the Upper Division States.   

Recommendations:  This Phase II Report provides the basis for the following recommendations 
jointly proposed by the Upper Division States, Reclamation, and the UCRC. 

• Develop detailed documentation of the procedures Upper Division States use to develop their 
irrigated acreage assessment to provide a clear understanding of the quality of irrigated 
acreage data to serve as the basis for the UCRB potential consumptive use estimates. 

• Install and maintain additional Extended Climate Stations that measure the daily parameters 
required for the Penman-Monteith potential consumptive use method throughout the UCRB 
to ensure adequate spatial coverage. 

• Develop protocols for daily climate data QC, data dissemination, and archiving based on the 
experience gained from current Extended Climate Station networks to apply to both existing 
and recommended additional data collection efforts. 

• Continue to investigate the procedures required to move to the Penman-Monteith 
methodology to estimate potential consumptive use throughout the UCRB. 

• Investigate the applicability of using a monthly versus daily effective precipitation analysis 
with a daily potential consumptive use method. 
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• Investigate alternate methods for estimated actual consumptive use where diversion records 
and estimates of farm deliveries do not exist, specifically the remote sensing data methods 
discussed in Section 4.  

• Develop a protocol to ensure the method used to determine potential consumptive use, actual 
consumptive use, and agricultural water shortages is consistent and/or comparable for the 
entire UCRB, including development of clear and defensible fully documented procedures 
for QA/QC and review by the Upper Division States.  

• Continue additional investigations to determine the cost and effort necessary to implement a 
physically based method incorporating components of the radiation and energy balance for 
the entire UCRB, as remote sensing techniques have not been routinely applied to areas of 
this size. 

• Install and maintain up to four EC towers at strategic locations in the UCRB to provide the 
evaporation flux data necessary for operations. 
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2. Section 2 TW O Ext ended Climate Stations 

This section includes recommendations for the appropriate number and locations of Extended 
Climate Stations and EC towers, and includes cost-benefit analyses based on the amount of 
irrigated acreage covered by the existing number of stations.  Costs to install, operate, and 
maintain the measurement equipment, plus costs to manage and store the raw data measured, 
have been estimated.  Issues associated with land ownership, access, leasing, and permitting are 
discussed, along with procedures for reviewing, correcting, and filling/supplementing data for 
use in estimating potential ET.   

The following general procedure was followed to recommend the use of existing Extended 
Climate Stations and to propose new Extended Climate Station locations for use in estimating 
crop consumptive use to support the Consumptive Uses and Losses Reporting.  This procedure 
was recommended to and approved by the Study Team:   

1. Assess the suitability of existing Extended Climate Stations in each of the Upper Division 
States. 

2. Identify additional Extended Climate Stations planned in each state. 

3. Identify the acreage that could reasonably be covered by existing and planned Extended 
Climate Stations by reviewing topography and temperature variation as determined from 
other climate stations (e.g., National Oceanic and Atmospheric Administration [NOAA]).  
Identify the remaining acreage that is not covered by existing or planned Extended Climate 
Stations.   

4. Focusing on areas with significant irrigated acreage not covered by existing sites, identify the 
“wish list” of locations for new sites.   

5. Prioritize new site locations based on acreage that could be reasonably covered by a new 
Extended Climate Station. 

6.  Coincide EC towers with existing or proposed Extended Climate Station locations.  
Alternatively, the EC towers could contain appropriate instrumentation to collect that data. 

2.1 APPROACH AND RESULTS – STATION SITING 
Existing Extended Climate Stations (i.e., stations that measure parameters required for ASCE 
Standardized Penman-Monteith calculations to estimate potential ET) locations were identified 
in the Upper Division States during Phase I of the Project.  The Phase I effort did not include 
reviewing each Extended Climate Station to identify its suitability for long-term use in 
estimating crop use.  In Phase II, the climate network administrators in the Upper Division States 
were contacted to determine the following: 

• Are the Extended Climate Stations located in agricultural settings? 

• Are there routine instrumentation maintenance and calibration procedures in place that meet 
the ASCE standards? 

• Do the network administrators perform appropriate QA and QC measures of the collected 
data using standard ASCE procedures? 

There were several sites identified in Colorado and Utah that were not located in an agricultural 
setting or that did not meet the site-distance criteria for location.  For example, one site in 
Colorado was located under an orchard canopy; while another site was located in the parking lot 
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of an agricultural research center.  In Utah, several sites were located in high desert areas and 
intended for purposes other than estimating agricultural use. 

A network of stations in Utah managed by the Emery County Conservancy District was 
identified as under-funded and potentially not properly maintained.  In addition, the Natural 
Resource Conservation Service (NRCS) Soil Climate Analysis Network (SCAN) stations are 
generally located at airports to help with real-time weather information.  The Utah State 
Climatologist added new AgriMet stations that generally cover the same region; therefore, the 
Emery County and NRCS SCAN stations are not necessary for the Project.  In New Mexico and 
Colorado, measured data is currently published as-is, and it is the user’s responsibility to perform 
QC and correction procedures prior to using the data for analyses.  Wyoming currently relies on 
the High Plains Regional Climate Center (HPRCC) Automated Weather Data Network to 
perform data QC and corrections, manage the raw and corrected data, and make the data 
available to the public.  

Since the publication of the Phase I Report (November 2013), the Utah State Climatologist has 
worked closely with AgriMet staff to install new Extended Climate Stations in the UCRB in 
Utah.  Each of the new sites is located in an agricultural setting.  In addition, Utah worked with 
AgriMet to identify two additional locations: one on agricultural land served from the Paria 
River; and one on agricultural land in Castle Valley near Moab.   

The Colorado Agricultural Meteorological Network (CoAgMet) installed five new stations in 
Colorado in 2015.  One additional Extended Climate Station has been funded and is planned for 
installation in 2016 in the upper Uncompahgre Basin near Ridgway. 

Two Extended Climate Stations are located on lands irrigated by the Navajo Indian Irrigation 
Project.  These stations were installed by the New Mexico Climate Center (NMCC); however, 
funding has restricted its ability to assist with Extended Climate Station maintenance.  The 
stations are currently operated by the Navajo Agricultural Products Industry (NAPI). 

The Wyoming State Engineer’s Office has purchased equipment and plans to install five new 
Extended Climate Stations in 2016.  Each of the new Extended Climate Stations will be located 
in agricultural settings and managed as part of the Wyoming Agricultural Climate Network 
(WACNet). 

The amount of irrigated acreage for which climate could be represented by existing and already 
planned for installation Extended Climate Stations was estimated based on reviewing 
topography, published average monthly temperature isohyetal maps, and temperature variation as 
determined from other climate stations (e.g., NOAA).  The Kriging and Theissen Polygon 
approaches were considered to assign Extended Climate Stations to specific acreage, but were 
not recommended by the Study Team due to the non-contiguous nature of the irrigated acreage in 
the UCRB.  A more subjective approach was used to site new stations in agricultural areas with 
more than 7,000 irrigated acres.  

Table 2-1 shows the list of existing (i.e., already installed) and planned (i.e., planned for 
installation by AgriMet or state agencies independent of this Project) Extended Climate Stations 
and the estimated acreage that can be reasonably represented by each.  Around 66 percent of the 
irrigated acreage in the UCRB can be reasonably represented by existing or planned Extended 
Climate Stations.  Figures 2-1 through 2-4 show the location of existing and planned Extended 
Climate Stations and the general outline of acreage that could be represented by each (in black).  
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Note that where several existing Extended Climate Stations can cover irrigated acreage, there is 
an opportunity to use a weighted combination of Extended Climate Stations.  As climate data is 
collected, the data can be reviewed to determine where acreage may be better represented by 
more than one Extended Climate Station.  The data can also be used to enhance existing bias-
corrected gridded climate and reference ET data sets. 

Table 2-2 lists proposed stations and the estimated acreage they can represent.  The general 
locations of the proposed Extended Climate Stations and the general outline that could be 
represented by each (in red) are also shown on Figures 2-1 through 2-4.  The proposed Extended 
Climate Stations can reasonably represent an additional 22 percent of the acreage in the UCRB.  
About 88 percent of total acreage in the UCRB can be represented by existing, planned, and 
proposed Extended Climate Stations.   

As shown on Figures 2-1 through 2-4, there are some irrigated areas that may not be accurately 
covered by an existing, planned, or proposed Extended Climate Station.  These areas are 
generally smaller agricultural areas and do not warrant the cost of an additional Extended 
Climate Station.  In the UCRB, about 12 percent of the irrigated acreage fits into this category.  
These smaller areas of irrigated acreage that are not within the outline of an Extended Climate 
Station can be represented by using weighted climate data at two or more nearby stations or by 
using bias-corrected gridded climate and reference ET data sets.  The determination of climate 
assignments to irrigated acreage not shown as covered by existing or prosed Extended Climate 
Stations should be finalized as climate data is collected and the variance in climate parameters is 
known.  

The new Extended Climate Station located near Silt, Colorado was coupled with an EC tower 
during the 2015 irrigation season.  It is important that the locations selected for additional EC 
towers coincide with existing or proposed Extended Climate Stations or contain the appropriate 
instrumentation to collect that data.  Although siting criteria for EC towers is more restrictive 
than siting criteria for Extended Climate Stations, many of the existing and proposed sites are 
ideal locations to include EC towers. 

Table 2-1 Existing and planned extended climate stations 

Extended Climate Station Name Climate 
Network State Status Irrigated 

Acreage 
Bridger Valley WACNet WY Existing 74,000 
Boulder WACNet WY Existing 53,000 
Budd Ranch WACNet WY Existing 43,000 
Upper Green WACNet WY Existing 39,000 
Farson WACNet WY Existing 21,000 
Upper Green near Daniel WACNet WY Planned 39,000 
Henry’s Fork WACNet WY Planned 23,000 
Little Snake Valley near Baggs WACNet WY Planned 23,000 
Green River near La Barge WACNet WY Planned 13,000 
Hams Fork near Granger WACNet WY Planned 10,500 
Pleasant Valley AgriMet UT Existing 38,500 
Duchesne AgriMet UT Existing 29,500 
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Table 2-1 Existing and planned extended climate stations 

Extended Climate Station Name Climate 
Network State Status Irrigated 

Acreage 
Pelican Lake AgriMet UT Existing 31,000 
Elmo AgriMet UT Existing 26,500 
Huntington AgriMet UT Existing 20,000 
Ferron AgriMet UT Existing 13,000 
Castle Dale AgriMet UT Existing 10,500 
Tropic (Paria River) AgriMet UT Planned 3,500 
Castle Valley near Moab AgriMet UT Planned 3,000 
Delta CoAgMet CO Existing 

90,0001 
Montrose CoAgMet CO Existing 
Olathe CoAgMet CO Existing 
Olathe 2 CoAgMet CO Existing 
Eckert  CoAgMet CO Existing 58,500 
Gunnison CoAgMet CO Existing 53,500 
Yellow Jacket CoAgMet CO Existing 50,500 
Silt CoAgMet CO Existing 45,000 
CSU Fruita Expt Station CoAgMet CO Existing 39,000 
Carbondale CoAgMet CO Existing 25,500 
Hayden CoAgMet CO Existing 17,500 
Orchard Mesa CoAgMet CO Existing 10,500 
Mancos CoAgMet CO Existing 10,000 
Cortez CoAgMet CO Existing 9,000 
Towaoc CoAgMet CO Existing 7,000 
Upper Uncompahgre CoAgMet CO Planned 10,000 
Navajo Block 1 NAPI NM Existing 38,000 
Navajo Block 9 NAPI NM Existing 24,500 
Farmington NMCC NM Existing 14,500 

Total Acreage Covered by Existing or 
Planned Extended Stations 1,017,000 

Notes: 
1Extended Climate Stations all cover acreage under the Uncompahgre Project. 
AgriMet = agricultural weather network 
CoAgMet = Colorado Agricultural Meteorological Network 
NAPI = Navajo Agricultural Products Industry 
NMCC = New Mexico Climate Center 
WACNet = Wyoming Agricultural Climate Network 
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Table 2-2 Proposed extended climate stations 

Proposed Extended Climate 
Station Name Climate Network State Irrigated 

Acreage 
Neola Area AgriMet UT 35,000 
Vernal AgriMet UT 34,500 
Loa/Bicknell Area AgriMet UT 16,500 
Los Pinos River AgriMet/CoAgMet CO 39,500 
Kremmling AgriMet/CoAgMet CO 33,500 
Steamboat Springs AgriMet/CoAgMet CO 33,500 
Collbran AgriMet/CoAgMet CO 24,500 
San Miguel AgriMet/CoAgMet CO 24,500 
Marvine Ranch AgriMet/CoAgMet CO 22,500 
Animas/Florida River AgriMet/CoAgMet CO 19,000 
Fraser/Upper Colorado AgriMet/CoAgMet CO 15,000 
La Plata River AgriMet/CoAgMet CO 12,500 
Pagosa Springs AgriMet/CoAgMet CO 9,500 
Aztec  AgriMet/NMCC NM 15,000 

Total Acreage Covered by 
Proposed Extended Stations 335,000 

Notes: 
AgriMet = agricultural weather network 
CoAgMet = Colorado Agricultural Meteorological Network 
NMCC = New Mexico Climate Center 

2.2 FUNDING REQUIREMENTS 
The existing Extended Climate Stations shown in Table 2-1 have be installed and historically 
maintained through individual state funding.  It is critical that the states recognize the importance 
of those stations to the UCRB Consumptive Uses and Losses Reporting and work towards 
assuring long-term funding for maintenance, calibration, and data QA/QC.  Table 2-3 shows the 
estimated annual funding requirements, by state, to assure these stations can be used as part of an 
UCRB climate network. 

Table 2-3 Annual funding requirements for existing and planned extended climate stations 

Cost Item Wyoming Utah Colorado New Mexico 
Number of Existing or Planned Extended 
Climate Stations 10 9 16 3 

Annual Operation and Maintenance ($1,750 
per year per station) $17,500 $15,750 $28,000 $5,250 

Data QA/QC ($500 per year per station) $5,000 $4,500 $8,000 $1,500 
Annual Cost $22,500 $20,250 $36,000 $6,750 

Note: 
QA/QC  =  quality assurance/quality control 
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The individual states and Reclamation have approved and secured Upper Division states MOU 
funds to cover estimated installation and the first year’s annual O&M and data QA/QC costs for 
the 14 proposed Extended Climate Station as shown in Table 2-4.  The following is a detailed 
explanation of the costs included in Table 2-4. 

• To help assure the Extended Climate Stations are maintained and calibrated to current ASCE 
standards, staff with Reclamation’s AgriMet climate network will work with Colorado and 
New Mexico to develop calibration kits and review maintenance and calibration procedures 
for Colorado, New Mexico, and Wyoming.  The cost for the kits and training, including 
travel costs, was estimated by AgriMet staff to be $3,000 per state.  Note that AgriMet has 
already developed a calibration kit and provided training to Utah.  Wyoming also has a 
calibration kit and procedures in place so the costs in Table 2-4 are for Colorado and New 
Mexico only. 

• To help assure that the QC and any required filling of climate data is performed to current 
ASCE standards, AgriMet staff will work with Colorado and New Mexico to develop data 
review procedures.  The $5,000 cost per state for AgriMet staff to assist in developing 
consistent QC procedures includes travel time to each state.  Wyoming and Utah have QC 
procedures in place that meet ASCE standards. 

• O&M of new Extended Climate Stations will be each state’s responsibility and is estimated 
at $1,750 per station per year.  O&M costs include data communication costs; site visits; and 
sensor cleaning and calibration.  Note that New Mexico does not currently have funding to 
maintain and calibrate its three existing stations; therefore, those stations are included with 
the cost for the proposed Extended Climate Stations. 

• Annual data QA/QC costs include meteorological data and metadata management, and data 
QC for new Extended Climate Stations plus the three existing Extended Climate Stations in 
New Mexico.   

• Reclamation will cover 1/5 of the costs associated with the new Extended Climate Stations 
separate from the Upper Division States MOU funds. 

Table 2-4 Costs for proposed extended climate stations 

Cost Item Unit 
Costs 

Number 
Required 

One-
Time 
Costs 

Annual 
Costs 

Proposed 
Reclamation 

Share 
Purchase and Install New Extended Climate 
Station $9,000 14 $126,000 N/A N/A 

Develop Calibration Kits and Review/Assist 
with Calibration Processes  $3,000 2 $6,000 N/A N/A 

Assist with Development and Review of Data 
QA/QC Process $5,000 2 $10,000 N/A N/A 

Operation and Maintenance  $1,750 15 N/A $26,250 N/A 
Data QA/QC $500 15 N/A $7,500 N/A 
First Year Costs $175,750 $35,150 
Subsequent Year Annual Cost $33,750 $6,750 

Note: 
N/A  = not applicable 
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Since Reclamation funding will be used to purchase the Extended Climate Stations (or 
EC towers), they will maintain ownership of the stations.  However, Reclamation can contract 
with the climate station network administrators to perform O&M on the equipment. 

2.3 FINAL SITE SELECTION 
State Climatologists and/or state climate network representatives routinely work with land 
owners and local conservation districts in their states to site climate stations and have agreed to 
assist the Study Team in completing the following steps:   

1. Identify land owners that may be interested in allowing an Extended Climate Station to be 
located on their land.  

2. Finalize the land access agreements and work with land owners to select the final site that 
meets the ASCE criteria. 

3. Schedule installation and set expectations with the land owners regarding required access for 
scheduled equipment maintenance. 

4. Train the land owners on simple maintenance issues that may be required periodically 
(e.g., cleaning dirt off a sensor or adjusting a stuck wind gage). 

Figure 2-1 Wyoming extended climate stations and estimated coverage 
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Figure 2-2 Utah extended climate stations and estimated coverage 
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Figure 2-3 Colorado extended climate stations and estimated coverage 
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Figure 2-4 New Mexico extended climate stations and estimated coverage 
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3. Section 3 THR EE Eddy Covariance Towers 

There are existing networks of Extended Climate Stations and network coordinators with 
expertise in selecting equipment, installing, and maintaining those networks in the 
UCRB.  However, there have been few EC towers installed and operated.  Therefore, this section 
provides much greater detail on properly selecting locations and equipment and assuring that 
equipment is properly maintained. 

3.1 BACKGROUND 
Evaporation measurement and estimation has a rich history of innovation in instrumentation and 
methods.  ET measurement techniques can be broken into three categories:  1) methods based on 
conservation of energy, 2) methods based on conservation of mass, and 3) methods based on the 
physical transport process.  For a more complete treatment of evaporation measurement history 
and a discussion of a broad array of techniques, see Hydrology: An Introduction (Brutsaert 
2005).  

Energy balance techniques typically assume that the land surface energy budget is closed with 
four potential energy flows: the total available (net) radiation, Rn; the heat conducted to and from 
the soil, G; the total sensible heat transported into the air, H; and the latent heat, λE, associated 
with the vaporization of water (i.e., ET).  The team neglected the terms of photosynthesis, energy 
stored in the canopy, and horizontal advection which are generally less than 2 percent of the total 
energy balance under uniform field conditions (i.e., within the error of measurement of the other 
terms in the energy balance).  Energy balance approaches measure Rn, H, and G to find the ET as 
a residual.  For this Project, Penman-Monteith and remote sensing techniques based on SEBAL 
(Surface Energy Balance Algorithm for Land) fall into this category.  

Mass balance techniques typically measure water storage directly, including soil water, irrigation 
and/or rainfall, runoff and stream flow, and deep percolation below the root zone (groundwater).  
Change in storage can be used to determine ET as a residual term.  Consumptive water use is a 
necessary input for these types of field methods, making them inappropriate for this Project, 
where consumptive water use is the variable to be measured.  This category has one notable 
technique, lysimetry, which is one of the most accurate, precise, and direct measures of ET.   

Physical transport methods monitor the mechanism that is responsible for the movement of water 
through the environment.  Sap flow techniques monitor the total transport of water through the 
stems of large plants (typically trees).  Flux chamber techniques isolate a portion of the land 
surface from its surroundings and monitor the response.  EC monitors the vertical advection of 
water vapor from the land surface by atmospheric turbulence.  These methods each have a 
unique mathematical foundation with concomitantly unique assumptions and simplifications.  
This report is focused on the EC technique as a method to measure the evaporation from a 
relatively large land area. 

EC has been widely used and discussed in literature and many excellent reviews exist 
(e.g., Baldocchi 2003; Lee et al. 2006).  EC has been applied to measure mass, momentum, and 
energy fluxes in many different environments such as over agricultural crops (Soegaard et al. 
2003), forests (Baldocchi et al. 2001), and snow-covered regions.  EC measurements of the trace 
gases of carbon dioxide (CO2) and water (Baldocchi et al. 2001) have become extremely 
common, but measurements of other trace gasses of interest are also possible (e.g., methane and 
nitrous oxide fluxes) (Smeets et al. 2009).  The underlying measurements of wind velocity and 
gas concentration are typically made at a relatively high sampling frequency (e.g., 10 Hertz [Hz] 
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or greater) using closed-path or open-path measurements of the gases of interest.  Open-path 
systems sample the gas directly at the sensor head, while closed-path instruments require a 
pumping system that acquires a gas sample and transports it to a bench-top gas analyzer.  This 
high frequency sampling is necessary to capture the full range of motions responsible for gas 
movement by atmospheric turbulence.  High frequency signals are then processed to provide 
measurements of ET on a 20- to 30-minute interval.  See Appendix C for a description of the 
mathematical foundations of the technique.  The major assumptions of the technique are 
presented below. 

3.2 ADVANTAGES AND SYNERGIES OF EC  
A robust experimental design will compare methods from different categories, as they rely on 
independent sets of assumptions and mathematical analyses.  EC provides an independent 
measurement not based on the same set of fundamental assumptions employed by the other 
ET estimation techniques used in this Project.  That is, SEBAL-based satellite techniques and 
Penman-Monteith are based on conservation of energy and EC is based on turbulent transport.  
EC has emerged as the current standard for field-based ET measurement.  EC is the backbone of 
flux estimates for both the Ameriflux network and the new NEON network.  There is a 30-year 
history of its successful use in the field.  Within the category of physical transport methods, the 
EC method has the advantage of taking representative measurements of a larger land area.  
EC measures a weighted average ET from an area defined by its measurement footprint (see 
Section 3.7).  This area varies in time, depending on atmospheric conditions and instrument 
height above the land surface.  Instruments located at greater heights will have a larger footprint.  
Typical footprints for a 30 feet tower are greater than 0.25 acres in area.  By contrast, sap flow 
and chamber techniques are limited to areas of extent on the order of 10 to 100 square feet (ft2).  

A comment on disagreement of energy balance and EC:  The discordance between the 
underlying physical assumptions of ET techniques can also lead to discordance between the 
measurements.  Lack of surface energy budget closure is a common issue raised in conjunction 
with EC flux measurements.  That is, if the four major energy transport pathways (that are the 
basis for energy balance techniques) are measured independently with EC and other specialized 
instrumentation, there is typically an amount of available energy (from the sun) which remains 
unaccounted (see Wilson 2002 and the references within for a detailed analysis).  The portion of 
energy that is missing in this budget is between 5 and 20 percent of the total net radiation, Rn.  
That is, EC techniques tend to give evaporation measurements that are less than those given by 
energy balance techniques.  There has been considerable debate in the literature as to the 
significance of the disagreement between EC and energy balance techniques, and some careful 
analysis (Higgins 2012) and experimentation have begun to close the gap in reported evaporation 
values and understanding.  Higgins’ assessment (2012) is that the disagreement centers on the 
formulation of the energy balance equation itself; that there can be additional, unmeasured 
transport pathways of energy (e.g., storage of heat in the soil, and plant mass and advection of 
heat and water vapor in the lateral directions).  These transport pathways are not necessarily 
captured by the EC method, while energy balance methods lump energy transported through 
these pathways into the ET estimate.  Regardless of where one stands on the issue, it is pragmatic 
to recognize that different methods each have their own strengths, assumptions, and treatment of 
the physical process.  This leads to potential mismatches that can be understood and interpreted. 
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3.3 ASSUMPTIONS OF THE EC METHOD 
1. Turbulence is responsible for the majority of the gas transport.  The rapid sampling of the 

velocity vector allows for investigation of the velocity energy spectra.  Thus, this assumption 
is verifiable by analysis of the acquired data.  If the energy spectra of the velocity exhibits an 
inertial range with a -5/3 slope, this assumption is likely satisfied. 

2. The land surface is flat and homogeneous.  This assumption is the most restrictive, but EC 
has been used successfully in a variety of environments where this assumption is not satisfied 
strictly.  The most fruitful path forward is to carefully select measurement locations where 
this assumption is most likely to be met.  For example, agricultural fields tend to be planted 
with a single crop, and therefore satisfy the homogeneity portion of this assumption.  
Therefore, relatively flat agricultural fields should be chosen. 

3. The mean vertical wind is assumed to be zero.  Again, the underlying data can be evaluated 
to determine if this assumption is satisfied.  The mean vertical motion in the atmosphere 
should be zero as a consequence of mass conservation in a flat and uniform field (see 
Assumption 2 above).  If this assumption is violated, it is likely that the instrument was not 
installed parallel to the ground surface.  Such a disagreement is not fatal as the frame of 
reference of the data can be rotated.  This is a typical data handling ‘correction’ that is 
applied. 

4. Stationarity is assumed.  That is, the running mean of the humidity does not change 
appreciably within the period of flux calculation.  One typical check is to fit a linear trend to 
the humidity data.  If the slope is above a threshold (could be zero), the trend from the data 
can be removed with little loss in flux quality. 

This discussion reveals that, of the four major assumptions, only the first two can disrupt the 
measurement technique.  Assumption 1 can be violated at times of extreme flow quiescence and 
atmospheric stability.  These events typically occur in the overnight hours.  As we are interested 
in the consumptive water use by active plants, for which the vast majority of the water use occurs 
in the daytime hours, this assumption is likely to be satisfied during the times of most interest for 
consumptive water use monitoring.  Assumption 2 is a key consideration for EC tower siting, as 
an inappropriate EC tower location can produce less reliable results.   

This section is intended to provide an introduction and practical guidance on the subject of EC, 
tower setup, maintenance, and data handling -- an exhaustive description would require hundreds 
of pages (and there are excellent compilations on the subject).   

3.4 RECOMMENDED READINGS FOR GREATER DETAIL 
The following readings are recommended to ascertain additional detail on EC, and surface flux 
measurement and analysis. 

1. Aubinet, T. Vesala, and D. Papale.  2012.  Eddy covariance: a practical guide to 
measurement and data analysis.  Springer. 

Commentary:  If only one book is to be chosen, choose this one.  It is complete in both 
theory and practical considerations 
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2. Lee, X., W.J. Massman, and B.E. Law, Eds.  2006.  Handbook of micrometeorology: a guide 
for surface flux measurement and analysis.  Springer Science & Business Media.   

Commentary:  Also complete, but not as recent and focused more on scientific applications.  
This one may have better insight for running networks of towers. 

A detailed description of the infrastructure required to perform these measurements is provided 
in Section 3.5.  A description of the data handling, corrections, and QA techniques is presented 
in Section 3.6.  Section 3.7 discusses the flux-footprint and Section 3.8 makes recommendations 
for preferred qualifications of personnel.  The data from the 2015 field measurement campaign is 
presented in Section 3.9.  Finally an analysis of the UCRB for future EC measurements is 
presented in Section 3.10.   

3.5 INFRASTRUCTURE 

3.5.1 Sensors 
Appendix D contains manufacturer information of open path instruments like the type pictured 
on Figure 3-1, and information on the range of manufacturers that provide suitable and 
anemometers. 

1. A fast response humidity sensor.  This device must be able to measure the moisture content 
of the air with a repetition rate of at least 10 Hz (20 Hz is preferred).  The currently available 
instruments rely on infrared absorption of light across a path of known distance.   

2. A fast response three-dimensional (3-D) anemometer.  This device must record the three 
components of the wind velocity vector with a repetition rate of at least 10 Hz (20 Hz is 
preferred).  The currently available instrumentation relies on measuring the time of flight of 
acoustic pulses across a domain of known size.   

Sensor geometry plays a role in data quality analysis.  Due to the mounting configuration and 
support structure of the instrument, there are some wind angles of attack which may yield 
data of lesser quality.  This is the so-called “tower shadow effect.”  The Campbell model is 
most impacted in this regard.  The Campbell model also has some of the most desirable 
specifications.  These units also span a range of price points.  Thus, typical wind conditions 
on site, accuracy requirements, and price point would together determine the most suitable 
unit.  An important item to consider is that the Licor LI7500A does not work well with the 
Campbell Scientific equipment and vice-versa due to their data logger requirements 
(i.e., Licor uses Ethernet, Campbell uses SDM [Security Device Manager] addressing).  If a 
LI7500A is chosen for vapor concentration measurements, one should not choose a Campbell 
Scientific anemometer. 

3. A data-logging solution.  Data from the instrumentation must be acquired for later analysis.  
The logging solution for EC must be matched with the choice of sensors and their 
communication protocols.  That is, the choice of the fast response humidity sensor will 
determine the appropriate logging solution. 

The fast response hydrometer and the 3-D acoustic anemometer must be placed in close 
proximity, though not too close as to create flow distortion effects, although some flow 
distortion and tower shadow is inevitable for sensor pairs.  Since the choice of the humidity 
sensor constrains the choice of acoustic anemometers and data logging solutions, only two 
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potential sensor systems are presented: one based on the Campbell scientific IRGASON, and 
one based on the Licor LI7500A. 

Figure 3-1 Close-up schematic of the main sensor package 

Sensor and Logging Package #1 
The total cost for an integrated IRGASON sensor with a CR6 data logger is $22,225 (see 
Appendix E for a current price quote).  This price includes a fast response humidity sensor that is 
fully integrated into a CSAT anemometer.  All of the required software, cabling, and other 
ancillary equipment are included in this price (though no replacement parts are included).   

Replacement parts would be the same cost as the original parts.  Having backup parts is a 
reasonable precaution if there is more than one EC tower.  Lead times on instrumentation 
purchases and repairs that involve the manufacturers vary from three to six weeks (it would be a 
management decision to decide if such a window is an acceptable loss if something was to 
malfunction seriously).  Otherwise, backup instruments can fill this gap while repairs take place.  
The extra cost would cover an unforeseen data gap due to catastrophic failure where the gap 
could be up to six weeks (or about 25 percent of a growing season). 

Figure 3-2 illustrates the deployment of a flux station with a 3-D sonic anemometer/thermometer 
and an open-path infrared gas analyzer.  The unit pictured is the Campbell Scientific IRGASON.  
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Figure 3-2 Campbell Scientific IRGASON 

Sensor and Logging Package #2 
The total cost for a LI7500A with a Gill sonic anemometer and Licor logging system is $27,570 
(see Appendix E for a current price quote).  This price includes all of the software, hardware, 
cabling and ancillary supplies (though no replacement parts are included).  Figure 3-3 is a 
LI7500A with a Gill anemometer representing sensor and logging package #2. 

Figure 3-3 LI7500A with a Gill Anemometer 
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Discussion of the Primary Sensor Package Selection 
The Campbell unit has an advantage on price and integration.  The integrated nature of the 
Campbell package eliminates a data handling and QA test, the so-called “sensor separation 
correction.”  The Licor package has integrated satellite communication that reduces the price-gap 
somewhat, and the geometric configuration of the Gill has a smaller sector of wind angles of 
attack that are tied to flow distortion (i.e., the flow distorted by the wake of the LI7500A) (which 
ultimately depends on the relative positioning of the Gill and the LI7500A).  The Licor system is 
also compatible with the manufacturer’s EddyPro software which may reduce data analysis 
costs.  At the time of this writing, the Study Team had not tested the Licor software solution. 

Figure 3-4 shows the schematic of a tower installation (traditional mast) with the fencing and 
power system depicted. 

Figure 3-4 Schematic of an EC tower installation (traditional mast)  

Additional Sensors (Optional) 
1. Solar radiation, preferably the net radiation.  With an additional solar radiation 

measurement, the raw EC measurements can also be used to compute the Penman-Monteith 
ET estimate which can provide a cross-check of the EC results.  Net radiation also provides 
an independent measurement of one of the components of the surface energy balance.  The 
typical net radiation sensors cost approximately $2,000. 

2. Ground heat flux, (only if net radiation is measured).  The full surface energy balance 
computation can be calculated when this instrument is also included.  A check of the energy 
balance closure provides a valuable cross-check on data quality.  The typical cost of a ground 
heat flux plate is approximately $600. 
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3.5.2 Physical Infrastructure   
A support structure is required to suspend the instrument above the land surface.  The sensor 
systems require electricity and should be protected with fencing.  Consideration should be given 
to the local wildlife, and a lightning rod and proper grounding should be used. 

1. Tower structure:  There are two classes of tower structures: walk-up towers and traditional 
masts.  Walk-up towers resemble scaffolding systems and have a wide base that contains a 
ladder or stair system.  These systems have a greater impact on the local atmospheric flow, 
but are easier to climb and maintain.  Typical masts are less than 20 inches wide, and may be 
more challenging to climb.  A permanent tower installation would benefit from a concrete 
base.  Total costs, safety, and data quality considerations should be considered when 
choosing a support structure.  The cost of tower structures range from $1,500 to $10,000. 

2. Hardware:  The tower will be secured by a set of guy wires and associated hardware.  
Hardware costs are $500. 

3. Electricity:  The electrical system should be given full consideration.  The most common 
reason for data gaps and data loss is interrupted power.  Nearly all of the sensors and logging 
solutions will be powered by 12-volt DC.  Line power (a wall plug) is the most reliable, but 
may not be available at the majority of measurement locations.  Solar power is a reliable 
alternative, provided the power system is designed with an appropriate factor of safety.  That 
is, the battery reserve should last several days without recharging, and should be able to be 
recharged fully in less than one day.  An appropriate charge controller is needed, and the data 
logger program should monitor the battery voltage to determine if there is a persistent 
problem with the power system.  More exotic power systems are also available for places 
with low light conditions (e.g., generators, fuel cells, etc.), but these require more 
maintenance.  Electricity costs are $1,500.   

4. Lightning protection:  A lightning grounding kit should be electrically insulated from the 
tower and properly grounded to its own ground.  In addition, all sensors and loggers should 
be electrically isolated from the EC tower and properly grounded to their own separate 
ground.  This is unlikely to save the instruments if the EC tower experiences a direct 
lightning strike, but it does provide some protection from nearby strikes.  Lightning 
protection costs are $800. 

5. Fencing:  The EC tower location must be enclosed in fencing to keep unauthorized personnel 
from climbing or otherwise disturbing the EC tower, and to reduce the chance that large local 
wildlife or domestic animals (e.g., livestock) impact the measurements.  The estimated costs 
for fencing range from $1,000 to $3,000. 

6. Cable protection:  The completely assembled system will have many assorted wires and 
cables for data and power transmission.  Any of the cables that are near or touching the land 
surface should be encased in electrical conduit to protect them from rodent damage.  The 
typical cost of cable protection is $50. 

7. Wildlife management:  All gaps in electronics enclosures should be filled to reduce access 
by rodents.  Bird-scare tape may help deter nesting, but raptors may still nest or perch.  Insect 
nesting can also cause issues, but is rarer.  In this Study Team’s experience, a pliable plastic 
substance (like silly putty) has outperformed other alternative approaches.  The total 
estimated cost is $20 for the wildlife management techniques described here. 
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3.5.3 Telemetry 
There is limited local disk storage space on all data acquisition systems.  If there is no real-time 
telemetry of the raw data:  1) there is no way to know if there is a problem with the installation 
without a site visit, and 2) the only copy of the data is on the logger until a technician performs a 
back-up during a site visit.  Thus, reliable telemetry is necessary and can reduce the total number 
of site visits and the risk of data loss.  The preferable configuration would provide a live stream 
of the 20-Hz data to the data analysis expert.  With this configuration, problems could be 
detected immediately and repairs carried out in short order.  A live feed would also reduce the 
chance of catastrophic data loss (due to unforeseen electronics issues or other unpredictable 
events).  Due to the data volume, a local Ethernet or wireless internet connection would be the 
most sensible option to transmit the 20-Hz raw data.  The best option for a permanent site is 
therefore to install Internet service along with power utilities.  Such an investment would result 
in far superior reliability and robustness.  If this investment is not possible, compromises can be 
made.  Rudimentary flux calculations and systems diagnostics can be done with the data 
acquisition system.  The results from these computations can be sent easily by cell, satellite, or 
radio communication.  In this way, a flux data analysist would be able to ascertain if there was a 
problem with the EC tower and/or equipment, but the raw 20 Hz signal would have no backup 
unless a technician is dispatched in regular intervals to perform this task.  Depending on the cost 
of an EC tower service visit (which would include technician time plus travel time), it may be 
more economical to have a real-time stream of the 20-Hz data via the Internet.  Without full 
telemetry for the 20-Hz data, a technician should be sent to the site once per month, at a 
minimum.  If the travel and labor costs for one EC tower visit per month are greater than the 
monthly cost of full telemetry, it is economical to install the local Internet connection.  The 
estimated costs for the initial install of the telemetry system is $2,000 and then $100 per month 
for service. 

3.5.4 Site Survey 
A survey of the immediate area surrounding the EC tower should be performed at the time of 
setup.  Major land features, cropping patterns, fence lines, land classifications, etc. should be 
noted and catalogued.  The survey is done to cross-check the assumption of a homogeneous land 
surface (in conjunction with the EC tower footprint), and is a necessary part of the metadata to 
describe the site. 

3.5.5 Tower Maintenance 
Recalibration of the sensors and the loggers should occur on a per annum basis.  The infrared gas 
analyzer may require more frequent calibration (as determined by inspection of the signal and 
error reports).  Calibration of the infrared gas analyzer can be done in place with a portable 
calibration sleeve, and a set of standard gasses: dry nitrogen, CO2 at a known concentration, and 
humid air at a known dew point.  Dry nitrogen and standardized CO2 gasses can be purchased in 
cylinders.  Air at a known dew point is typically made with a dew point generator (e.g., Licor 
instruments, which costs approximately $8,000).  Only one of these devices is needed for a large 
number of EC towers.  Logger calibration and sonic anemometer calibration is typically 
performed by the manufacturer yearly at a cost of approximately $500 per instrument per 
calibration.   
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At least once per year (though preferably during each site visit), wires should be checked for any 
fraying or loose connections, humidity indicators should be checked within electronics 
enclosures, and desiccant packs replaced as needed.  The power system should also be regularly 
maintained and the battery charge should be monitored.  If solar is used, the vegetation around 
the panels should be kept short to keep the panels in full sun. 

Both Campbell Scientific and Licor have recommended maintenance practices in their manuals 
for their infrared gas analyzer.  Each system has an oxidizing agent within the housing of the 
sensor head that should be replaced on an interval specified in the manual (approximately 
yearly).  In addition, the laser system has lenses that should be cleaned if the signal strength falls 
below a predetermined threshold (e.g., 70 percent for Campbell EC150).  These maintenance 
procedures could be performed easily during the winter (off) season for this Project.   

3.5.6 Tower Location within the Field Site 
Preliminary meteorological measurements should be performed before EC tower installation to 
determine the predominant wind directions during the daytime hours.  The site should be 
assessed to determine which areas would represent the most homogeneous upwind field 
conditions.  The EC tower should then be placed downwind of the most relevant portion of the 
field under investigation (as determined by the preliminary meteorological data).   

Tower shadow, sometimes called the wake region, is the set of wind directions which arrive from 
the aft of the instrument, or in such a way that the upwind turbulence is disturbed by a tower’s or 
sensor package’s wake.  Sensor and EC tower positioning decisions should be made with this in 
mind.  Most field locations contain discrete elements that are undesirable for flux measurements.  
These areas are usually homes with driveways, roads, or other access pathways.  If possible, it is 
best to orient the sensors relative to the EC tower and each other such that those undesirable 
areas fall within the tower shadow.  If the site does not have problematic elements, then the 
sensors should have a relative orientation such that the tower shadow is aligned with the least 
common wind direction (see Figure 3-5 for an example).   

On Figure 3-5, data for wind directions from the EC tower side of the Campbell Scientific 
IRGASON are impacted by the wake of the tower.  The typical practice is to discard the data that 
falls within this sector (the so-called “tower shadow”) depicted by the red area in the plot on this 
figure.  The location of this area is determined by the relative position of the instruments and 
tower (the yellow object at the center of the image).  Efficient setup places the tower shadow 
sector in the least common wind directions or in an area where flux measurements would have 
less meaning.  In this example, the tower shadow was placed to cover a nearby house and small 
valley which also coincide with the least common wind directions.  This sector also contains a 
field that was green during August and September, when the field to the north of the EC tower 
was not.  The limitation of the instrument is that evaporation measurements must be excluded 
from this region (approximately 12 percent).  (Note that in future comparisons with remotely 
sensed data, only measurements outside of the EC tower shadow were used.)   
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Figure 3-5 Sensor orientation and EC tower shadow example 

3.5.7 Safety 
Field measurement in an agricultural environment does include several safety hazards that should 
be discussed and addressed prior to fieldwork.  All personnel should have appropriate safety 
training for the tasks they are assigned.  There are tower climbing certifications and safety 
procedures for licensed tower operators that are available.  Ground crews should wear personal 
protective equipment (e.g., safety glasses, gloves, steel-toed boots, and a hard hat at minimum).  
An appropriate risk management/safety plan should be developed and consultation with a safety 
expert is recommended as this section just hits on the safety considerations and does not account 
for all safety hazards, concerns, or field scenarios that may be experienced. 

3.5.8 Lessons Learned and Potential Failure Modes 
Care, proper planning, and engineering can reduce the chance of data loss.  Following are some 
recommendations to address the various failure potentials based on past experiences and lessons 
learned.   

1. Power failures:  Risk of power failure can be reduced by designing a robust power system 
that has redundancy. 

2. Lightning strikes:  The effects of lightning strikes can be mitigated by installing  lightning 
rods and independent grounding; however, even with such measures, a direct lightning strike 
would still likely result in sensor loss. 
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3. Electronics failures:  Constant monitoring of the system outputs through telemetry can 
reduce the potential for data gaps that result from electronic failures. 

4. Wildlife interference:  Fencing helps keep large animals out and conduits help keep small 
animals and rodents from chewing wires.  Insect repellant can be utilized to keep nesting 
insects in check, and bird scare tape can reduce the presence of perching birds. 

5. Vandalism:  Fences and appropriate signage to explain the intent of the EC tower help 
reduce the potential for vandalism.  Placing patriotic imagery on the signs has historically 
had an additional positive effect in discouraging vandalism. 

6. Falling trees:  To reduce the risk of falling trees damaging the EC towers, the towers should 
be installed away from tall trees and in clear areas, if possible. 

7. Extreme weather:  The acoustic anemometer does not function in extreme weather 
conditions (e.g., very high winds or excessive precipitation).  As such, the system will not 
return fluxes at these times.  At the time of this writing there are no known solutions to 
address extreme weather issues (it is a limitation of the instrumentation). 

The total costs for EC tower installation and continuing operation are reflected in Table 3-1.   

Table 3-1 Cost estimate for EC Towers1 

 Initial Costs Initial Labor Reoccurring 
Costs Reoccurring Labor 

Sensors $27,000    
Infrastructure $8,000    

Hardware $1,000    
Telemetry $2,000  $1,200/year  

Consumables   $1,000/year  
Calibration   $1,000/year 1 person-day/year 
Installation  10 person-days   
Site Survey  1 person-day   

Site Maintenance    12 person-day/year 
Data Analysis    0.2 FTE 

Note: 
1Assuming a technician pay rate of $100 per hour, and including benefits and a 20 percent contingency, an EC tower will cost 
approximately $55,000 to purchase and install, and will require approximately $16,300 per year to maintain.  This estimate does 
not include the cost of data analysis. 

FTE  =  full-time equivalent 
 
The typical life of an EC tower and associated equipment/sensors/etc. with proper maintenance is 
approximately 10 years (this is a conservative estimate). 

3.6 DATA HANDLING AND ANALYSIS 
The EC system will output the sonic temperature, a measure of the moisture content of the air, 
the CO2 concentration, the three components of the velocity vector tensor, and a set of diagnostic 
flags (usually two) at a sampling rate of 10 to 20 Hz (user selectable).  This corresponds to eight 
measured variables that are sampled 20 times per second.  The system operates continuously to 
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create several gigabytes of data per month.  This rate of data production is well within the 
capabilities of modern computing, but does require specialized handling and archival procedures.  
It is recommended that a centralized server, with regular backups, is used for archival.   

The raw data in itself requires multiple processing steps to determine the ET.  Automated 
software is available to carry out these functions.  See EddyPro 
(https://www.licor.com/env/products/eddy_covariance/eddypro.html?gclid=CPvivufDmskCFYV
hfgod_6wPOA) or EdiRe (http://www.geos.ed.ac.uk/abs/research/micromet/EdiRe/EdiRe).  
These steps can also be implemented in a programming environment of convenience to the user 
(e.g., MATLAB, R, and Python are the most common).  For example, the analysis presented in 
Section 3.9 was prepared in MATLAB with code developed by Higgins (2012).  Regardless of 
the approach, it is important that the user understands the reasoning for each step as it relates to 
the quality of the final product, the unique physical characteristic of the site, and the chosen 
instrumentation.  An estimate for the total person hours to accomplish one year of data analysis 
is 400 person hours; assuming $100 per hour (which includes wages and benefits), data analysis 
is estimated to cost $40,000 per EC tower per year. 

3.6.1 Data Analysis Steps 
The following is an overview of the data analysis steps.   

1. Initial Screening: 
a. System-generated error flags:  The EC system can be programmed to output a series of 

self-diagnostics associated with each measurement.  These typically take the form of an 
error code that is tied to a specific problem.  For example, if the power supply voltage 
drops below a critical threshold, the quality of the data output becomes suspect, and a 
diagnostic flag is generated.  Unexpectedly low signal strength can also trigger a 
diagnostic flag.  Such triggers are usually associated with heavy precipitation events.  
Historically, practice is to remove all data that are suspect, and typically, 10 to 
20 seconds of data in the time series adjacent to segments of continuous error flags are 
also removed. 

b. Determining any regions of disturbance (tower shadow):  The manual of the CSAT3 
includes a recommendation that the sector of wind directions that are aft of the instrument 
be removed from analysis.  This sector is defined as the 120 degrees directly to the aft of 
the instrument head (see Figure 3-5 above for a visual representation).  All measurements 
that occur when wind is arriving from this sector are removed from the analysis.  Thus, 
EC tower and instrument placement is critical relative to predominant wind conditions.  
To maximize the return of useable data, the regions of disturbance (tower shadow) must 
be placed such that they fall within the sector of least common wind approach directions. 

c. Check for realistic values:  A physical constraint test should be performed where 
temperatures are checked against long-term mean values; the humidity should not be 
above 100 percent, and the wind speed should be within the stated measurement range of 
the instrument.  Such errors are uncommon and may indicate that the instrument requires 
calibration if the problems persist.  Another check that should occur at the same time is a 
check to determine if there are condensing conditions (i.e., the temperature approached 
the dew-point).  Condensation on the laser lenses can disturb the measurement, but most 
modern systems have heating elements to reduce this problem. 

https://www.licor.com/env/products/eddy_covariance/eddypro.html?gclid=CPvivufDmskCFYVhfgod_6wPOA
https://www.licor.com/env/products/eddy_covariance/eddypro.html?gclid=CPvivufDmskCFYVhfgod_6wPOA
http://www.geos.ed.ac.uk/abs/research/micromet/EdiRe/EdiRe
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2. De-Spiking:  It is common for the raw signal to contain infrequent large spikes and 
instrument dropouts at a single moment of measurement.  These events are typically caused 
by natural interference of the sensor’s operation.  An insect or plant matter passing through 
the sensor’s control volume will cause a single spike (at least) or perhaps a lost data point.  
Several methods exist to de-spike the data.  Perhaps the most accepted approach by the 
community is described in Quality Control and Flux Sampling Problems for Tower and 
Aircraft Data (Vickers and Mahrt 1997).  For example, the standard deviation of the data 
under consideration is calculated, and data that fall outside a certain threshold (typically five 
standard deviations) are considered as spikes and eliminated.  See Figure 3-6 for a graphical 
representation of an un-treated data stream being de-spiked. 

3. Density corrections:  The density of air is impacted by its temperature and admixture.  Small 
changes in density can affect the resulting ET measurement, especially in arid environments 
where the total ET is relatively small.  This is corrected by the procedure outlined in 
Correction of Flux Measurements for Density Effects Due to Heat and Water Vapour 
Transfer (Webb et al. 1980). 

4. Planar fit (or other rotation methods):  To compute the EC, the fluctuations of the vertical 
velocity component need to be isolated.  This step endeavors to rotate the frame of reference 
of the data such that the mean of the cross-stream velocities are zero.  This is not a correction 
of the data, as the data are not changed but are merely expressed in a newly defined 
coordinate system.  If the instrument is not installed perfectly parallel to the land surface, or 
if the EC tower is installed above a land area with significant curvature, the average of the 
vertical wind may depend on wind direction.  This procedure is outlined in detail in Sonic 
Anemometer Tilt Correction Algorithms (Wilczak et al. 2001). 

5. Ogive analysis:  This analysis is performed to determine if the averaging interval is of 
sufficient length.  Specifically, this function is proposed as a test to check if all 
low-frequency motions are included in the turbulent flux measured with the EC method 
(Foken 2008).  The ogive is the cumulative integral of the co-spectrum starting with the 
highest frequencies.  The timescale where the ogive asymptotes to a constant value is the 
shortest possible segment length. 

6. Break data into averaging intervals:  In this step, the data are broken into intervals.  These 
interval lengths cannot be too short, lest there be non-convergent statistics (checked in step 
five), nor can these intervals be too long, lest there be a violation of the stationarity 
assumption within the EC theory.  Typical time intervals are 20 to 30 minutes.  The analysis 
hereafter is to be performed for each segment individually. 

7. Block de-trending:  The calculated EC is impacted by long-time scale changes in the 
atmosphere that are not responsible for the transport of water vapor.  These are the so-called 
non-stationary elements of the atmospheric boundary layer that can be caused by large 
wave-like motions or the persistent change of the diurnal cycle.  Often these changes occur 
on timescales that are significantly longer than the averaging interval for a single flux 
calculation.  For each segment and every variable, the linear trend with respect to time is 
removed (see Foken 2008 for more detail). 
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Figure 3-6 An un-treated data stream (a) and de-spiked data stream (b) 
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8. Optional spectral analysis:  The power spectral density of each segment can be plotted and 
inspected to determine if there is inertial subrange.  The objective is to ascertain if the spectra 
contain a segment with a slope of -5/3 on a log-log plot.  The presence of this region 
indicates that there is a significant amount of turbulence to apply EC.  For daytime 
measurements (as is the central theme of this report) this condition is almost always met. 

9. Flux calculation:  Compute the EC between the humidity fluctuations and the vertical wind 
component for each segment. 

10. Additional flux corrections:  There are many situation-dependent flux corrections that can 
be applied if desired.  It is the Study Team’s opinion that the importance of these corrections 
is relatively minor if appropriate experimental design, tower locations, instrumentation, and 
sampling is applied. 

11. Gap filling:  Data gaps are inevitable and must be filled and flagged to enable synthesis or 
integrative measures.  Gap-filling is done to create integrals (e.g., monthly, weekly, yearly), 
and to make comparisons with other data or models.  For example, satellite data may output 
the daily mean evaporation, or the cumulative evaporation over the season.  It is important to 
indicate which portions of the data have been gap filled so QC metrics can be employed by 
those users who may need information at fine scales.  Many elaborate gap-filling procedures 
are available, but perhaps the simplest is basic interpolation.  For gaps on the order of an 
hour, the team linearly interpolated.  Where gaps resulted because the instrumentation was 
done for longer than 24 hours, the team did not interpolate. 

3.7 FOOTPRINTS 
Fluxes that are measured are representative of an area surrounding the EC tower that varies 
depending on a number of parameters including tower height, surface roughness, and 
atmospheric stability.  All of these parameters can be determined by a site visit and the high 
speed EC data stream.  See Appendix C for an example of how atmospheric stability can be 
calculated. 

EC measurements made in the inertial layer above the land surface represent an integrated 
measurement of fluxes from a larger area.  It is therefore important to consider the “footprint” or 
region of influence of the flux measurement.  A flux footprint is defined more precisely by 
Schmid (2002) as “the transfer function between the measured value and the set of forcings on 
the surface–atmosphere interface.”  For relatively simple topography and ranges of atmospheric 
stabilities, a number of analytical approaches for determining the footprint have been proposed 
(see Hsieh et al. 2000; Horst and Weil 1994).   

The flux footprint is a function of wind speed and direction, surface roughness, and wind shear 
(related to buoyant stratification).  Thus, the footprint for a single 30-minute data segment would 
be unique, and would change for the next segment as atmospheric conditions change.  The 
footprint seen by EC instruments extends in the upwind direction, and is reduced with increased 
wind and instability.  EC assumes a well-mixed flow representing a uniform contributing area; 
however, all real-world applications will occur in heterogeneous conditions.  The weighted 
footprint function is used to attribute the measured flux to a weighted areal estimate (Göckede 
et al. 2006).  The footprint model assumes that the land surface is a boundary condition 
(source/sink) for the water vapor flux.  Many footprint estimation methods exist within the 
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literature today that span a wide range of model complexity.  Perhaps the most common is the 
model described by Schmid (1994). 

This calculation is necessary to perform a direct comparison between an EC tower and a satellite 
ET method.  That is, which pixels of the satellite scene correspond to the area where ET is 
measured must be known.  For the data comparison, the footprint and associated pixels for each 
data interval was calculated and an average of the pixel data was computed to find the 
satellite-measured ET value to be paired with the EC ET value.  

3.8 PERSONNEL 
Operation, maintenance, and data stewardship of the EC method requires a specific set of skills.  
The most important skills include: 

1. A working knowledge of a relevant computer programming language (e.g., C, Python, 
MATLAB, R). 

2. Knowledge of statistics, preferably as they relate to atmospheric flows. 

3. Experience with data loggers, data acquisition, and telemetry. 

4. Experience building electrical and/or sensing systems. 

5. Knowledge of database management. 

6. Qualifications to perform field work (if personnel is performing maintenance as well as data 
analysis activities). 

7. Appropriate safety training.  

These skills are not commonly associated with personnel that possess a Bachelor’s degree; 
therefore, the successful candidate would likely have a Master’s degree or higher.  

Some manufacturers provide targeted training for individuals who endeavor to become flux 
measurement experts.  See https://www.licor.com/env/products/eddy_covariance/training.html 
for an example.  The Study Team does not have firsthand knowledge of the effectiveness or 
applicability of these training programs. 

A list-serve exists where flux measurement professionals post job listings.  See 
http://fluxnet.fluxdata.org/community/opportunities/ for current listings.  A job posting to this 
community site would likely result in a diverse pool of qualified candidates.   

3.9 RESULTS FROM THE 2015 GROWING SEASON 
A Campbell scientific IRGASON was deployed in an irrigated pasture south of the town of Silt, 
Colorado from April 1 to September 31, 2015.  The EC system was operated at a sampling 
frequency of 10 Hz and acquired measurements of the three components of the wind velocity 
vector, the temperature, the specific humidity, and the concentration of CO2.  The instrument was 
mounted at a height of 23 feet above the field.  A nested map of the study area is presented on 
Figure 3-7. 

  

https://www.licor.com/env/products/eddy_covariance/training.html
http://fluxnet.fluxdata.org/community/opportunities/
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Figure 3-7 Map of the site and surrounding area 
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Tower setup followed the guidelines discussed in Section 3.5 of this report, and data analysis 
followed the procedure outlined in Section 3.6.  ET was computed on 30-minute intervals for the 
entire operational period.  Some data loss did occur, most notably, an electronic storage failure 
that spanned a time interval of approximately two weeks.  Heavy rainfall and some snowfall also 
accounted for data loss, and 16 percent of the total data were removed because they fell within 
the zone of the tower shadow.  No footprints inside the tower shadow were included in the 
comparison with remote sensing techniques per guidance from Campbell Scientific (2013).  
Figure 3-8 shows the land surface classifications around the EC tower.   

Figure 3-8 Land surface classifications near the EC tower location 
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The full-time series of the daily ET is provided on Figure 3-9.  Here the evaporation peaks at 
0.27 inches per day (7 millimeters [mm] per day) at the height of the growing season.  The one 
day of negative ET is associated with heavy rainfall events.  The data gap mentioned earlier is 
clearly visible in this time series.  Harvest occurred around day 209. 

Figure 3-9 Time series of daily ET 

Figure 3-10 shows cumulative ET from the irrigated pasture over the entire growing season.  The 
data gap is also visible in this figure.  The total ET measured from the field over the course of the 
season was 450 mm.  Precipitation would also need to be measured concurrently to determine the 
net consumptive water use.  
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Figure 3-10 Cumulative ET from the irrigated pasture over the entire growing season 
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3.10 BROADER IMPLEMENTATION 
Figure 3-11 presents the study region (blue outline) with the current and planned Extended 
Climate Stations (green circles) and outlines of the Landsat scenes (red dashed lines).   

Figure 3-11 Study region showing current and planned extended climate stations and outlines 
of Landsat scenes 

If an EC tower network were to be installed in the UCRB for the purpose of validating both 
satellite and Penman-Monteith estimates of evaporation, several considerations must be made, as 
bulleted below. 

1. EC tower locations should be near existing or planned Extended Climate Stations or contain 
the appropriate instrumentation to collect that data to facilitate cross comparison. 
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2. For Wyoming and New Mexico, where a single scene covers essentially all of the irrigated 
agriculture, EC tower locations should be near the nadir line of the Landsat 7 satellite 
overpass.  Landsat 7 data far from nadir become sparser due to an issue with the satellite.  
This is to reduce potential problems with satellite comparisons in the future.  For Colorado 
and Utah, EC towers should be located in the overlap zones with Landsat path 36.  The 
optimal locations would be in the eastern 75 percent of the Grand Valley for Colorado, and in 
the area between Roosevelt and Vernal in Utah.  Given the reality of cloud cover in the 
UCRB, especially in July and August, locating the stations in overlap zones with path 36 
would probably improve the probability of the team of obtaining useable satellite imagery for 
the EC sites.  This suggestion may result in the complete loss of Landsat 7 data for Colorado 
and Utah. 

3. Topographic conditions should be suitable for EC measurements.  Places of high relief or 
dramatic changes in topography are excluded.  The 1/3 arc second DEM from the National 
Elevation Dataset was used to determine local topographic features. 

4. EC towers should be located in an irrigated area, but not within an area with overhead 
moving irrigation systems.  Pivots are easily detected from the satellite images, and are 
excluded.  A judgment was also made upon the extent of the irrigated area, and isolated 
irrigated areas should be excluded.   

5. Preference should be given to locations that occur within the overlap of multiple Landsat 
scenes.  In conjunction with bullet 2 above, this restricts overlap within a single path (see 
Figure 3-12 for the example of Henry’s Fork).  In this way, one tower can validate more than 
one scene. 

6. At least two sites should be located in areas where water stress is expected. 

7. Preference should be given for logistical ease of access. 

The above criteria were used to determine a first- and second-choice candidate for potential EC 
tower locations across the UCRB.  Utah had three potential candidates.  Final decisions on site 
locations should be made after a boots-on-the-ground visit made by an EC expert.  Other 
considerations for site selection could include cellular service (for data telemetry) and land 
owner permissions.  Ideally, the sites should be on land that could be purchased or otherwise 
earmarked for the flux tower.   

The total number of EC towers in the network will depend on the available funds and the desired 
outcomes.  If the network’s main function is to validate the satellite estimates of ET, then the 
ideal scenario would be to have an EC tower in every scene.  Using overlapping portions of 
scenes, this can be accomplished with nine stations if they are carefully placed.  If the primary 
function of the network is to provide a comparison for the climate station Penman-Monteith 
estimations of ET, then fewer could be used.  With the six criteria outlined above, two potential 
EC tower sites were identified for Colorado, New Mexico, and Wyoming, and three potential 
EC tower sites were identified for Utah.  
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State and Rank Name Latitude Longitude 
CO #1 Upper Uncompahgre 38.17 N 107.71 W 
CO #2 Hayden 40.50 N 107.18 W 
NM #1 Farmington 36.68 N 108.32 W 
NM #2 Navajo Block 9 36.61 N 108.05 W 
UT #1 Pelican Lake 40.17 N 109.67 W 
UT #2 Huntington 39.31 N 110.97 W 
UT #2 Neola Area 40.42 N 110.00 W 
WY #1 Henry’s Fork 41.05 N 110.12 W 
WY #2 Budd Ranch 42.53 N 110.12 W 

3.10.1 Discussion on Stationary or Moving Towers 
To justify the effort and expense of moving a flux tower to a new location (which includes an 
estimated 20 person-days of labor), the resulting decision power and information must increase.  
There is not sufficient justification to measure in a new place as the satellite and Penman-
Monteith estimations can be validated at any viable location.  New data products must emerge as 
a result of the work.  There are a few imaginable approaches which could justify the effort. 

1. Creating a site-specific calibration equation that links the outputs of an Extended Climate 
Station to the EC measurement that leads to permanent improvements in the local Penman-
Monteith estimations.  The most promising path emerging in the literature now involves an 
adaptive neural network approach; however, that is still in its infancy, and is untested. 

2. Iterative improvement of the network.  If the satellite measurements could identify those 
places within scenes where the uncertainty is highest, the EC tower could be moved to those 
locations to provide the best potential adjustments.  In this scenario, the movement of EC 
towers would be temporary, and restricted to the first few years of the network’s operation. 

Figure 3-12 shows potential EC tower site locations.  The locations shown are approximate and 
could be moved within a 0.6 miles radius; however, each site still needs background research to 
determine exact locations.   
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Figure 3-12 Potential EC tower site locations 
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4. Section 4 FOUR  Remot e Sensing  Modeling Assessments 

4.1 REMOTE SENSING METHODS 
The objectives of the remote sensing aspects of this Project were focused on evaluation of the 
operational applications of various remote sensing methods to estimation of crop ET over 
agricultural fields of the UCRB.  The methods analyzed included the reconstructed METRIC 
method and the SSEBop method in Colorado, New Mexico, Utah, and Wyoming.  Additional 
space-based SSEBop estimates of ET were made by David Eckhardt (Reclamation – Denver) in 
Colorado (see Appendix F).  These alternative approaches investigated the influence of:  1) the 
number of scenes analyzed, 2) c-factor parameterization, and 3) air temperature dataset 
(Appendix F).  Satellite methods were compared to estimates of reference ET in each state, 
respectively.  A detailed comparison between the satellite methods and a direct measurement of 
actual ET, measured with an EC tower, were performed in Colorado.  The comparison between 
the EC tower and the satellite estimation methods was made for the subset of satellite image 
‘pixels’ that corresponded directly to the measurement footprint of the EC tower.  Inter-
comparisons were performed only when data from all sources were available. 

4.1.1 R-METRIC 
R-METRIC is a reconstructed version of the METRIC method (Allen et al. 2002; 2007).  
METRIC is based on the energy balance at the surface of the earth:  

𝑅𝑅𝑛𝑛 = 𝐺𝐺 + 𝐿𝐿𝐿𝐿 + 𝐻𝐻 (1) 

where 𝑅𝑅𝑛𝑛 is the net radiation flux, 𝐺𝐺 is the ground heat flux, 𝐿𝐿𝐿𝐿 (latent energy) is the λE flux, 
and 𝐻𝐻 is the sensible heat flux.  METRIC estimates ET at the time of the satellite overpass as the 
residual of the surface energy balance:   

𝐿𝐿𝐿𝐿 =  𝑅𝑅𝑛𝑛 − 𝐺𝐺 − 𝐻𝐻 (2) 

METRIC estimates each component of the surface energy balance individually.  Rn is calculated 
using the surface radiation balance equation.  The surface temperature is a major driver and is 
obtained from the satellite’s thermal band.  𝐺𝐺 is calculated using vegetation indices, net 
radiation, surface temperature, and albedo.  𝐻𝐻 is calculated using wind speed, surface roughness 
based on land use classifications, and the near-surface temperature gradient (𝑑𝑑𝑑𝑑).  

The temperature gradient is defined by two extreme conditions.  In the dry condition, 𝐻𝐻 
dominates the turbulent fluxes; 𝐻𝐻 is assumed minimal in the wet condition.  These conditions are 
defined by user-selected pixels, where the dry condition is taken from a bare agricultural field 
and the wet condition is taken from a well-watered agricultural field; both conditions must also 
meet certain vegetation parameters.  These pixel choices, in conjunction with hourly values of 
reference ET, allow for the computation of 𝑑𝑑𝑑𝑑, and therefore 𝐻𝐻, over a full scene; 𝐿𝐿𝐿𝐿 can then be 
calculated according to Equation 2.   

The reference ET fraction (ETrF) is calculated as the ratio of hourly ET estimated by the remote 
sensing method to hourly reference ET.  ETrF values are assumed constant over daytime hours, 
so daily ET estimates are generated by multiplying ETrF by daily reference ET.  For days of 
satellite overpass, ETrF values are interpolated on a pixel-by-pixel basis from one image 
acquisition date to the next.  Daily ET estimates are then calculated by multiplying the ETrF 
estimates by daily reference ET.  Seasonal ET is estimated by summing daily values. 
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The R-METRIC algorithms were constructed based on the METRIC applications manual 
(Allen et al. 2010) and other publications describing the METRIC data processing algorithms.  
There has been no side-by-side comparison of METRIC and R-METRIC on the same Landsat 
scene using the same hot and cold pixel selection (METRIC is a proprietary data analysis 
package and a service must be contracted for data analysis).  In previous work as part of the 
National Aeronautics and Space Administration (NASA) AirMOSS project 
(http://airmoss.jpl.nasa.gov/), R-METRIC gave very similar results to EC tower measured ET 
(the towers run by University of California, Berkeley) at one site (Viara Ranch), and notably 
high ET results over the growing season at another site located only a few kilometers away 
(Tonzi Ranch), and in the same Landsat scene (Ring et al. 2014).  These results were from a 
similar version of R-METRIC as that used on this Project, although the version for this Project 
included the implementation of the mountain model (Allen et al. 2010).  The hot and cold pixel 
selection is the key, and for both of these sites, the same person made the hot and cold pixel 
selection for the season and both sites were in the same scene (i.e., the same hot and cold pixels 
were used to evaluate the ET from the two tower sites).  The criteria used were always those 
specified by the METRIC manual, but the results are very susceptible to change based on which 
hot and cold pixels are selected.  Different experienced practitioners making hot and cold pixel 
selections using METRIC resulted in significantly different ET estimates in trials in central Iowa 
(Long and Singh 2013). 

4.1.2 SSEBop (USGS)  
SSEB is an acronym for Simplified Surface Energy Balance (Senay et al. 2007).  SSEBop 
(USGS) is the operational form of the model (Senay et al. 2013), which is executed by the 
USGS.  Unlike METRIC, SSEBop does not solve for the terms of the energy balance separately, 
but instead assumes a linear relationship between ET and surface temperature.  Early versions of 
SSEB required the manual selection of the hot pixel temperature (where ET is assumed to be 
near zero) and the cold pixel temperature (where ET is assumed to be near the reference value) - 
similar to METRIC.  SSEBop has been simplified by introducing the use of bias-corrected 
gridded daily maximum air temperature data to estimate cold pixel temperatures (Tcold), and a 
pre-calculated estimate of the temperature difference between hot and cold pixels (dT [near-
surface temperature gradient]) that is added to Tcold to estimate the hot pixel temperatures (Thot).   

The cold reference value is found as a fraction of near-surface daily maximum air temperature 
(Tmax) by the equation:   

Tcold = c (Tmax) (3) 

where c is a correction factor (called c-factor).  The c-factor is typically found statistically as a 
seasonal average ratio of the surface temperature of vigorous, full canopy vegetation to Tmax.  The 
USGS standard procedure requires scene-specific c-factors in the UCRB using Landsat imagery.  
The USGS first bias-corrects the Tmax data using a multiplicative coefficient so that it matches 
the recorded Tmax values measured at the designated Extended Climate Station for each Landsat 
Path/Row.  USGS then uses a statistical method to define the c-factor.  An image of LST (land 
surface temperature)/Tmax is generated, then masked such that only pixels with a Normalized 
Difference Vegetation Index (NDVI) greater than 0.7 remain.  The c-factor is defined as the 
mean LST/Tmax value from the masked image, minus two standard deviations. 
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The temperature gradient, dT, is calculated for a given date and place as a function of theoretical 
clear-sky net radiation and a constant aerodynamic resistance, and constants.  The hot reference 
value is then found by adding dT to the cold reference value.   

Reference ET fractions can then be calculated using remotely sensed temperature data as: 

ETrF = (Thot – LST) / dT (4) 

Actual ET is found by multiplying reference ET by ETrF.  Thus, the required inputs for SSEBop 
are thermal data from Landsat 7/8, reference ET, and gridded maximum air temperature.   

In addition to the SSEBop run by the USGS, Reclamation performed a sensitivity analysis 
(Appendix F).   

4.1.3 Note on R-ReSET and ALEXI-DisALEXI 
Originally, this Project was intended to test two other remote sensing methods to compute ET 
from a combination of Landsat data along with input data from other databases and/or models.  
One of these methods was R-ReSET which was to be a reconstructed model of the ReSET 
(Remote Sensing of Evapotranspiration) method developed by Elhaddad and Garcia (2008) and 
further developed and applied by David Eckhardt of Reclamation.  ReSET requires additional 
temperature databases and R-ReSET would have required recoding ReSET to MATLAB (which 
was the coding platform used by HEI.  This work was started by Dr. Richard Cuenca; 
Dr. Cuenca became seriously ill at that time and was hospitalized, thus precluding further 
development of these other remote sensing methods.   

ALEXI-DisALEXI is a model supported by the U.S. Department of Agriculture Hydrology and 
Remote Sensing Laboratory (HRSL) and is currently coupled with the FUSION model for 
interpolation in time and space.  Cooperation between HEI and HRSL resulted in the thesis of 
Theresa Ring who interned for a number of months at HRSL and who previously worked on 
development of R-METRIC for this Project.  HRSL personnel indicated they would cooperate 
with this Project Team as an example of support for ALEXI/DisALEXI to the extent possible, 
and they were sent all remote sensing and meteorological data sets that had been sent to the other 
Project Team members.  However, while the other Project Team members were doing data 
processing, ALEXI/DisALEXI was undergoing continued development, and particularly, the 
FUSION interpolation scheme.  This work was not completed until the end of the growing 
season and HRSL was not able to process the data in a timely manner for consideration in this 
report. 

4.2 OPERATIONAL REQUIREMENTS 
The time to run each model is highly dependent on the computer central processing unit and 
random access memory (RAM).  The recommended equipment is a high-end desktop computer 
with maximum RAM and hard disk space of multiple terabytes (approximately $3,000).   

All methods require the acquisition and processing of meteorological data to calculate reference 
ET.  Each meteorological network stores data in a different format.  Excel templates were 
developed at the beginning of the year and new meteorological data were added to the existing 
Excel templates.  A MATLAB script was used to compute Penman-Monteith reference ET, but 
this calculation could be scripted in any language.  These data were distributed to all users and 
used in the calculation of ETa (actual evapotranspiration) for all remote sensing methods.   
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The comparison with the EC tower, aggregation of each method, and comparison between 
methods were scripted in MATLAB.  Sample costs for MATLAB are indicated in Table 4-1. 

Table 4-1. Software costs – MATLAB 

 

4.2.1 R-METRIC 
R-METRIC is a reconstructed version of the METRIC model.  R-METRIC, which was originally 
modeled using ERDAS Imagine, was scripted using MATLAB for this Project.  Cloud masking, 
gap-filling, and interpolation are MATLAB-based and automated.  The time for each step is 
shown in Table 4-2.  Hot and cold boundary pixel selection was conducted by visual inspection 
in ArcGIS.   

Table 4-2. Remote sensing data analysis requirements for the UCRB using R-METRIC and 
assuming 20 satellite overpasses per season and 18 scenes per overpass to cover 
the UCRB 

 
Analyzing the entire basin using R-METRIC is a 0.35 full-time equivalent job.  Approximately 
one week of training is required for the competent individual (Bachelor of Science graduate with 
3 years of remote sensing/geographic information system [GIS] data analysis experience or a 
Master’s graduate with 1 year of remote sensing/GIS data analysis experience).  In the best-case 
scenario, full automation could save 180 hours per year.  However, hot and cold pixel selection 
cannot be fully automated.   

Product Price

MATLAB  - Prerequisite Platform $2,150

Image Processing Toolbox $1,000

Mapping Toolbox $1,000

Statistics and Machine Learning Toolbox $1,000

Total $5,150

Task Time Task Hours/
Required Period Season

Met Data Acquisition 30-min Every Scene 180

Scene Preview 10-min Every Scene 60

Hot/Cold Pixel Selection 30-min Every Scene 180

Computations 15-min Every Scene 90

Gap Filling 5-hours Seasonally 20

Interpolation 5-hours Seasonally 20
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4.2.2 SSEBop (USGS) 
SSEBop (USGS) is scripted in Python.  The scripts require installation of ArcGIS 10.x in order 
to use the functions from the ArcPy Python package.  Cloud masking, gap-filling, and 
interpolation are all Python-based and automated.   

4.3 OPERATIONAL DIFFICULTIES 

4.3.1 Cloud Cover 
Satellites are only able to detect surface temperatures if there are clear skies at the time of image 
acquisition (see Table 4-3).  If the sky is not clear, the thermal band returns the temperature at 
the top of the cloud.  Landsat provides a CF Mask to help users identify clouds.  Although the 
CF Mask is reliable for identifying clouds with distinct boundaries, it does not always identify 
thin clouds that increase Landsat-based ET estimates.  

Table 4-3. Number of scenes used for each path/row combination for areas of interest for 
each state in the UCRB 

 
Even if light clouds are effectively masked, their influence on surface temperature can reduce the 
accuracy of ET estimates produced by both METRIC and SSEBop.  Areas that have been in 
direct sunlight for longer periods of time prior to image acquisition will exhibit larger 
temperature differences between hot and cold pixels than areas that have experienced greater 
cloud cover prior to image acquisition.  Accuracy of local ET estimates will depend in large part 
on how closely the portion of the image used for remote sensing model calibration (i.e., hot and 
cold pixel selection) matches the weather conditions at any given location during the hours 
leading up to image acquisition.  

More significantly, the dT values calculated by SSEBop assume clear-sky conditions prior to 
image acquisition.  Variable cloudiness reduces the solar radiation available to warm the surface 
during the morning hours prior to image acquisition, producing dT values significantly less than 
those predicted by the clear-sky model.  This situation tends to produce overestimates of ET by 
SSEBop, as more of the image LST data are crowded near the cooler end of the prescribed dT 
range. 

Regardless, all remote sensing methods utilized the CF Mask to eliminate clouds from the image 
processing.  This leads to missing data, which must be interpolated.  ETrF from previous and 
subsequent cloud-free scenes were used to interpolate ETrF for each cloud-masked pixel 
(Allen et al. 2002). 

End-of-season data for Path 35 was contaminated by cloud cover, so an image from after the 
September 30, 2015 end date was used for late-season interpolation.   

State Path/Row Numer of Scenes

Colorado 35/33 17

New Mexico 35/35 19

Utah 37/32 19

Wyoming 37/30 15
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4.3.2 Missing Meteorological Data and QC of Meteorological Data 
All methods require meteorological data on an hourly timestep in order to compute reference ET 
for alfalfa using the Penman-Monteith method.  The necessary variables are incoming solar 
radiation, air temperature, relative humidity (RH), wind speed, and precipitation.  

The primary weather station and source for each state are shown in Table 4-4. 

Table 4-4. Primary (and secondary, in the case of New Mexico) weather stations and data 
sources for each state in the UCRB 

 
Using different weather networks requires careful use because standards for data QA/QC are not 
uniform between networks.  AgriMet and HPRCC perform QA/QC.  CoAgMet does not, but the 
Project Team was able to have QA/QC performed by Jama Hamel at the Reclamation.  NMCC 
and NAPI do not perform QA/AC.   

The problematic nature of the lack of QA/QC became apparent when the intended station for 
New Mexico, Farmington, was non-operational from day of year (DOY) 121 (01 May) to DOY 
180 (29 June) 2015.  The Project Team was able to obtain access to a station located 
approximately 20 kilometers (km) away that is operated by NAPI.  A preliminary comparison of 
the data from the two stations clearly indicated why QA/QC of meteorological data is necessary.  
Temperature compared well between the two sites.  Block 1 sensors only recorded maximum and 
minimum RH, so these were averaged for use in Penman-Monteith.  A comparison between 
these RH measurements showed a clear problem with the Farmington RH sensor before 
DOY 121.  Comparing wind speed and wind direction showed many data points where both were 
0 at Farmington, indicating missing data, so these were set to not a number (NaN).  The Block 1 
wind speed height is the non-standard height of 3.327 meters (m); it was adjusted to be 
comparable to the standard 2-m height according to Allen et al. (1998).  Incoming solar radiation 
showed a surprising amount of scatter for two sites located only 20 km apart.  This analysis also 
showed a large number of days where solar radiation dropped to 0 at Farmington in the middle of 
the day; such erroneous points were removed.   

This QA/QC was informal and was only performed because the Project Team was switching 
sites in the middle of the season; without that, it is possible that the problems at Farmington 
would not have been discovered.  It is clear that networks require QA/QC to be reliable for use in 
remote sensing applications. 

4.3.3 Interpolating Between Days of Satellite Overpass 
By utilizing both Landsat 7 and 8 data, a regular schedule would show satellite overpass every 
8 days.  Interpolating between days of satellite overpass is required to obtain seasonal ET 
estimates.  All remote sensing methods used a temporal linear interpolation.  The METRIC 

State Meteorological Station Data Source

Colorado Olathe 2 CoAgMet

New Mexico Farmington / Block 1 NMCC/NAPI

Utah Pleasant Valley AgriMet

Wyoming Boulder HPRCC
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Applications Manual (Allen et al. 2010) guidelines recommend a cubic spline interpolation; 
however, a linear interpolation was used to facilitate comparison with the other methods.  Daily 
actual ET is calculated by linearly interpolating ETrF between days with valid satellite 
measurements, then multiplying these interpolated values by daily reference ET.  

4.3.4 SLC Failure for Landsat 7 Data 
Landsat 7’s Scan Line Corrector (SLC) failed in 2003.  The SLC is used to provide contiguous 
coverage within a scan; without it, Landsat 7 produces significant data gaps.  Data loss is 
estimated at approximately 20 percent and is concentrated at the edges of the scenes.  More 
overlap exists near the center of scenes (USGS 2003).  All methods addressed these data gaps in 
the same way as cloud-covered pixels. 

4.3.5 Effects of Field Cutting with Immediate Decrease in ET (as shown by the EC Tower) 
Between Days of Satellite Overpass 

When a field is cut, an EC tower will immediately sense the change and measure a decrease in 
ET.  However, assuming the cut occurs toward the middle of satellite overpass, the remote 
sensing estimates will not reflect the change in land surface conditions until another satellite 
overpass occurs.  Thus, ETrF estimates made by remote sensing methods immediately after field 
cutting should overestimate ET compared to what the EC tower measures.  However, if the 
satellite image is acquired immediately after the field is cut, the ETrF values will be small, and 
these small values will be temporally interpolated to the most recent preceding image acquisition 
date.  In this case, the ETrF estimates made by the remote sensing method will tend to 
underestimate ET compared to that measured by the EC tower.  Ultimately, errors in ET 
estimates by the remote sensing methods are unavoidable and will vary in magnitude and sign 
depending on the time of satellite overpass relative to the time of cutting.  Some adjustments 
could be made if the exact date of field cutting is known. 

On approximately July 28, 2015, the field where the EC tower was located was cut from 
approximately 0.9 to 0.05 m. 

4.3.6 Shapefiles at Edges of Scenes 
This Project was intended to assess actual ET on irrigated lands.  Wilson Water Group provided 
shapefiles that defined the irrigated area for each state.  However, the Landsat 7 and 8 satellites 
image a slightly different area at each overpass.  Ideally, fields on the edges of the scenes that 
were only sometimes covered by satellite overpass would not be included in the remote sensing 
estimates.  However, the true boundary is unknown until the end of the season, when all satellite 
overpasses have been completed.  Waiting until the end of the season to determine the area of 
analysis is impractical.   

SSEBop’s processing routine at USGS utilizes the WRS-2 Path/Row shapefiles (produced by the 
USGS) to constrain the statistical parameterization and output extent.  To move forward, all 
remote sensing methods intersected the WRS-2 boundaries with the irrigated acreage shapefiles 
from Wilson Water Group.  This decision allowed for a direct comparison between methods. 
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4.4 COMPARISON OF ET ESTIMATES WITH COLORADO EC TOWER 

4.4.1 Description of EC Tower Footprint Analysis 
The EC tower measures ET from a variable contributing area based on atmospheric conditions.  
In order to directly compare ET measured by the EC tower with ET estimated by the remote 
sensing methods, a daily footprint of contributing area was determined.   

The Schmid (1994) model was used to find a footprint corresponding to each 30 minutes, starting 
1.5 hours after sunrise and ending 1.5 hours before sunset.  This data timeframe was chosen 
because atmospheric stability conditions lead to almost infinite footprints around sunrise and 
sunset, which is intractable for analysis.  A 30-minute measurement period was chosen to 
correspond with the averaging period used for the EC tower analysis. 

Input parameters for the Schmid model primarily come from the EC tower.  These variables are 
the observation point height, Obukhov length, standard deviation of lateral wind speed 
fluctuations, and friction velocity.  Surface roughness length is also required.  Surface roughness 
length was estimated by measuring crop height at regular site visits and linearly interpolating 
between observations.  Crop height was translated to roughness length using the procedure from 
Food and Agriculture Organization of the United Nations, Rome, Italy, Crop 
Evapotranspiration, Irrigation and Drainage Report 56 (Allen et al. 1998).  

Footprints when the wind direction was in the EC tower shadow were removed.  For gaps of 
approximately 1 hour, ET was estimated by linear interpolation.  Approximately 10 footprints 
from strongly stable conditions outside of the time period mentioned above were also removed.   

The Schmid (1994) model produces an oval footprint that is mathematically estimated by two 
half-ellipses.  Each footprint is oriented to the mean wind direction corresponding to that half-
hour time period.  A weighting matrix for the area surrounding the EC tower was developed for 
each day.  A 30-meter grid georeferenced to the Landsat image pixels was created for each 
30-minute interval, with a binary “in the fetch area” or “outside the fetch area” designation for 
each grid cell.  That is, cells in the fetch area were given the value of 1, and cells outside the 
fetch area were given the value of 0.  Pixel values in each of these 30-minute fetch grids were 
normalized by dividing by the number of cells identified as being within the fetch area.  For each 
day, the 30-minute fetch grids were added together and divided by the number of 30-minute 
periods used in the daily fetch calculation.  By multiplying the weighting matrix by the ET from 
each Landsat pixel as estimated by the remote sensing teams, a direct comparison between the 
ET measured by the EC tower with the ET estimated by the remote sensing methods is achieved. 

EC tower data from 8 AM on July 13 until 5:30 PM on July 30, 2015, was lost.  This time period 
was excluded from the comparison.   

4.4.2 Results for Each Method 
Figure 4-1 shows a comparison of EC tower cumulative ET ground-truth data for the 2015 
growing season.  The vegetative surface for reference ET for this report is alfalfa, which 
corresponds to the reference ET applied in the remote sensing methods covered in this report.  
(The alternative reference ET vegetative surface applied in other work is grass and one must be 
careful in applying crop coefficients which correspond to the reference ET surface.)  The alfalfa 
reference ET surface is 50-centimeters tall, therefore having an aerodynamic roughness similar 
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to many field crops, disease and weed free, and never short of water.  The grass field surrounding 
the EC tower will not physiologically resemble alfalfa and cannot be expected to otherwise have 
the attributes of the alfalfa reference surface.  Olathe 2 was selected as the primary reference ET 
station for path/row 35/33.  In a comparison with six other meteorological stations in Colorado, 
the reference ET results from this station were biased neither high nor low but represented a 
median value.  

 
Figure 4-1 Comparison of EC tower cumulative ET ground-truth data for the 2015 growing 

season with various remote sensing estimating methods; Penman-Monteith ET for 
a reference alfalfa surface using Olathe 2 weather station data is also plotted as an 
upper boundary condition, indicating the EC tower site near Rifle, Colorado, was 
under some water stress during the 2015 growing season 

The results of R-METRIC and SSEBop (USGS) remote sensing estimating methods compared 
with the EC tower measured ET is demonstrated for seasonal daily time-steps in Figures 4-2 and 
4-3 while the results of regression equations fit through the data are given in Table 4-6.  The 
results for SSEBop (USGS) plotted in Figure 4-2 indicate considerable scatter about the 1:1 line 
without a clear bias.  Figure 4-3 indicates similar results plotted for R-METRIC.  In this case the 
positive bias is quite clear and produces the positive bias for this method in Figure 4-1.   

On Figures 4-2 and 4-3, days of satellite overpass are shown in red.  This presentation was done 
in order to remove the effects of the linear interpolation scheme between days of satellite 
overpass.  The points corresponding to days of satellite overpass show similar trends as the 
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seasonal data with SSEBop (USGS) that shows the least bias, while R-METRIC shows a distinct 
positive bias. 

 

Figure 4-2 Comparison of EC tower daily ET ground-truth data throughout the 2015 growing 
season with USGS SSEBop remote sensing estimated daily ET (1:1 line indicated 
in orange) 
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Figure 4-3 Comparison of EC tower daily ET ground-truth data throughout the 2015 growing 
season with R-METRIC remote sensing estimated daily ET (1:1 line indicated in 
orange) 

The linear least squared error regression models generated from the 182 data points are presented 
in Table 4-5.  Both methods have a positive intercept with the low value of 0.60 for SSEBop and 
a high value of 2.18 for R-METRIC.  The slopes of the equations are similar, with a value of 
0.92 for R-METRIC and 0.89 for SSEBop (USGS).  Table 4-5 also indicates the coefficient of 
determination for both methods and the root mean square error (RMSE).  Both of the R-squared 
values are relatively similar and low which is evidenced by the scatter of the data around the 1:1 
line.  The values of the RMSE range from a low of 1.22 for SSEBop (USGS) to a high value of 
1.32 for R-METRIC.  
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Table 4-5. Coefficient of determination and root-mean-squared error for linear regression 
lines through full season of daily ET for various remote sensing methods 

Remote Sensing Method Linear Regression Equation No. Data Pairs R-squared RMSE (mm/d) 
 
R-METRIC 
 
SSEBop (USGS) 
 

 
ETrs = 0.92 (ETtower) + 2.18 

 
ETrs = 0.89 (ETtower) + 0.60 

 

 
182 

 
182 

 

 
0.45 

 
0.47 

 

 
1.32 

 
1.22 

 
 

Similar linear regression statistics as previously described are provided in Table 4-6.  The 
R-squared value is quite low for R-METRIC and much higher for SSEBop (USGS).  This is 
surprising since no interpolation with time is included; these are the most direct comparison of 
the estimating methods to the EC tower measured ET.   

Table 4-6. Coefficient of determination and root-mean-squared error for linear regression 
lines through daily ET estimated by various remote sensing methods on days of 
satellite overpass 

Remote Sensing Method Linear Regression Equation No. Data Pairs R-squared RMSE (mm/d) 
 
R-METRIC 
 
SSEBop (USGS 
 

 
ETrs = 0.95 (ETtower) + 2.81 

 
ETrs = 1.35 (ETtower) - 0.87 

 

 
14 

 
14 

 

 
0.43 

 
0.76 

 

 
1.41 

 
0.96 

 
 

4.5 COMPARISON OF CUMULATIVE ET FOR IRRIGATED LANDS BY STATE FOR 
EACH METHOD 

4.5.1 Description of Method to Compute Cumulative ET Volume by State 
Interpolating between days of satellite overpass is required to obtain seasonal ET estimates.  
Each method used a temporal linear interpolation to estimate daily actual ET for only fields 
within the irrigated shapefiles provided by Wilson Water Group.  For each state, ETa was 
summed and normalized by the total area of the fields in the irrigated shapefiles to produce a 
cumulative actual ET in millimeters per day (mm/d) for the duration of the growing season.   

Remote sensing methods allow for the estimation of seasonal ETa without knowledge of crop 
type by field.  Crop type is required in order to estimate ET using crop coefficients in 
conjunction with Penman-Monteith reference ET. 

4.5.2 Results for Each State 
Figure 4-4 shows spatially distributed cumulative seasonal ET for Colorado (clipped to better 
show the irrigated areas).  Note that there are some fields with very low ET.  Results in 
Figure 4-5 show that R-METRIC produces the highest cumulative seasonal ET estimate.   

Figure 4-6 shows the timeseries of average daily ET for R-METRIC, SSEBop (USGS), and 
reference ET.  Scenes used for each method are indicated as circles on the plot.  It is interesting 
that the only day where SSEBop and R-METRIC produced close to the same ET estimates was 
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on a day where the EC site was slightly obscured by thin clouds that were not masked by the CF 
Mask (DOY 201).  It has been noted (David Eckhardt, Reclamation - Denver, personal 
communication) that SSEBop tends to overpredict dT on partly cloudy days when the lack of 
clear-sky conditions prior to image acquisition does not warm up the land surface as much as the 
SSEBop model expects under the clear-sky assumption.  But SSEBop possibly does a better job 
on clear days after rain events because it is not biased by bare soil pixels that were cooler than 
expected due to evaporation from the soil surface.   
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Figure 4-4 Cumulative seasonal ET for the 2015 growing season for the Colorado area of 

interest estimated using the USGS SSEBop remote sensing method (Gridlines 
indicate latitude and longitude)    
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Figure 4-5 Cumulative seasonal ET estimated using R-METRIC and the USGS SSEBop 

remote sensing methods; Penman-Monteith ET for a reference alfalfa surface 
using Olathe 2 weather station data is included for comparison 
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Figure 4-6 Average daily ET throughout the 2015 growing season for all irrigated lands in 

the Colorado area of interest estimated using the USGS SSEBop and R-METRIC 
remote sensing methods; Penman-Monteith ET for a reference alfalfa surface is 
included for comparison 

New Mexico’s spatially distributed cumulative ET is presented in Figure 4-7.  Figure 4-8 
demonstrates that again, R-METRIC produces a higher seasonal estimate than SSEBop (USGS).  
The daily means show that there is a larger gap between reference ET and remote sensing 
estimates as compared to Colorado (Figure 4-9).  Days of satellite overpass for each method are 
indicated as circles on Figure 4-9. 

 
Figure 4-7 Cumulative seasonal ET for the 2015 growing season for the New Mexico area of 

interest estimated using the USGS SSEBop remote sensing method (gridlines 
indicate latitude and longitude)   
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Figure 4-8 Cumulative seasonal ET estimated using R-METRIC and the USGS SSEBop 

remote sensing methods; Penman-Monteith ET for a reference alfalfa surface 
using Farmington and Block 1 weather station data is included for comparison 

 
  



SECTIONFOUR Remote Sensing Modeling Assessments 

   4-18 

 
Figure 4-9 Average daily ET throughout the 2015 growing season for all irrigated lands in 

the New Mexico area of interest estimated using the USGS SSEBop and 
R-METRIC remote sensing methods; Penman-Monteith ET for a reference alfalfa 
surface is included for comparison   

Figure 4-10 shows the spatially-distributed cumulative ET for the Utah area of interest.  The 
cumulative ET shows that R-METRIC tracked reference ET more closely.  SSEBop (USGS) 
again produces the lowest estimate (Figure 4-11).  Looking at the daily means (Figure 4-12) 
shows that the early-season estimates produced by SSEBop (USGS) are much lower than 
reference ET and the estimates produced by R-METRIC.  Again, days of satellite overpass used 
for each method are indicated as circles.  
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Figure 4-10 Cumulative seasonal ET for the 2015 growing season for the Utah area of interest 

estimated using the R-METRIC remote sensing method (gridlines indicate 
latitude and longitude) 
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Figure 4-11 Cumulative seasonal ET estimated using the USGS SSEBop and R-METRIC 

remote sensing methods; Penman-Monteith ET for a reference alfalfa surface 
using the Pleasant Valley weather station data is included for comparison 
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Figure 4-12 Average daily ET throughout the 2015 growing season for all irrigated lands in 

the Utah area of interest estimated using the USGS SSEBop and R-METRIC 
remote sensing methods; Penman-Monteith ET for a reference alfalfa surface is 
included for comparison 

The Wyoming area of interest’s spatially-explicit cumulative ET is shown in Figure 4-13.  The 
cumulative seasonal ET (Figure 4-14) shows a large difference between R-METRIC and 
SSEBop (USGS), with R-METRIC producing the larger estimate.  Daily means show that 
SSEBop (USGS) was much lower particuarly at the end of the growing season (Figure 4-15).  
The scenes used are indicated as circles. 
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Figure 4-13 Cumulative seasonal ET for the 2015 growing season for the Wyoming area of 

interest estimated using the R-METRIC remote sensing method (gridlines indicate 
latitude and longitude)   
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Figure 4-14 Cumulative seasonal ET estimated using R-METRIC and the USGS SSEBop 

remote sensing methods; Penman-Monteith ET for a reference alfalfa surface 
using Boulder weather station data is included for comparison 
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Figure 4-15 Average daily ET throughout the 2015 growing season for all irrigated lands in 

the Wyoming area of interest estimated using the USGS SSEBop and R-METRIC 
remote sensing methods; Penman-Monteith ET for a reference alfalfa surface is 
included for comparison   

4.6 CALCULATION OF EVALUATION METRICS 

4.6.1 Daily RMSE Calculation for EC Tower Comparison 
RMSE was calculated using MATLAB’s linear regression model.  The formula for RMSE is: 

RMSE =  �1
n

 ∑ (yi − y�i)2n
i=1  (4) 

where 𝑛𝑛 is the number of observations, 𝑦𝑦𝑖𝑖 is the observed ET at the EC tower for a given day, 
and 𝑦𝑦�𝑖𝑖 is the remote sensing ET for a given day. 

4.6.2 Coefficient of Determination for Remote Sensing Measurements versus EC Tower 
Fluxes 

The coefficient of determination, or 𝑅𝑅2, is given by: 

𝑅𝑅2 = 1 −  ∑ (𝑦𝑦𝑖𝑖−𝑦𝑦�𝑖𝑖)2𝑛𝑛
𝑖𝑖=1
∑ (𝑦𝑦𝑖𝑖−𝑦𝑦�)2𝑛𝑛
𝑖𝑖=1

 (5) 

where 𝑦𝑦� is the mean of the observed data. 
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5. Section 5 F IVE Conclusions  

In closing, the Upper Division States, UCRC, and Reclamation will make decisions regarding the 
Extended Climate Stations, EC towers, and remote sensing methods presented in Sections 2, 3, 
and 4 of this report, respectively.  The final MOU concerning the UCRB and the installation and 
maintenance of consumptive use instrumentation is included in Appendix B.   

As the Project progresses, the Study Team needs to confirm the list of land owners interested in 
having an Extended Climate Station on their land, finalize land access agreements, schedule 
equipment installation, and train owners in maintenance procedures.  A decision will need to be 
made regarding whether replacement parts will be stocked.  Additionally, physical infrastructure 
selection needs to occur such as sensor selection and procurement, and data collection 
procedures, to include configuring reliable telemetry of the raw data to reduce data loss and site 
visits, need to be finalized.  Additionally, a survey of the immediate areas surrounding the 
proposed EC towers needs to occur prior to setup by an EC expert to finalize site selection. 

This Project was aimed at characterizing the operational aspects of applying remote sensing to 
the evaluation of state-wide and ultimately region-wide ET from irrigated areas in the UCRB.  A 
lot was learned about the practicalities of various methods, as well as what methods were ready 
for application during the 2015 growing season and which were not.  Computing and human 
resources have been outlined as well as supporting databases, particularly with respect to 
meteorological data. 

Within the constraints of this Project, only one ground site with measured evaporative flux using 
the EC technique to compare the remote sensing estimates was possible.  This grass site near 
Rifle, Colorado represented a region that comes under some water stress through the growing 
season, as was clearly the case in 2015, and was representative of many irrigated regions in the 
UCRB.  The results of R-METRIC, SSEBop (USGS) and variations of SSEB were tested against 
the EC flux data.  However, ultimately these results come from one site with one predominant 
vegetation cover, climate, and soil type.  The amount of scatter and bias in some of the results 
was unexpected.   

The results of R-METRIC and SSEBop (USGS) were tested against the EC flux data (the results 
of other variations of SSEBop run by Reclamation are described in Appendix F. 

Moving forward, the following actions are recommended: 

• Collect preliminary wind roses prior to installation of EC towers.  These data will be used to 
determine the predominant wind directions to minimize data loss due to the tower shadow. 

• Address safety of crews going into the field, which may include training, development of risk 
management/safety plans, and issuance of personal protective equipment. 

• Assess the available options to minimize and prevent, to the extent possible, potential failure 
modes of EC data collection. 

• Decide on the approach that will be used for data analysis and processing. 

• Implement a centralized server, with regular backups, for data archival. 

• Hire personnel that have the suggested skills to carry out the work noted in this report. 
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• Efforts to apply remote sensing methods to the evaluation of consumptive water use by 
irrigated crops throughout all irrigated regions of the states in the UCRB should proceed.  
This work can proceed on a state-by-state basis or a region-wide effort.   

• Choose one representative site in each state for the location of an EC tower flux 
measurement ground site.  Such a network of EC towers would give personnel from each 
state the experience of working with these types of data within their state and would increase 
the number of sites and conditions with which to evaluate the remote sensing methods by a 
factor of four, including perhaps, methods not tested in the current Project. 
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Appendix A 
Meeting Minutes and Call Notes Listing 

 
 Memo on Upper Basin Agricultural Study – Phone Notes, Erin Wilson, Wilson Water Group, 

October 27, 2014 
o Attachment: Quality Assurance Procedures for Reclamation’s Agrimet Weather 

Station Network, by Peter L. Palmer and Jama L. Hamel, No Date 
 Memo on Upper Basin Agricultural Study – Meeting Notes from CoAgMet Site Visit, 

Kara Sobieski, Wilson Water Group, October 28, 2014 
 Updates on Climate Station and Eddy Covariance Tower Placement, Teleconference Meeting 

Notes, URS, November 17, 2014 
o Attachment: Upper Colorado Basin Agricultural Water Consumptive Use Study – 

Phase II, Conference Call Notes, URS, October 24, 2014 
 Eddy Covariance Tower Siting, Field Meeting Notes, David Merritt, URS, November 21, 

2014 
 Memo on Upper Basin Agricultural Study – Meeting Notes, Erin Wilson, Wilson Water 

Group, February 3, 2015 
 Phase II: Climate Station Locations and Progress Update, Conference Call Notes, URS, 

February 10, 2015 
o Attachment: Memo on Upper Basin Agricultural Study – Recommendations for 

Extended Climate Station Siting, Erin Wilson and Kara Sobieski, Wilson Water 
Group, February 6, 2015 

 Phase II: Climate Station Locations, Eddy Covariance Station, and Progress Updates, 
Conference Call Notes, URS, May 5, 2015 

 Phase II: Climate Station Locations and Progress Update, Conference Call Notes, URS, 
June 23, 2015 

o Attachment: Informational Update on Colorado Tower Operations, Dr. Chad 
Higgins, Oregon State, June 19, 2015 

o Attachment: Memo on Current Status of Remote Sensing Project , Dr. Richard 
Cuenca, Hydrologic Engineering, Inc., June 18, 2015 

 Phase II: Climate Station Locations, Eddy Covariance Station, and Progress Updates, 
Meeting Notes, URS, August 24, 2015 

o Attachment: Agenda, Estimation of Actual Evapotranspiration, URS, August 24, 2015 
o Attachment: Eddy Covariance Tower Footprint Analysis, Dr. Chad Higgins, Oregon 

State, No Date 
o Attachment: Draft Outline: UCRBC Remote Sensing Report, Dr. Richard Cuenca, 

Hydrologic Engineering, Inc., No Date 
 Estimation of Actual Evapotranspiration, Meeting Notes (with Attachments A, B, and C), 

URS, October 5, 2015 
 Review of Preliminary Memorandum of Agreements for the Upper Colorado River Basin, 

Conference Call Notes, URS, October 19, 2015 
 Review of Draft Memorandums of Understanding for the Upper Colorado River Basin, 

Conference Call Notes, URS, November 16, 2015 
 Preparation for December 2, 2015 Meeting with the Upper Colorado River Commission, 

Conference Call Notes, URS, November 30, 2015 
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 Phase II: Progress Update, Conference Call Notes, URS, February 23, 2016 
o Attachment: Agenda, Progress Update, URS, February 23, 2016 
o Attachment: Weather Station Siting, ASCE-EWRI Task Committee Report, 

January 2005 
o Attachment: AgriMet Site Visit Report, No Date 
o Attachment, AgriMet Field Calibration Sheet – CR1000 
o Attachment: [Remote Sensing] Executive Summary, No Date 
o Attachment: Report and Recommendations on Remote Sensing PowerPoint 

Presentation, Dr. Higgins, Hydrologic Engineering Inc., No Date 
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Memo

To:  Dave Merritt, URS  
From:  Erin Wilson
Date:  10/27/2014 
Re:  Upper Basin Agricultural Study - Phone Notes  
______________________________________________________________________________ 

Jim Prairie organized a phone conversation on October 10, 2014, that included Jama Hamel of 
Reclamation and Nolan Doesken, Colorado State Climatologist.

Jama Hamel is the AgriMet Program Coordinator.  Her responsibilities include website 
programmer, field tech, and “budget person.” AgriMet stations currently owned and 
operated by Reclamation are in Washington, Oregon, Idaho, Montana, and Nevada. 
Additional stations in Nevada are operated in cooperation with the Desert Research Institute
and Reclamation, and additional stations in Utah are operated with the Utah Climate Center
and Reclamation. 
AgriMet is considered the flagship for ET networks based on quality and maintenance of 
equipment and QA/QC of data collected. 
Nolan Doesken heads Colorado’s CoAgMet network. 

Climate Station Siting
Jama indicated their primary criteria for siting new climate stations is user-driven based on 
requests from land owners directly or through cooperating agencies. She termed it a “Non-
ideal” network of locations because of this. The landowners often become the permanent 
“observer” required for each station.  
A primary goal is to eventually have a least one station for every Landsat scene.
Nolan indicated that CoAgMet climate station locations are also driven by user requests and, 
in some cases, they have installed climate stations in areas that are not particularly useful 
(e.g., in the middle of an orchard). 
When asked what their ideal criteria would be if they could dictate the locations of their 
stations, both Jama and Nolan agreed: 

o At least one in each satellite scene. 
o Located in key growing regions. 
o Located without prevailing wind obstacles (distance from obstruction needs to be 10 

times the height of obstruction; if corn is 7-feet tall, the station needs to be 70 feet 
from the field). 

o Ideally in an alfalfa field with a great supply. 
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We discussed the difficulties of using a more standard correlation approach to siting stations 
based on the non-contiguous nature of Upper Basin irrigation – they agreed that this 
approach cannot be accurately used in our study area. 

New Climate Stations and Partnerships Currently Contemplated 
AgriMet has recently taken over the Utah State climate stations.

o Upgraded the stations to AgriMet standards. 
o Taken over recording and data QA/QC. 
o Utah State will perform routine maintenance on all stations. 
o At this time they intend to add two new stations in the Colorado River Basin – one 

near Moab and one north of Glen Canyon area.  Roger Hansen with Reclamation 
(Provo Office) is working with Utah State to locate the new sites. 

o The contact with Utah is Jobie Carlisle, Research Tech at the Utah Climate Center 
(office 435-797-7326; cell 435-881-2243).  He is starting discussions about additional 
sites in Utah, potentially in Emery County.  J. Humphreys is his contact with Emery 
County. Note that Jobie is also a good contact for Eddy CoVariance Towers.

Jama indicated that David Dubois, New Mexico State Climatologist, is very interested in 
joining forces and including his network in the AgriMet system. (office 575-646-2974; email 
dwdubois@nmsu.edu). 
Jama indicated that AgriMet inherited some NOAA stations.  She looked into retrofitting the 
existing NOAA stations and decided it was a logistical nightmare (so decided against).  The 
difference in cost for a new station vs a retrofit was only about $1,000.  The savings was not 
worth the difficulties associated with the data interaction agreement.
Jama and Nolan are also discussing the possibility of AgriMet managing CoAgMet data; 
specifically performing QA/QC and serving the CoAgMet data on the AgriMet website. 
CoAgMet data would still need to be available through the CoAgMet site, but they currently 
only serve up “raw data” and the QA/QC aspect through AgriMet is very appealing.
Nolan indicated that there are funds for two to three stations through the Gunnison 
Roundtable.  There may still be time to influence the location for these stations.
Nolan also went through an exercise to determine a “wish list” for about 30 or more stations.  
He’ll find it and send it to us. 
Jama indicated she understand there may be funding for climate stations on Tribal lands. She 
said Margaret Red Deer with the USGS in Flagstaff may be a resource. 

Climate Station Maintenance
There are currently approximately 70 CoAgMet stations in Colorado.  Wendy Ryan does all 
the basic calibration and maintenance for every station.  Generally each site has routine 
maintenance once per year unless the data indicates there is an issue.
Jama indicated they generally use the ASCE Standards for instrument calibration and data 
QA/QC.   She sent their Quality Assurance Procedures (attached).
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Climate Station Site Agreements
Most CoAgMet sites are operated based on a gentlemen’s agreement allowing essentially 
unlimited site access – CoAgMet does not own the land.  They are beginning to require site-
license agreements that define site access. All stations are on private farms – no stations are 
on public land. 
AgriMet requires a simple agreement that requires that AgriMet personnel can access the site 
with 30-days’ notice.  This access agreement is required if the owner wants a station on their 
land.  AgriMet stations are also primarily on private land.  If the site is irrigated by a 
Reclamation Project, AgriMet charges a reduced maintenance fee back to Reclamation.
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Memo

To:  Dave Merritt, URS  
From:  Kara Sobieski
Date:  10/28/2014 
Re:  Upper Basin Agricultural Study – Meeting Notes from CoAgMet Site Visit
______________________________________________________________________________ 

Wilson Water Group set up a site visit to the climate station on October 24, 2014, in which we 
met Wendy Ryan from the Colorado Climate Center. The following notes summarize the topics 
discussed during this site visit.

Wendy Ryan is the CoAgMet Program Coordinator.  The CoAgMet network of climate 
stations is supported through the Colorado Climate Center (CCC), overseen by Colorado 
State Climatologist, Nolan Doesken.  Wendy’s responsibilities include assisting with new 
station siting and on-site maintenance.  She also is responsible for routine calibration efforts. 

Climate Station Siting and Existing Stations 
The CoAgMet website includes an indicator of irrigation status (full/partial/dryland) at each 
site location.  Photos of each site are not available on-line at this time while the site is being 
rebuilt; however, Wendy sent us photos of each. 
There are over 80 CoAgMet stations located throughout Colorado; 18 are located in the 
Colorado River Basin, mainly clustered in areas of significant irrigation at lower elevations.
CoAgMet stations are located at CSU Extension facilities throughout Colorado; however, 
these stations are located essentially in parking lots and there has been resistance to moving 
them to a more agricultural site.  
One of the stations near Cedaredge is located below orchard canopy and will likely be 
moved.  The Mancos station is fully irrigated and considered a very good station. Towoac got 
hit by lightning and the modem is fried -- trying to figure out if BIA or CoAgMet will pay to 
replace it. The Dove Creek station is on dryland. 
FEMA approached CCC to develop an inventory of all CoAgMet stations in Colorado, 
determine where gaps may exist, and itemize locations for new stations to develop a more 
complete weather network (i.e., MesoNet). CCC developed the proposal and submitted it to 
FEMA; may get approved in the next month. 
O&M funding for CoAgMet stations is always in question; however, there is a push to 
include the funding in the CWCB Construction Bill.

New Climate Stations and Partnerships Currently Contemplated
Paradox is funded by Reclamation (Andy Nichols) and was planned as a temporary station –
it is possible it could be moved to a more agricultural setting.   
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AgriMet will likely be taking over the QA/QC of data, but data will still be collected by and 
served up on the CoAgMet website. CoAgMet will likely be serving up Northern Colorado 
Water Conservancy District’s climate stations' data as well.
There is a grant proposal with CWI to fund QA/QC of CoAgMet data; may funnel that 
funding towards AgriMet if they take over the QA/QC of the data. 
Three new stations will be installed in the Gunnison Basin, currently planned near Cimarron, 
Montrose, and another Uncompahgre site. A phone call with Perry Cabot may be beneficial 
to discuss the final locations for these stations. 
A new CoAgMet station is approximately $6,000, including sensors, battery, and tele-com 
instruments but excluding fencing/enclosure.  
CCC recently received funding to install a new style of lysimeter in the North Platte 
developed by Decagon Devices, Inc. (http://www.decagon.com/) that is less expensive and
does not require as much on-sight maintenance/oversight as traditional weighing lysimeters. 
The plan is to install two that would measure actual ET (be supplied the same as the 
surrounding cropland) for the first two years and then may switch one lysimeter to measure a 
full supply (potential ET) after that.  She indicated it would be easy to expand the installation 
to four so starting in year one both potential and actual ET could be measured.  If these new 
devices are effective and measure accurately, they will consider implementation in other 
basins. 
Regional Climate Reference Networks (RCRNs) were originally located in CO, AZ, NM, UT 
(and Alabama), and are now being decommissioned and 'gifted' to the States.  They have 
expensive temperature and precipitation sensors, and could be retrofit to include remaining 
sensors for approximately $2,000 per station. As they have concrete foundations, they cannot 
be moved.  CCC opted to take over all the stations in Colorado; the State Climatologists in 
other States opted to 'cherry-pick' which stations to keep.  WWG needs to contact other 
States to see which they opted to keep; Wendy will provide a map of RCRN stations in 
Colorado. No information remains on the NOAA website for this network.  

Climate Station Maintenance
CCC could use more feedback on bad data from climate stations so they can stay on top of 
maintenance issues; HPCC doesn't provide this report until months later. 
Annual maintenance is approximately $2,000 a year for each station, including a re-
calibration of the pyranometer and temperature probe every two years (performed by 
Campbell Scientific). Wendy performs maintenance on all stations outside of the Arkansas 
and Rio Grande basins; they contract with a person in the Arkansas for the Arkansas and Rio 
Grande Basin maintenance.  Additional stations may require another contract maintenance 
person.  
Stations do not require access to a hard line for power; they can run off solar and battery. 
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Stations can transmit data using cell coverage (a Verizon plan has reduced monthly rates of 
$5-$10 per month for computer <-> computer data transfer), radio systems (need a line of 
sight and potentially a repeater station), a hard phone line (expensive monthly costs), or 
newly available Wi-Fi options. 

Requested information received after the meeting from Wendy Ryan:
Pictures of all CoAgMet stations.
Proposal for FEMA inventory projects. 
Map of RCRN stations in Colorado (and any other states available). 
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Upper Colorado Basin Agricultural Water Consumptive Use Study – Phase II 
Updates on Climate Station & Eddy Covariance Tower Placement 

TELECONFERENCE MEETING:  
November 17, 2014 

PARTICIPANTS: 
Don Ostler (UCRC)  
Kib Jacobson (USBR)  
Jim Prairie (USBR)  
David Eckhardt (USBR)  
Steve Wolf (Wyoming)  
Brenna Mefford (Wyoming)  
Kevin Flanigan (New Mexico)  
Mike Sullivan (Colorado)  
Robert King (Utah)  
Kara Sobieski (Wilson Water)  
Erin Wilson (Wilson Water)  
Greg Gates (CH2MHill)  
Dr. Richard Cuenca (HEI)  
Dr. Chad Higgins (HEI)  
Joseph Machala (URS)  
David Merritt (URS) 
 
INTRODUCTION: 
Group conference call addressing the updates to: 

1. Existing climate station locations and methodology used to site future locations. 
2. Eddy Covariance Tower placement 

 
Climate Station Location Methodology:  
Erin Wilson – Reviewed approaches used by AgriMet (associated with the Bureau of Reclamation) and 
CoAgMet. 

Costs are consistent ($6K-$8K for each station with an associated O&M cost of approximately 
$2K a year. 
Current locations of stations are based on landowners’ request to have a station on their 
property.   
These stations come with land access agreements. 

o Usually written up to have a 30-day maximum notice before access but this has never 
been the case as access can be done with a phone call notification followed by 
immediate access. 

CO, NM, and UT are all looking at AgriMet to take overall responsibility of their stations. 
o AgriMet performs an internal QA/QC process so data is available for process upon 

delivery (the QA/QC is included in the $2K O&M costs). 
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o CoAgMet does not perform QA/QC of data so quality checks would need to be 
performed by the recipient before processing. 

Also looked into utilizing current NOAA stations by adding required equipment for the analysis. 
o AgriMet had already looked into this and stated that it is not worth the effort plus there 

is an impediment concerning data access.  It would be less work to just build a new 
station if there is a current NOAA station in a needed location. 

Most stations are airport stations as well, and not suited for the analysis (which 
requires being near irrigated agriculture). 

Stations that are located in increasing development can be moved later to better locations. 
 
Climate Station Location Procedure Steps: 

1. Assess sustainability of current station locations in each state. 
a. Talk to users if they are good stations to use. 
b. Ask users if we can move existing stations to better locations. 

2. Determine how much acreage is covered by each station. 
a. Consider topographic range and temperature ranges. 

3. Collaborate with AgriMet on new station location planning. 
a. Can we encourage where they go? 

4. Develop a wish list of best possible locations, prioritize locations, and fit to budget.  Then 
correlate to a location with the Eddy Covariance Tower location.  Overall, station location is 
really based on professional judgment.  The time frame for siting potential station locations is 
early next year (January to February). 

 
Jim Prairie – We could use gridded climate data to use as a comparison with stations. 
 
David Eckhardt – The gridded data is physically based, spatially and topographically correlated, and 
takes into account cloud cover. 
 
New Mexico would like to look at putting stations on tribal land so the Bureau of Reclamation wouldn’t 
have to pay for them. 
 
Schedule an early December meeting to discuss expanding network and talk about collaboration about 
new climate stations with Jama, who is located in Boise, ID. 
 
Eddy Covariance Towers: 
Dr. Chad Higgins – Looking around Silt, CO for possible locations. 
 
Two sites are promising north and south of Silt. 

The southern site is preferred as it has more irrigated acreage coverage and also experiences 
water shortage stress at the tail end of the season.  There is also flexibility in the location 
because the southern area is so large.  It also seems to be in the mid-elevation range. 
The northern site has less topographic influence and the irrigated lands have ample water 
supply from nearby reservoirs so no shortages later in the season (better for measurements). 

 
Major variables considered in the tower location include topography, acreage, plant stress from water 
shortage, and land ownership. 
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Dr. Cuenca – Satellites  pass over the area usually around 10 to 11 a.m. when there isn’t a maximum ET 
for the area, so placing the tower in a water stressed area would help to counteract this to get better 
readings for actual ET. 
 
Dr. Higgins – Do we need to be worried about MicroMET stations not performing as well in 
stressed areas? 
 
Dr. Cuenca – Not a real big problem, we will still get valid results. 
 
Dr. Cuenca – Spoke with Chris Neale with the University of Nebraska and Jim Verdin with USGS.  Their 
methodology is summarized in the emailed memo dated 10/24/2014. 

Based on a Bowen Ration comparison/but we prefer Eddy Covariance. 
His report will be done in January of 2015. 
He is testing a lot of our approaches. 
Interested in Eddy Covariance Tower data to verify his data and collaborating on data 
processing. 
Asked to implement RESET. 

o Would need to have temperature data pre-processed to use. 
o Will also give the reference ET and relative humidity. 
o We will give the data after QA/QC so we are comparing apples to apples. 

 
Dave Merritt – Do we want to operate the station longer than planned to gather data for a full growing 
season to September 2015?  Unanimous agreement. 
 
Don Ostler – Are we doing pilot testing in three states because we won’t have an Eddy Covariance 
Tower in the other states? 

o We will only have an Eddy Covariance Tower in Colorado but will still have the networks 
in other states to do the pilot testing. 

 
Ostler – We will wait to present this information for another time other than the upcoming Las Vegan 
meeting because there are a lot of other topics scheduled.  Probably address it next spring. 
 

- The next meeting will be scheduled in mid to late January. 
- There will also be updates on the location of the Eddy Covariance Tower. 

 





Upper Colorado Basin Agricultural Water Consumptive Use Study – Phase II 

Conference Call:  24 Oct. 2014 

Participants:  Richard Cuenca, Hydrologic Engineering, Inc. 
Jim Prairie, BuRec 
Gabriel Senay, USGS 
Jim Verdin, USGS 

Background 

Gabriel Senay and Jim Verdin are working on development and application of the Simplified 
Surface Energy Balance – operational (SSEBop) model for determination of actual ET using 
Landsat data.  Part of the motivation for this work comes from the recommendation of the USGS 
to develop a National Water Census (USGS, 2007).  This eventually led to a congressional 
mandate under the passage of the SECURE (Science and Engineering to Comprehensively 
Understand and Responsibly Enhance) Water Act (SECURE Water Act, 2009).  This led to 
approval of the U.S. Department of the Interior’s WaterSMART (Sustain and Manage America’s 
Resources for Tomorrow) Initiative (U.S. Department of the Interior, 2010).  Three locations 
were chosen by DOI as the first “focus areas” for the WaterSMART Program:  a) the Delaware 
River Basin (Del., N.J., N.Y., Pa.), b) the Apalachicola–Chattahoochee Flint River Basins (Ala., 
Ga., Fla.), and c) the Colorado River Basin (Ariz., Calif., Colo., Nev., N. Mex., Utah, Wyo.).  
Senay and Verdin are therefore very interested in our goals of investigating operational 
characteristics of remote sensing procedures for ET in the Upper Colorado Basin.   

It had previously been indicated that Senay and Verdin may be able to process Landsat data for 
the four test sites to be used in the Upper Basin study using SSEBop.  This would allow us to 
determine the characteristics, advantages and disadvantages of an additional data processing 
method.  The objective of this call was to verify if this was possible and to learn what the 
requirements were for USGS participation.   

Topics

1. What is the interest of USGS in processing Landsat scenes through the 2015 growing season
using SSEBop in each of the Upper Basin states, i.e. Colorado, New Mexico, Utah and
Wyoming?

Based on the Colorado basin being one of the first three focus areas in the WaterSMART 
Program, Senay and Verdin were quite interested in participating in the data analysis for each 
state, and comparison with eddy covariance data at one site.  Final approval would have to 
come from Eric Evenson and Bret Bruce, both of USGS, who are responsible for the National 
Water Census and Colorado River Basin Focus-Area Study, respectively.  Jim Prairie has 
previously discussed the Phase II objectives with these individuals and Senay and/Verdin were 
going to meet with them quite soon and all indications at this time are positive for the 
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participation of USGS.  Given that possibility, Senay and Verdin had specific requirements for 
project participation, as indicated below.   

2. What are the data input requirements of USGS to execute SSEBop over each of the Landsat
scenes

In order that the results of SSEBop be comparable to other Landsat data analysis methods, 
USGS requires that Landsat surface temperature, Ts, data for each pixel for each Landsat 
scene be produced.  The concept is that all methods, i.e. R-METRIC, ReSET, ALEXI/DisALEXI 
and SSEBop, would use the same Landsat surface temperature data.  Cuenca indicated that 
HEI would deliver Ts data to USGS in a timely manner.  Additionally, given the requirement of 
reference ET values for interpolating between dates of Landsat scenes and over the growing 
season, USGS wants the daily reference ET (calculated using the Penman-Monteith equation 
for a grass reference surface) values associated with each Landsat scene, i.e. based on the 
nearest micro-met station, so that all methods are using the same value.  Cuenca indicated that 
HEI would deliver ETo data to USGS in a timely manner.  Finally, masking of the target irrigated 
area for each state is to be done uniformly for all methods tested.   

3. When is it expected that data analysis results for the 2015 growing season are anticipated,
i.e. what is the timeline to report out results?

It was explained that the data for reporting out project results are under discussion.  It was 
anticipated that there may be two project reporting periods for Phase II.  The first around the 
end of June to cover the micromet station and eddy covariance tower placement 
recommendations (i.e. Task 2) and another towards the end of September to cover Landsat 
data analysis for ET for the 2015 growing season (i.e. Task 3), realizing that such an extension 
would require some additional resources.  It was emphasized that this plan was under 
discussion.   

References 
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Eddy Covariance Tower Siting 
Field Meeting Notes 
21 November 2014 

On Friday, 21 November 2014, David Merrit, URS, met with Dan Harrison, board member of the 
West Divide Water Conservancy District, and Jerry Fazzi, the owner of the parcel identified by 
Dr. Chad Higgins.  Dan and David walked the field, and David took a number of photos (see 
below).  The land is gently sloping, situated at approximately 6,400 feet in elevation, is irrigated 
from the Porter Ditch, and usually runs out of water in July.  It is used primarily for pasture 
grazing, and has excellent access from the County Road.   

As David was introduced to Jerry by Dan, the meeting was quite cordial.  David indicated what 
the team’s interest was, and that we would only be there for one season.  Jerry stated that it 
would definitely need some panels around it to keep the cows from incessantly rubbing against 
it.  He is willing to have the equipment situated on the land – we just need to keep In touch with 
him as the project goes forward. 

Jerry’s contact information is: 
Jerry Fazzi 
11231 County Road 231 
Silt, CO  81652 
(970) 379 6004
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Memo

To:  Dave Merritt, URS  
From:  Erin Wilson
Date:  2/3/2015 
Re:  Upper Basin Agricultural Study – Meeting Notes  
______________________________________________________________________________ 

Jama Hamel organized a meeting to discuss continued and future collaboration between AgriMet 
and the individual Upper Basin State climate networks.  The meeting was held at the Colorado 
State University Atmospheric Research Center in Ft. Collins on January 23, 2015, and was 
attended by following: 

Jama Hamel – AgriMet Program Coordinator 
Nolan Doesken – Colorado State Climatologist
Wendy Ryan – Assistant Colorado State Climatologist, CoAgMet Program Coordinator 
David Dubois – New Mexico State Climatologist
Jobie Carlisle – Utah State Climatologist
Patrick Erger – Supervisory Hydrologist, Reclamation Great Plains Region  
Tim Grove – AgriMet Program Coordinator - Montana 
Steve Wolff – Wyoming State Engineer’s Office
Brenna Mefford – Wyoming State Engineer’s Office
Jim Prairie – Reclamation Upper Basin Region 
Rick Allen – University of Idaho
Justin Huntington – Desert Research Center
Don Ostler – Upper Colorado Compact Commission Administrator

1) The meeting began with Jim Prairie and Erin Wilson providing an overview of the Upper 
Basin Agricultural Study to help everyone understand why we were attending and our 
interest in Upper Basin climate network coordination. 

2) Jama then kicked off the discussion with an overview of the AgriMet program and her 
specific responsibilities, previously limited to Reclamation’s Pacific Northwest Region. She 
has begun operating and maintaining stations in Nevada (Mid Pacific Region), and Jobie 
Carlisle and Jama have contracted for AgriMet to add additional stations in the Colorado 
River Basin side of Utah in her climate network.  This prompted Jama to begin reaching out 
to other states in the Upper Colorado Region to see if there were more opportunities for 
collaboration, and was her primary reason for setting up the Fort Collins meeting.
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3) Jama showed the updated map of AgriMet stations, which includes seven new stations in the 
Colorado River Basin in Utah – some were installed in the fall with others scheduled for 
installation in March of this year.  She highlighted the benefits of working with the AgriMet 
network including their standards for equipment maintenance and calibration; standards for 
siting locations only in appropriate agricultural settings; and the data quality control 
processes that are carried out daily.   

Tim Grove noted that the process used in Montana for their AgriMet equipment maintenance 
and calibration was the same as the process Jama uses in the Pacific Northwest Region.  He 
used the same data quality control process on a daily basis. 

4) Each State Climatologist or State Representative then presented information about their 
State’s networks, including number of sites, types of equipment and condition, staffing, 
maintenance procedures and schedule, data review, and funding.  They each provided views 
of how a more collaborative process would benefit their State.  For example, New Mexico 
does not have a very wide-spread network; they have only one station in the San Juan Basin.  
Their maintenance and data quality control procedures are limited by funding.  Colorado’s 
network uses the same standard for equipment maintenance and calibration; however, they 
provide the data as-is and do not perform the data quality control procedures to the level of 
the AgriMet network.  Likewise, Wyoming has similar standards for equipment but relies on 
the High Plains Climate Center Automated Weather Data Network to perform quality control 
of the data and make the data publically available.

5) Justin Huntington developed the NLDAS (North America Land Data Assimilation System)
5-kilometer extended climate gridded dataset that was reviewed in Phase I as a potential 
option for moving forward.  He presented the procedure used to develop the dataset and 
answered specific questions.  The dataset relies on minimum temperature, maximum 
temperature, and precipitation for available stations in any network throughout North 
America, plus satellite and radar precipitation information, and information that can be 
derived from land-use mapping.  Once the gridded algorithm estimates temperature and 
precipitation, the grids with climate data are re-calibrated to assure they are weighted more 
heavily with the actual measured data.  Standard equations are used to estimate the other 
extended parameters including humidity, solar radiation, and wind speed.  The goal is to 
eventually utilize a more robust extended climate system to use actual measured data in lieu 
of calculated parameters. 

6) Rick Allen discussed progress and upgrades made to the METRIC method for estimating 
evapotranspiration via remote sensing.  He provided examples of METRIC estimates 
compared to lysimeter measurements.  His discussion focused on current, early efforts to 
develop an automated procedure to estimate evapotranspiration between satellite passes and 
when images have significant cloud cover.  This process is in the early stage; but his 
presentation showed promise. 
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Erin had maps for each State with existing climate stations and the “wish-list” of proposed new 
station locations.  The plan was to spend a few minutes with each State representative to:  

1) determine if there were current plans for more stations and, if so, where they may be sited; 

2) get feedback on the general locations proposed for the Upper Basin Agricultural Study; and  

3) determine if each State representative would be willing to work with the URS Team to find 
suitable sites and assist with finding willing local land owners.   

The meeting went beyond the six hours designated and had to end on-time because of travel 
plans; therefore, individual discussions and review of the maps did not occur.  However, each of 
the State representatives indicated their willingness to review the locations and have these 
discussions over the next few weeks.
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2/10/2015 
Assessing Agricultural Consumptive Use in the Upper Colorado River Basin  

PHASE II: Climate Station Locations and Progress Update 
CONFERENCE CALL 

 
Attendees: 
Don Ostler (UCRC) 
Kib Jacobson (USBR) 
Jim Prairie (USBR) 
David Eckhardt (USBR) 
Steve Wolf (Wyoming) 
Brenna Mefford (Wyoming) 
Kevin Flanigan (New Mexico) 
Robert King (Utah) 
Kara Sobieski (Wilson Water) 
Erin Wilson (Wilson Water) 
Greg Gates (CH2MHill) 
Dr. Richard Cuenca (HEI) 
Dr. Chad Higgins (HEI) 
Joseph Machala (URS) 
David Merritt (URS) 

 
TASK II: EDDY COVARIANCE TOWER & STATION LOCATIONS 
 
Update on the project schedule: Hoping to get the Eddy Covariance Tower up and running in March. 

- Working on a modification with the contract to operate through December 31st. 
 
AgriMet follows the best practices for calibration and quality checks.  Other Colorado providers do not 
do their own QA/QC. 

- This solves the long term problems with us doing the QA/QC. 
- We can rely on each State network for the locations but AgriMet can do the calibration and 

quality checks. 
 
All State Climatologists will help find local owners to build these additional MET stations. 
 
Wilson Water Recommendations for Station Locations (refer to memo emailed out on 2/6/2015) 
Approximately 10 stations were removed from the original existing stations list because they did not 
meet our screening criteria based on field visits. 
 
There is already a lot of action for new climate station sites and we have had some say on their location: 

- Eight sites in Utah (AgriMet). 
- Six sites in Colorado (for four of these, we provided input for the location). 
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There are good correlations between sites for minimum/maximum temperatures (refer to Figure 1 in 
the memo from 2/6/2015). 

- Correlation coefficients greater than 0.9 show that one station could represent a greater 
area (e.g., Hayden could represent the area extending to Maybell). 

 
Table 1 from the memo list State stations that exist or are already planned to be installed (and shows 
the estimated acreage coverage for each station). 

- Farmington could potentially be substituted for all Navajo stations if we cannot get access. 
- Approximately 57 percent of the Upper Basin irrigated area is covered by the researched 

stations that exist or are already planned to be installed. 
 
Table 2 from the memo shows the proposed climate stations from decreasing order from most covered 
irrigated acreage to smallest area covered. 

- The bottom-listed six stations (23 total considering all proposed stations) do not seem to be 
critical to have which leaves at least 17 additional proposed stations needed for the project. 

- Including proposed station location with existing and planned stations, approximately 
15 percent of the Upper Basin irrigated acreage is still not covered. 

o This residual area is considered not economically feasible with sporadic locations 
and low acreage. 

- This is quite a bit less than the preliminary 29 proposed climate site locations because there 
have been new stations added since the preliminary analysis. 

 
Land access agreement for the placement of stations and land owners is pretty simple. 

- Fortunately, people more often than not, want a climate station on their land. 
- Jama (from AgriMet) stated that AgriMet trains the land owners on simple 

maintenance issues. 
- Talking points should be prepared for the States to talk to land owners regarding why we 

are proposing to put stations on their land. 
 
We need to develop annual maintenance costs. 

- These costs will be finalized with other issues to be added by Jama (AgriMet) in the 
near future. 

 
We need to discuss holes in funding, and where we can pick up funding to keep certain stations with 
budget shortfalls from going off-line. 
 
New Mexico – Interested in seeing written description of QA/QC procedures for these stations. 

-  Follows ASCE standards (does explain hourly data).  
-  Erin will forward the original attachment and will also add supplemental procedures from 

Jama (AgriMet). 
o One procedure for equipment and one procedure for the data. 

 
New Mexico would also like to look at the smaller agricultural sites (which really depend on the 
availability of the Navajo sites). 
 
Eddy Covariance Tower Locations and Preliminary Results (Dr. Cuenca) 
Both remote sensing and Eddy Covariance Towers are expected to be up and running for six months 
(i.e., April 1st to September 30th). 
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- The objective for the tower is to have one point of ground truth to calibrate the remote 
sensing results against. 

- Christopher Neal (University of Nebraska) would like to use our Eddy Covariance Tower data 
as a check against his data. 

- The team is working with people in Wyoming to look for scenes that represent the 
agricultural practices as a whole the best. 

- These preliminary results are just to show proof of method and show the system running. 
- Looking at the end of February to see preliminary ET example results as gut checks for the 

areas chosen in each State (suggested areas previously emailed out). 
o Wyoming – Recommends using a different site that isn’t alfalfa which is atypical for 

the state. 
o Utah – Liked Dr. Cuenca’s area for first-time preliminary results. 
o Colorado – Currently not present on call but will be briefed later to see if area 

is acceptable. 
o New Mexico – Would like to move the area to the northwest, closer to the 

San Juans. 
 
Getting the most recent irrigated acreage shapefiles for each State to Dr. Cuenca would greatly aide in 
the preliminary calculations. 
 
The remote sensing effort is using metric, which is programmed in MatLab. 

- Albedo is calculated differently form Rick Allen’s approach but is considered the best 
approach.  All other programming is essentially the same. 

 
SSEB (Simplified Energy Balance) – Their program would like to work with us with the scenes for each 
state and would use their methodology to calculate alternative results to compare to our approach. 
 
Jim Prairie – There are issues with JPL, questions of the validity of Rick Allen’s table results, and 
questions whether the work was done truly blind. 

- Hopefully these issues are cleared up and will aide in Dr. Cuenca’s procedures. 
 
Is it reasonable to get all stations by this spring? 

- Depends on landowners. 
- Work with AgriMet to install these stations? 

o Need to check with Jama on taking over the station installations. 
o She installs them herself but is too busy to do all of them but she may be able to 

purchase them (which may be easier from a contracting perspective). 
o She is available to collaborate on the operations of the stations, but will need help 

to maintain them for the States. 
o There may be different types of equipment that Jama is comfortable using. 
o Jama was comfortable with the New Mexico and Colorado stations. 
o States to aide in finding right land owners for station locations within the next 

30 days. 
 
Erin Wilson will have her work wrapped up by the end of March. 

- Would like to have comments in by the end of February to finalize work. 
- Will reach out to Don Ostler, Jim Prairie, and Mike Sullivan on progress for those who could 

not make the conference call or who came in late. 
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- Review provided by Jama regarding QA/QC of data.  Contact her for information regarding 
more detail for hourly data, if necessary.  Send out existing and additional information to 
the entire team (John Longworth question). 

- Update memo to discuss the correlation (1:1 correspondence between stations) as the 
indicator of representation, and make it clear that the R2 value only describes how “often” 
there may not be a great correspondence (Dave Eckhart comment). 

- Double check with Jama and Dave Dubois to determine if Jama would be able to take on 
AgriMet sites (maintenance and calibration) in New Mexico and if that would be acceptable 
to Dave. 

- Talk with Wendy Ryan (CoAgMet) to better understand the difference in standard 
equipment between AgriMet and CoAgMet and find out if she would be willing to take care 
of maintenance and calibration if AgriMet equipment was installed in Colorado. 

- Work with Dave to develop talking points for landowner discussions. 
- Check with Jama on whether she is willing to have others (e.g., Ag Study Tech Team) tag 

along when she is installing new Utah stations.  If so, send the information out to the Tech 
Team on potential dates/sites. 

- Begin working with State Climatologists on identifying potential land owners and when/if 
they are willing to make contact. 

  
NEXT COFERENCE CALL 
The next meeting will tentatively be at the end of April.  Dave will send out a Doodle Poll for final date. 
 
The Commission will be having a meeting on May 8th (Denver) to discuss drought conditions; may be 
able to bring up topics there. 
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Draft Memo 

To:  Dave Merritt, URS  
From:  Erin Wilson and Kara Sobieski 
Date:  2/6/2015 
Re:  Upper Basin Agricultural Study – Recommendations for Extend Climate Station Siting  
______________________________________________________________________________ 

Introduction 

The following general procedure was followed to recommend the use of existing Extended Climate 
Stations and to propose new Extended Climate Station locations for use in estimating crop consumptive 
use to support the Consumptive Uses and Losses reporting.  This procedure was recommended and 
approved by the Upper Basin Agricultural Study technical advisory team. 

1) Assess the suitability of existing Extended Stations in each State. 
2) Identify additional Extended Stations planned by each State and AgriMet. 
3) Identify the acreage that could reasonably be covered by existing and planned Extended Stations by 

reviewing topography and temperature variation as determined from other climate stations (e.g., 
NOAA). Identify the remaining acreage that is not covered by existing or planned Extended Stations.   

4) Focusing on areas with significant irrigated acreage not covered by existing sites, identify the “wish 
list” of locations for new sites.   

5) Prioritize new site locations based on acreage that could be reasonably covered by a new station. 
6) Coordinate locations to coincide with Eddy Covariance Tower locations. 

Approach and Results 

1) Existing Extended Stations (stations that measure parameters required for Penman calculations to 
estimate potential evapotranspiration) locations were identified in each State during Phase I of the 
Upper Basin Agricultural Study.  The Phase I effort did not include reviewing each station to identify 
its suitability for long-term use in estimating crop use.  In this phase, the climate network 
administrators in each State were contacted to determine the following: 

Are the stations located in agricultural settings? 
Are there routine instrumentation maintenance and calibration procedures in place that meet 
the standards set forth by the Reclamation AgriMet network? 
Do the network administrators perform appropriate quality control and quality assurance 
checks of the collected data using ASCE Standards? 

There were several sites identified in Colorado and Utah that were not located in an agricultural 
setting or did not meet the site-distance criteria for location.  For example, one site in Colorado was 
located under an orchard canopy; while one site was located in the parking lot of an agricultural 
research center.  In Utah, several sites were high desert sites not intended for agricultural uses. 
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A network of stations in Utah managed by the Emery County Conservancy District were identified as 
under-funded and potentially not properly maintained. In addition, the NRCS SCAN stations are 
generally located at airports to help with real-time weather information.  The Utah State 
Climatologist added new AgriMet stations that generally cover the same region; therefore, the 
Emery County and NRCS SCAN stations are not necessary for the Upper Basin Agricultural Project.  
In New Mexico and Colorado, measured data is currently published as-is, and it is the user’s 
responsibility to perform quality control and correction procedures prior to using the data for 
analyses.  Wyoming relies on the High Plains Climate Center Automated Weather Data Network to 
perform data quality control and corrections, manage the raw and corrected data, and make the 
data available to the public.  

As noted in previous phone and meeting notes, the administrator of Reclamation’s AgriMet climate 
network in the Pacific Northwest Region (Jama Hamel) is working with Utah, Colorado, and New 
Mexico to potentially collect their network data on a daily basis, perform the quality control and 
correction, and serve the “corrected” data through the AgriMet website.  Raw data would still be 
available through the states’ network websites, and they would still be responsible for equipment 
maintenance and calibration. 

2) Since the publication of the Phase I report, the Utah State Climatologist has worked closely with 
Jama Hamel to install AgriMet sites in the Colorado River Basin in Utah.  Several of these sites were 
located to replace the underfunded Emery County Conservancy District sites; while others were 
located in areas without Extended Station coverage.  Each of the seven new sites is located in 
agricultural settings.  In addition, Utah worked with AgriMet to identify two additional locations; one 
on agricultural land served from the Paria River; and one on agricultural land in Castle Valley near 
Moab.   

The Colorado Agricultural Meteorological Network (CoAgMet) has also identified and secured 
funding to install several new sites in the Gunnison and Colorado River basins in Colorado.  Four of 
those locations are planned for the Gunnison Basin; plus one station that was not in an ideal 
agricultural setting is planned for relocation to a nearby ranch.  Several of the Gunnison Basin 
stations are to monitor use for a specific project and, although the cost of the equipment and 
installation has been secured, they may not have long-term funding.  Two new stations have been 
funded for mainstem Colorado River tributaries: one in the Roaring Fork Valley, and one on Silt 
Mesa. 

The New Mexico State Climatologist indicates there are three Extended Stations on lands irrigated 
by the Navajo Indian Irrigation Project (NIIP).  At this point, the exact locations have not been 
identified and the equipment maintenance and calibration, and data quality control are unknown. 
Both the URS team and the State Climatologist have reached out for additional information that will 
supplement this memorandum when available. 

3) The amount of irrigated acreage for which climate could be represented by existing stations and 
stations already planned for installation was estimated based on reviewing topography, published 
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average monthly temperature isohyetal maps, and temperature variation as determined from other 
climate stations (e.g., NOAA).  Figure 1 shows an example correlation between mean monthly 
temperature at the Hayden NOAA station in the Yampa Basin and downstream NOAA stations at 
Maybell and Craig. The r2 values are greater than 0.98, indicating that the Extended Station at 
Hayden can be used to represent acreage near Craig and Maybell. For daily minimum and maximum 
temperatures, a correlation r2 value of greater than 0.90 was considered acceptable. This process 
was used where NOAA (or other temperature/precipitation) stations exist to assist in determining 
areas for proposed Extended Stations. 

Figure 1 – Example Correlation 
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4) Table 1 lists the existing (i.e., already installed) and planned (i.e., planned for installation by AgriMet 
or State agencies) Extended Station and the estimated acreage that can be reasonably represented 
by each station.  Around 57 percent of the irrigated acreage in the Upper Colorado River Basin can 
be reasonably represented by existing or planned Extended Stations.  Figures 2 through 11 show the 
location of existing and planned Extended Stations and the general outline of acreage that could be 
represented by each station (in black).  Note that where several existing Extended Stations could 
cover irrigated acreage there is an opportunity to use a weighted combination of stations. Once the 
list of proposed stations is finalized, the recommendations of stations to acreage assignments will be 
finalized. 

Also highlighted in Figure 7 (circled in green) is an example of irrigated acreage that may be better 
represented by an additional climate station, but the small amount of acreage (i.e., 1,700 acres) 
does not warrant the cost of an additional station. Because there is not a nearby NOAA or other 
climate station, it is not feasible to verify whether the proposed station near Baggs, WY and the 
existing station in Hayden are appropriate to estimate evapotranspiration for this station. In the 
Upper Colorado River Basin, about 15 percent of the irrigated acreage fits into this category.  These 
smaller areas of irrigated acreage that are not within the outline of a climate station can be 
represented by using weighted climate data at two or more nearby stations. 

5) Figure 2 lists proposed stations, prioritized from top to bottom based on the acreage they can 
represent.  The general locations of the proposed stations and the general outline that could be 
represented by each proposed station (in red) are also shown in Figures 2 through 11.  The proposed 
Extended Stations can reasonably represent an additional 28 percent of the acreage in the Upper 
Colorado River Basin.  About 85 percent of total acreage in the Upper Colorado River Basin can be 
represented by existing, planned, and proposed Extended Stations.   
 

6) The planned Extended Station for the Silt Mesa may be coupled with the Eddy Covariance Tower 
planned for that general location.  It is important that Extended Stations are located with the 
additional Eddy Covariance Towers and the sites are determined in the future.  It is likely that, with 
the addition of both the planned and proposed Extended Stations, there will be ideal locations to 
include Eddy Covariance Towers. 
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Table 1 – Existing and Planned Extended Climate Stations  

Station Name Climate 
Network State Status Irrigated 

Acreage 
Boulder WSEO WY Existing 53,000 
Bridger Valley WSEO WY Existing 74,000 
Budd Ranch WSEO WY Existing 43,000 
Farson WSEO WY Existing 21,000 
Upper Green (maybe relocate) WSEO WY Existing 39,000 
Castle Dale AgriMet UT Existing 5,000 
Duchesne AgriMet UT Existing 36,000 
Elmo AgriMet UT Existing 15,000 
Ferron AgriMet UT Existing 6,000 
Huntington AgriMet UT Existing 7,500 
Pelican Lake AgriMet UT Existing 26,000 
Pleasant Valley AgriMet UT Existing 45,000 
Castle Valley near Moab AgriMet UT Planned 1,200 
Tropic (Paria River) AgriMet UT Planned 2,100 

Farmington NM Climate 
Center (NMCC) NM Existing 6,600 

Navajo Indian Irrigation Project 
(3 Stations, location/quality not 
known) 

NIIP NM Existing 70,000 

Cortez CoAgMet CO Existing 9,100 
CSU Fruita Expt Station CoAgMet CO Existing 39,200 
Delta CoAgMet CO Existing 

  
90,0001)  

  

Montrose CoAgMet CO Planned 
Olathe CoAgMet CO Existing 
Olathe 2 CoAgMet CO Existing 
Hayden CoAgMet CO Existing 17,700 
Mancos CoAgMet CO Existing 10,000 
Orchard Mesa CoAgMet CO Existing 10,500 
Towaoc CoAgMet CO Existing 7,200 
Yellow Jacket CoAgMet CO Existing 50,500 
Cimarron CoAgMet CO Planned 10,600 
Eckert  CoAgMet CO Planned 58,700 
Gunnison CoAgMet CO Planned 53,300 
Roaring Fork Valley CoAgMet CO Planned 25,000 
Silt Mesa CoAgMet CO Planned 45,000 
Upper Uncompahgre CoAgMet CO Planned 17,300 

Total Acreage Covered by Existing or Planned Extended Stations 894,500 
1) Climate stations all cover acreage under the Uncompaghre Project. 
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Table 2 – Proposed Climate Stations 

Station Name Climate Network State Irrigated 
Acreage 

Upper Green near Daniel   WSEO WY 44,000 
Los Pinos River AgriMet/CoAgMet CO 39,400 
Neola Area AgriMet UT 35,000 
Kremmling AgriMet/CoAgMet CO 33,500 
Steamboat Springs AgriMet/CoAgMet CO 30,000 
Vernal AgriMet UT 25,000 
Collbran AgriMet/CoAgMet CO 25,000 
San Miguel AgriMet/CoAgMet CO 24,400 
Marvine Ranch AgriMet/CoAgMet CO 22,600 
Henry’s Fork AgriMet/WSEO UT/WY 22,000 
Little Snake Valley near Baggs  WSEO WY 20,000 
Animas/Florida River AgriMet/CoAgMet CO 19,000 
Fraser/Upper Colorado AgriMet/CoAgMet CO 15,000 
Loa/Bicknell Area AgriMet UT 13,500 
Green River near La Barge WSEO WY 13,000 
La Plata River AgriMet/CoAgMet CO 12,500 
Pagosa Springs AgriMet/CoAgMet CO 9,500 
Aztec (La Plata/Animas) AgriMet/NMCC NM 8,5001) 
Hammond Conservancy District  AgriMet/NMCC NM 7,1002) 
Green River AgriMet UT 6,0003) 
Muddy and Quichapah Creeks AgriMet UT 6,0004) 
Hams Fork near Granger WSEO WY 5,5005) 
Shiprock AgriMet/NMCC NM 3,4006) 
Total Acreage Covered by Proposed Extended Stations 439,900 
1) Acreage could be represented by a combination of the existing Farmington and proposed 

Animas/Florida River Stations. 
2) Acreage could be represented by the existing Farmington Station. 
3) Acreage could be represented by the planned Castle Valley near Moab Station. 
4) Acreage could be represented by the existing Ferron Station. 
5) Acreage could be represented by the combination of the existing Upper Green and Bridger  

Valley Stations. 
6) Acreage could be represented by the existing Farmington Station. 
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Next Steps 

Once the proposed Extended Station general locations are reviewed and finalized, each State 
Climatologist and/or State climate network representative has agreed to assist the project team to 
complete the following steps: 

1) Identify land owners that may be interested in allowing a climate station to be located on their land.  
2) Determine final instrumentation and installation costs, which may vary by site based on cellular 

coverage and other considerations. 
3) Finalizing the land access agreement and work with the land owner to select the final site that meets 

the AgriMet/ASCE criteria. 

4) Schedule installation and set expectations with the land owner regarding required access in support 
of an equipment maintenance schedule. 

5) Train the land owner on simple maintenance issues that may be required from time to time, for 
example adjusting a stuck wind gage (work with Jama on language here...). 

6) Determine the annual maintenance costs for each new station and develop an agreement for 
continued funding. 

7) Others issues (work with Jama to complete this list). 

It is also critical to make sure that equipment continues to be maintained and calibrated for existing and 
planned Extended Stations that were identified for project use.  The project team will work with each 
State’s Climatologist and/or State climate network representative to identify which stations have long-
term funding and which stations may be at risk of losing funding.  The project team will determine if 
annual maintenance costs for these stations should be included in the agreement for continued funding.  
In addition, the project team will set up a procedure for the UCRC and Reclamation representatives to 
be notified in the future if the maintenance funding status changes for any of the Extended Stations 
identified for project use. 
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Figure 2 – Wyoming (Upper Green River) Extended Stations and Area Covered 
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Figure 3 – Wyoming (Lower Green/Little Snake Rivers) Extended Stations and Area Covered 
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Figure 4 – Utah (Northern Green River Tributaries) Extended Stations and Area Covered 
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Figure 5 – Utah (Wasatch Range Tributaries) Extended Stations and Area Covered 
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Figure 6 – Utah (Southern Green River Tributaries) Extended Stations and Area Covered 
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Figure 7 – Colorado (Yampa and White Rivers) Extended Stations and Area Covered 
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Figure 8 – Colorado (Colorado River) Extended Stations and Area Covered 
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Figure 9 – Colorado (Gunnison River) Extended Stations and Area Covered 
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Figure 10 – Colorado (San Juan Tributaries) Extended Stations and Area Covered 
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Figure 11 – New Mexico (San Juan River) Extended Stations and Area Covered 
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5/5/2015 
Assessing Agricultural Consumptive Use in the Upper Colorado River Basin  

PHASE II: Climate Station Locations, Eddy Covariance Station, and Progress Updates 
CONFERENCE CALL 

 
Attendees: 
Don Ostler (UCRC) 
Kib Jacobson (USBR) 
Dr. Jim Prairie (USBR) 
David Eckhardt (USBR) 
Steve Wolf (Wyoming) 
Brenna Mefford (Wyoming) 
Kevin Flanigan (New Mexico) 
Mike Sullivan (Colorado)  
Robert King (Utah) 
Kara Sobieski (Wilson Water) 
Erin Wilson (Wilson Water) 
Greg Gates (CH2MHill) 
Dr. Richard Cuenca (HEI) 
Dr. Chad Higgins (HEI) 
Joseph Machala (URS) 
David Merritt (URS) 

 
OVERVIEW 
-The contract modification has gone through and the project deadline has been extended to 
12/31/2015. 
-The tower operation ending date was extended to 9/30/2015.  
 
TASK II: EDDY COVARIANCE TOWER 
 
Chad Higgins: 

- The Eddy Covariance station was installed and has been running since 4/1/2015. 
- The location was moved approximate 200 meters to the southeast of the original location due 

to the owner’s request to hide the tower from adjacent neighbors. 
- Satellite telemetry is operational and used to check on the tower. 
- The tower is scheduled to be taken down on 9/30/2015; that is when the owner is planning to 

release cattle into the field. 
- The tower takes 10 measurements every second to have statistically defensible sampling sizes 

for each hourly report.  
- Cell phone service is unreliable in the area and data has to be uploaded via satellite every hour. 
- These statistical reports are uploaded every hour and downloaded for QA/QC. 
- The tower is approximately 30 feet high. 
- The sensors (soil heat flux, humidity, etc.) are located approximately 9 meters high. 
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- The tower is also set up to do the Bowen Ratio approach to compare apples to apples with Chris 
Neale’s work. 

- There was one instance of snow accumulation on 4/13/2015 that covered the solar panel.  This 
shut the tower down for that day and as a result, no data was collected that day. 

o This can also occur during intense rainfall events and strong wind storms, and from 
spider webs. 

- Results from the tower will not be shared with Dr. Cuenca to keep the modeling results blind to 
the actual data. 

 
Dave Eckhardt: 

- Asked and Chad clarified that there may be cuttings during the tower operations but no cattle 
will be in the area until 9/30/2015. 

- It also might also be useful to have some of the tower data to help calibrate the model. 
 
Chad will send out sample daily data patterns (without values to keep the study blind) to the group to 
show typical data patterns collected by the tower. 
 
TASK II: STATION LOCATIONS 
 
Erin Wilson: 

- Erin has information from all states as to what types of instrumentation are used and relayed 
that information to Jama at AgriMet. 

- Jama has reviewed the instrumentation setups and deems them acceptable as they are -- no 
modifications should need to be done to the existing stations for the project.  

- The Navajo sites are pending and waiting to hear about costs. 
- The States will continue to maintain their stations. 
- A cost estimate of operations/maintenance of the stations as well as QA/QC of the data will be 

completed within the next couple of weeks.  
- Need to have mechanism to fund the project to keep up with all these stations in each state. 

 
Jim Prairie: 

- Question about the 2-meter tower heights in Colorado compared to the AgriMet 3-meter 
tower heights? 

o The 2-meter tower height is an ASE Standard and is acceptable to AgriMet. 
o The ASE has a correction factor to move interchangeably from 2 meters to 3 meters. 
o Crop type for this season will also need to be completed for this study based on field 

observations. 
- Currently there are no direct sites for calibration. 

o There is a site near Boulder, CO that is continuously irrigated to use for calibration and 
three is also a known site for NM. 

o Currently there is not one known site or Utah but checking with Utah State. 
- Current State’s data will be used to calculate Penman-Monteith estimates for a comparison for 

this growing season.  The Eddy Covariance Tower is already setup to do that analysis at that 
location. 
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Dave Merritt: 
- Worked with Don and Kib (Reclamation) to secure funding for the next season cycle for 

the project. 
- No money this year will be put to more stations. 

 
Dr. Cuenca: 

- Data will be supplied to the USDA to run their own in-house model for comparison. 
- There is a good chance that LANDSAT 9 could be underway due to the need for projects like this 

and the water resource problems arising in the west.  
- Will deliver ET data results of ET after calculation from Proof of Concept document to each State 

and member of the project team. 
 
The next call is scheduled to be around the middle of June.  Dave will send out a Doodle Poll to help nail 
down a specific date. 
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6/23/2015 
Assessing Agricultural Consumptive Use in the Upper Colorado River Basin  

PHASE II: Climate Station Locations and Progress Update 
CONFERENCE CALL 

 
Attendees: 
David Merritt (URS) 
Don Ostler (UCRC) 
Kib Jacobson (USBR) 
Jim Prairie (USBR) 
David Eckhardt (USBR) 
Steve Wolf (Wyoming) 
Brenna Mefford (Wyoming) 
Kevin Flanigan (New Mexico) 
Robert King (Utah) 
Kara Sobieski (Wilson Water) 
Erin Wilson (Wilson Water) 
Greg Gates (CH2MHill) 
Dr. Richard Cuenca (HEI) 
Dr. Chad Higgins (HEI) 
Chris Shrimpton (URS) 

 
TASK II: CLIMATE STATION & EDDY COVARIANCE TOWER PLACEMENT 
 
Wilson Water Group - Review of Climate Station Location Discussions  
Erin reported that Jim Prairie did a very good job updating the principals at the UCRC meeting in 
Durango on the project status.   
 
Wyoming is in the process of installing all of the Met Stations on their list.  That leaves 13 to 14 
additional new stations to be installed, at a cost of about $140,000.  Jama has reviewed the equipment 
currently operating on the stations and is satisfied with the quality of the equipment and the data that 
are being generated.  The Navajo Nation has three stations and is interested in potentially working with 
AgriMet to coordinate equipment and data QA/QC. 
 
The struggle in Colorado is that they need budget to maintain the existing stations we would like to use 
for this project.  CoAgMet has insufficient money to operate and maintain all of its stations.  They did 
receive some money from the CWCB, but will be looking for more money from the State just to operate 
and maintain the existing stations, which is expected to be in the range of $1,500/station/year. For their 
network of existing stations to be useful for this project, we need to assure they are being maintained at 
the appropriate level.  Discussions are ongoing to figure this out. 

New Mexico needs additional funding and may ask the AgriMet staff to come in to Farmington and assist 
with calibration. 
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CoAgMet staff has given a cost to push data back and forth between the AgriMet system and the 
CoAgMet system.  Colorado is debating whether they will push the raw data to AgriMet or will do the 
QA/QC themselves.   
 
Dave Dubois is considering having AgriMet do it for New Mexico. Wyoming will be performing QA/QC on 
their data and providing access to the data through the Water Resources Data System and the University 
of Wyoming. 
 
 Dr. Chad Higgins Update on Eddy Covariance Tower Operations (refer to memo emailed out on 
2/23/15) 
 

Station has operated continuously since April 1st with no problems.   
Site visit to perform routine maintenance and data download occurred on June 5 and 6, 2015. 
High precipitation has led to vigorous pasture growth, now greater than 70 cm. 
Equipment on the tower ran continuously since last site visit with no interruptions. 
All data from April 1 through June 5 have been analyzed and evaporations calculated. 
Presented plots of fluctuations in latent heat flux, carbon dioxide flux, sensible heat flux, and net 
radiation over the course of a typical day. 

Current Activities: 

1) Georeferencing the ET measurement footprint: the measurement footprint of the tower is 
transient and depends on the atmospheric conditions and the wind direction.  Footprint must be 
attributed to a location to make satellite inter-comparison possible. 

2) Contextual evaporation estimates: the Pennman-Monteith and Bowen Ratio estimates of 
evaporation for the site location are underway. 

3) Investigation of the impact of QA/QC practices on the final results: e.g., alternative ‘spike 
direction’ schemes exist in literature.  Their purpose is to detect outliers in the fast response 
data. Currently trying three such routines to determine importance of this choice. Outcomes will 
be discussed in summary report. 

4) He will be working on a report on the siting and operational needs for these towers for the 
entire Upper Colorado area.  It will most likely require a Masters level individual to operate 
these towers.   

Dr. Richard Cuenca Discussion of Remote Sensing Model Comparisons (refer to memo emailed out on 
2/23/15) 
 

Remote sensing group has had monthly conference calls. 
27 scenes from LandSat 7 & LandSat 8 from all four states are clear enough to use. 
All clear or almost clear LandSat scenes have been processed through DOY 159 (08 Jun). 
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HEI has distributed: 
o selected Landsat scene designations; 
o evaluation as to whether scene was usable, partially usable, or not usable due to cloud 

cover; and 
o required meteorological data for each state to the remote sensing group at 

approximately 10-day intervals. 
From available crop shape files and CropScape, HEI will be processing crop water use data for 
the selected Landsat path/row for each state by crop. 
HEI presented animated video of example output for irrigated areas in the region of Farmington, 
NM from DOY 097 to 113 indicating the actual ET for each irrigated feature on daily basis. 
Dr. Cuenca is evaluating the computational “horsepower” necessary to go operational on these 
evaluations, and will have some recommended computer specifications. 
As stated previously, USGS will run the SSEBop procedure, HEI will run R-METRIC and ReSET 
(with assistance of Dave Eckhardt of BuRec), and USDA will run ALEXI/DisALEXI in-house. 

 
NEXT CONFERENCE CALL 
Next meeting will tentatively be at the end of August in Denver.  Dave will send out a Doodle Poll for 
final date. 
 
OTHER ISSUES 

Who will fund O&M? Individual State Engineers Offices must decide. 
Will future stations be mobile or fixed? 
Who will be hired to manage sites? How many? Likely looking for Masters level with some 
degree of experience in this sort of work, including coding experience. 
Lost power at a site near Farmington and those data are not recoverable.  Erin is trying to get 
some hourly data from Keller-Bleissner that may assist in re-creation of that data.   
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To:  UCRC CU Losses Remote Sensing Study Team  
From:  Dr. Chad Higgins  
Date:  6/19/2015 
Re:  Informational update on Colorado Tower operations: 

A site visit to perform routine maintenance and data download occurred on June 5-6, 2015.  Unusually 
high precipitation this spring has led to vigorous pasture growth, with the vegetation now >70cm.  The 
equipment on the tower ran continuously since the last site visit with no interruptions.  All data for the 
project between the dates of April 1 and June 5 have now been analyzed and evaporations calculated. 

 

Current activities: 

1) Geo-referencing the ET measurement footprint: the measurement footprint of the tower is 
transient and depends on the atmospheric conditions and the wind direction.  To make satellite 
inter-comparison possible, the footprint has to be attributed to a location.  

2) Contextual evaporation estimates: the Pennman-Monteith and Bowen Ratio estimates of 
evaporation for the site location are underway 

3) Investigation of the impact of QAQC practices on the final results: e.g. alternative ‘spike 
detection’ schemes exist in the literature.  Their purpose is to detect outliers in the fast 
response data.  We are currently trying 3 such routines to determine the importance of this 
choice.  Outcomes will be discussed in a summary report. 

 

An ‘example day’ was chosen to illustrate the types of data we capture, and the typical daily cycle.  Axis 
labels are left off from these plots to keep the satellite comparison blind.  We output evaporation (latent 
heat flux) every 30 minutes.  In this way, one can observe the daily cycle of fluxes.  Typical behaviors: 
low fluxes at night, high fluxes during the day, corresponding to the total available energy.  High 
evaporation is associated with downward carbon flux (uptake by the growing pasture).  The fluctuations 
in the flux measurements are also apparent (e.g around the peak evaporation).  These fluctuations are 
typical of turbulence derived measurements. 
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To:  UCRC CU Losses Remote Sensing Study Team  
From:  Dr.  Richard Cuenca  
Date:  6/18/2015 
Re:  Current Status of Remote Sensing Project  
 
As far as HEI is concerned, Theresa Ring and I have processed all clear or almost clear Landsat scenes 
for all four states through DOY 159 (08 Jun).  The remote sensing group has had monthly conference 
calls.  HEI has distributed selected Landsat scene designations, evaluation as to whether the scene was 
fully usable, partially usable or not usable due to cloud cover, as well as the required meteorological data 
for each state to the remote sensing group at approximately 10-day intervals.  From the crop shape files 
we have and CropScape, we will be processing the crop water use data for the selected Landsat path/row 
for each state by crop as shown in the list below:

CO: 
Alfalfa
Other Hay/Non Alfalfa
Corn
Dry Beans
Winter Wheat
Sweet corn

NM:
Alfalfa
Corn
Dry Beans
Winter Wheat
Potatoes

UT:
Other Hay/Non Alfalfa
Alfalfa
Corn
Oats
Barley

WY:
Other Hay /Non Alfalfa
Alfalfa

An example of the output we are developing using R-METRIC is the animated video file attached for 
irrigated areas in the region of Farmington, NM from DOY 097 to 113.  The video indicates the actual ET 
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for each irrigated feature on a daily basis.  Days of Landsat 7 or Landsat 8 overpass with clear or limited 
cloud conditions were 097, 105 and 113.  The days in between were interpolated using the reference ET 
ratio from the associated meteorological station, i.e. Farmington, which therefore dictates the day to day 
variation.  We have taken the legend off of this graphic since all the teams are to develop their crop water 
use numbers independently.  We still have to do a little work on screening cloud effects in this video.  It is 
fine to distribute this animation file with the agenda for the conference call and it will aid in the 
discussion.  Let me know if you have any questions.   
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8/24/2015 
Assessing Agricultural Consumptive Use in the Upper Colorado River Basin  

PHASE II: Climate Station Locations, Eddy Covariance Station, and Progress Updates 
Denver Meeting  

 
Attendees: 
Don Ostler (UCRC) 
Kib Jacobson (USBR) 
Jim Prairie (USBR) 
David Eckhardt (USBR) 
Steve Wolff (Wyoming) 
Brenna Mefford (Wyoming) 
John Longworth (New Mexico) 
Mike Sullivan (Colorado)  
Robert King (by phone) (Utah) 
Kara Sobieski (Wilson Water) 
Erin Wilson (Wilson Water) 
Greg Gates (CH2MHill) 
David Merritt (AECOM) 

 
Project Recap 
D. Ostler:   

Provided background of the project thus far, noting the project successes including installation 
and processing of Eddy Covariance Tower data, and identification of climate station network. 
Noted we are waiting on the final remote sensing results. 
Noted the next Commission Meeting on December 2, 2015, and that it would be beneficial to: 

o have one more call before Commissioner meeting,  
o have a draft report ready for their review, and 
o have a list of questions to help the Commissioners make decisions. 

Noted that some project elements/decisions may not be able to wait until the December 
meeting. 

 
Implementation of New Climate Stations (handout by E. Wilson) 

Review the handout for specific details, only conversation notes reflected herein. 
Climate Station Approach – Recap: 

o Noted that the group agreed on the approach, and that AgriMet is the standard for 
climate stations within the network. 

o Narrowed the original “wish list” and eliminated several climate stations from the 
original estimate; able to cover the irrigated lands using fewer climate stations than 
anticipated. 

o Now that climate stations have been selected/cited, need to coordinate the location of 
the three Eddy Covariance Towers near existing/proposed climate stations. 
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Existing and Planned Stations 
o Wyoming is covering the installation cost and O&M cost for their five new stations; 

reducing the total climate station network costs. 
o B. Mefford noted the coordinates of the planned Hams Fork near Granger Station was 

incorrect in the handouts – she will send Erin the new coordinates. 
o Fraser Climate Station in Colorado should have been removed from the map in 

the handout. 
Proposed Climate Stations 

o Thirteen proposed climate stations, three in Utah and 10 in Colorado. 
o No proposed stations were identified for New Mexico in the handout; however, 

significant discussion was had over the use of Navajo Block 1 and Navajo Block 9. 
The group noted concern over the long-term commitment from the Navajo 
Nation to provide access and support to their climate stations in terms of this 
project. A formal agreement between Navajo Nation and AgriMet would likely 
be necessary; consider involvement or cost sharing with BIA. 
Currently working with Tribal consultant, Keller-Bliesner.  
J. Longworth noted the climatic differences between the mesa (Farmington 
station) and the valley along the San Juan and suggested a station in the valley. 
E. Wilson will follow up.  
Data from the Navajo Block 1 station was used to shore up data when the 
Farmington Climate Station went down; Dr. Cuenca’s staff was reviewing the 
similarities of the ET data between the two stations. 

Costs for New Stations 
o AgriMet will not manage the new stations – they are generally located too far for them 

to visit, and the States already manage other stations in their States. 
o AgriMet will help put together a “Calibration Kit” and will meet with State staff for a few 

days to walk through calibration and data QA/QC procedures. 
AgriMet is also willing to share the algorithms and visual graphics used to 
QA/QC data. 
Wyoming noted that if AgriMet standards differ from their standards, they will 
likely not change their procedures/standards.  

o There will need to be an agreement that if any of the stations in this network are to be 
retired or defunded, they will notify the group. 

o Wyoming noted their data currently all goes through High Plains Climate Center, but it 
will be moving through the Water Resources Data System (WRDS) soon. 

o Wyoming noted they will not be asking for any funding for O&M of their climate 
stations. 

o Colorado noted they are currently advertising for at least one new position to assist in 
maintaining climate stations and managing climate data. 

o Original costs for new stations were estimated to be $300,000 for purchasing and 
installing stations, with $65,000 for O&M each year. 

o Revised costs of $185,000 for the first year (less 1/5 covered by Reclamation), and 
$36,000 (less 1/5 covered by Reclamation) for subsequent years, is already set aside in 
the MOU funds. 

o K. Jacobson noted that MOU funds could be used for subsequent year O&M. 
  



 

3 

Costs for Existing Stations that Will be Relied On, Tech Team Recommendations, Process to 
Secure Funding 

o A majority of the acreage lies in Colorado, the bulk of the first year cost will be used for 
climate stations in their State. 

o Wyoming noted that it has already paid for stations, and that no additional costs should 
come out of Wyoming MOU funds. The MOU funding however assumed the cost for the 
purchase and installation of climate stations would be split evenly between the States. 

D. Ostler noted that even though the climate station wasn’t located in one’s 
State, the State would ultimately benefit from the use of more accurate 
climate data. 
D. Ostler did not know the process of changing the MOU agreement and 
funding. 
Wyoming tentatively agreed to split the cost evenly and looked for other 
opportunities to recuperate their MOU costs (e.g., Eddy Covariance Tower).  

o The option of splitting the subsequent O&M costs evenly or based on where the climate 
stations are located was discussed; however, individual States are looking into other 
funding mechanisms outside the MOU for this long-term funding. 

o The tentative agreement to evenly split the first year costs and pro-rate subsequent 
O&M costs needs to be finalized by Commissioners. 

o The group noted the importance of documenting why this network is being created and 
maintained, both for the Commissioners meeting and for future defensibility of 
the data. 

Next Steps 
o Contractual issues associated with Federal/State use of Federal/State owned stations or 

sensors needs to be investigated by the individual States and Reclamation in September, 
and wrapped up by the end of September. 

o Meeting/phone call in late September or early October to discuss the feasibility and 
success of the Remote Sensing effort. 

o See below for additional next steps. 
Remote Sensing Update 

o D. Merritt provided an overview of Dr. Cuenca’s Remote Sensing summary; see the 
handout materials for more information. 

Commission Charge to Consumptive Use Technical Work Group 
o D. Ostler noted that the general charge of the group by the Commission was to support 

himself and the UCRC’s commitment to the Upper Basin States. 
o The group that the Near-Term timeframe is 3-4 years, the Mid-Term timeframe is 5-8 

years, and the Long-Term timeframe is 8-15 years. 
o The group agreed that the decision point for the use of Penman-Monteith (PM) would 

likely occur after the Near-Term timeframe, and the decision point for the use of 
Remote Sensing would likely occur after the Mid-Term timeframe. It was noted that 
these are decision points only and that the use of either of the methods is not set in 
stone. 

Near-Term Options, Mid-Term Options, Long-Term Options, and Tech Team 
Recommendations 

o The group agreed that the Near-Term option as presented by E. Wilson would likely be a 
combination of Status Quo “Plus” and State Provided. 
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o The group began discussing whether Remote Sensing or PM should be used and D. 
Ostler indicated this discussion was too soon; rather, the group needs to wait for the 
Remote Sensing results before deciding. 

o D. Ostler inquired how we can make the Status Quo better, and the group discussed 
how UCRC, Reclamation, and the four States should continue to meet and talk about 
moving forward focusing on finding a way so there is less disputing and more 
information sharing. 

o D. Ostler suggested the name of the Ag Management Group (the group to move forward 
with the effort) have a more active name such as Consumptive Uses and Losses (CU & L) 
Steering Committee (note CU & L Steering Committee is used to designate this group in 
these notes). 

o J. Prairie indicated that Reclamation was able to incorporate others’ data and that 
Reclamation is open to other methods and using better information.   

o J. Prairie cited examples of how Reclamation’s modeling was revised in the past based 
on a more accurate method of effective precipitation. 

o J. Prairie provided examples of how better data could be incorporated into the 
Reclamation modeling, including irrigated acreage, crop types, water supply 
information, and calibrated coefficients. He also cited that documentation on how data 
or information was developed is a must before consideration for incorporation into the 
Reclamation modeling. 

o J. Prairie indicated the importance of maintaining the credibility of the Reclamation 
modeling, particularly in light of natural flow estimation.  He has concerns about a 
fractured dataset (information for only part of the period) and having enough 
information/documentation to apply the revisions retroactively. 

o Colorado still wants to incorporate diversion records into the process, and the group 
cited that other States may not or legally be able to obtain that information. 

o J. Prairie recommended a tiered Reclamation “standard” modeling method, in which the 
first tier may be the incorporation of diversion records, and the second tier may be the 
consideration of other water supply information.  

o J. Longworth cited the difference in crop consumptive use and water supply in the early 
period of the model compared to now.   

o E. Wilson reminded the group that both actual and potential consumptive use (to 
understand shortages) is required for the Compact; D. Ostler agreed and indicated that 
UCRC needs to know how much the Upper Basin States are using and who (in terms of 
seniority) is using or not using the water.  

o Individual modeling efforts in the States or academic arena are beginning to look at the 
use of Remote Sensing and/or PM in the Upper Colorado Basin.   

o Reclamation will run PM with the 2014 data for comparison purposes in the next couple 
months, and begin to think about how to “backcast” the results of PM into the natural 
flow estimations. 

o Comparisons between Remote Sensing results, original Reclamation method, and PM 
results could be made next year; however, J. Prairie noted that outside help 
(consultants) would be needed to pull all those comparisons together.  

o D. Ostler noted that the results of this analysis and others would serve as the discussion 
topics/materials for the CU & L Steering Committee. Additional topics/comments from 
the group on the CU & L Steering Committee include: 

Conduct quarterly meetings, 
Identify the “right” people to attend, 
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Identify and address the “low-hanging fruit,” 
Stay with the Reclamation method for now, but find ways to improve it quickly, 
Review crop coefficients, and 
Bring in experts as needed. 

o Each State and Reclamation needs to determine what type of information from the 
comparison they would need to make a decision on PM or Remote Sensing. 

o J. Longworth noted the group should show caution in moving forward with the PM 
method in Reclamation without Commissioner buy-in and fully understanding the 
impacts. 

Process to Secure Funding 
o The group discussed potential issues with Federal/State sensors and/or replacement 

parts on Federal/State stations. Wyoming noted this issue is part of the reason they 
would like to fund the stations themselves.  

o K. Jacobson indicated Reclamation could provide a property transfer of sensors at the 
outset instead of after depreciation or when they need to be replaced, as Reclamation is 
covering 1/5 of the subsequent O&M funding. 

o In general, an MOU is needed that discusses the over-arching procedure regarding the 
payment/receipt/use of Federal and State equipment. 

o The group tentatively agreed to split the first year costs evenly and will continue to 
discuss internally how each State would like to fund subsequent year O&M costs. 

Next Steps 
o The technical consultants and Reclamation need to lay out key decision points for the 

Near-, Mid-, and Long-Term timeframes so the States can present them to the 
Commissioners.  

Install and pay for Met Stations – Capital & O&M – 12/2/2015. 
Side by Side Penman – start this summer. 
Decision point – 2 to 3 years. 

Evaluate Tech-Legal-Policy Issues. 
Decide on Remote Sensing – after December 2nd meeting. 

Bigger Pilot Study and more work? 
Side-by-Side analyses. 
Full-scale implementation – accept and buy in. 

Develop process to accept State or USBR data. 
o Lay out the creation of the CU & L Steering Committee. 
o Dr. Cuenca to be in attendance at next meeting to discuss the feasibility of the Remote 

Sensing results.  
 
Next meeting is scheduled for October 5th in Denver; D. Merritt has sent out the calendar invitation and 
general agenda. 
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Eddy Covariance Tower Footprint Analysis 

The goal is to find a daily footprint of contributing area for evaluation of ET seen by the 
eddy covariance tower representing all daytime hours and to allow interpolation 
between days of satellite overpass.   

First, we will use the Schmid (1994) model to find a footprint corresponding to each 30 
minutes during daytime hours.  This measurement period was chosen because the 
eddy covariance analysis uses a half-hour averaging period.  The Schmid (1994) model 
produces an oval footprint that is represented by two half-ellipses.  Each footprint is to 
be rotated by the mean wind direction corresponding to that half-hour time period.

Georeferencing the footprint is an ongoing effort.  To georeference the footprint, the 
land surface will be symbolized as a matrix where each entry in the matrix corresponds 
to a Landsat 30-m by 30-m pixel.  For each day, we will count the number of times a 
given pixel was found to be in the footprint.  Then we will obtain a weighting matrix for 
the area surrounding the tower for each day. The final output will be a weighting matrix 
for each day that corresponds to the pixels in a Landsat scene.  The daily weighting 
matrix will be produced by the HEI team and distributed to the remote sensing group.
The weighting matrix times the ET from each Landsat pixel in the vicinity of the EC 
tower will produce the EC tower ET estimated by the remote sensing method.  This final 
calculation will be made by each team doing the remote sensing analysis.

Schmid. H.P.  1994.  Source areas for scalars and scalar fluxes. Boundary-Layer
Meteorology, 67: pp. 293-318.
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Draft Outline:  UCRBC Remote Sensing Report 

1. Executive Summary 
2. Project Objectives 
3. Brief Description of Remote Sensing Methods (approximately one-half page per 

method plus a table comparing all methods) 
a. R-METRIC 
b. R-ReSET 
c. SSEBop 
d. ALEXI/DisALEXI 

4. Operational Requirements for Each Method (e.g. computer hardware, software, 
storage requirements, approximate processing time per scene) 

a. R-METRIC 
b. R-ReSET 
c. SSEBop 
d. ALEXI/DisALEXI 

5. Operational Difficulties 
a. Cloud cover 
b. Missing meteorological data 
c. Interpolating between days of satellite overpass 
d. SLC failure for Landsat 7 data 
e. ??????? 

6. Comparison of ET Estimates with Colorado Eddy Covariance Tower 
a. Description of Tower Location and Operation 
b. Description of Tower Footprint Analysis 
c. Results for Each Method – Cumulative Remote Sensing Footprint ET vs 

Tower ET 
7. Comparison of Cumulative ET for Irrigated Lands by State for Each Method 

a. Description of Method to Compute Cumulative ET Volume by State 
b. Results for Each State 

8. Discussion and Conclusions 
a. Practicality of application of remote sensing methods for evaluation of ET 

in the Upper Colorado Basin States 
b. Operational Requirements – Equipment, Personnel, Time 
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c. Positives and Negatives of Each Method in an Operational Mode 
9. Appendix I – Description of Remote Sensing Methods (up to 2 or 3 pages per 

method, as needed) 
a. R-METRIC 
b. R-ReSET 
c. SSEBop 
d. ALEXI/DisALEXI 

10.   Appendix II - ????? 

Timetable:  UCRBC Remote Sensing Report 

30 Sep – Draft of text of various sections of report – not including results 
15 Oct – Preliminary quantitative results for growing season 01 Apr to 30 Sep.
30 Oct – Final or near final quantitative results for growing season 01 Apr to 30 Sep 
15 Nov – First draft of final report including quantitative analysis 
30 Nov – Second draft of final report 
15 Dec – Final report submission 
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MEETING NOTES
ESTIMATION OF ACTUAL EVAPORATRANSPORATION

OCTOBER 5, 2015, 10:30 A.M. 3:30 P.M.
CITY OF DENVER CONFERENCE ROOM, MAIN CONCOURSE, DENVER INTERNATION AIRPORT

DENVER, CO

Meeting Participants:
Brenna Mefford, Wyoming
Chad Higgins, Oregon State
David Eckhardt, Bureau of Reclamation
David Merritt, AECOM
Don Ostler, Upper Colorado River Commission
Erin Wilson, Wilson Water
Greg Gates, CH2M
Jim Prairie, Bureau of Reclamation
Jody Glennon, AECOM
John Longworth, New Mexico
Kara Sobieski, Wilson Water
Kevin Flanigan, New Mexico
Kib Jacobsen, Bureau of Reclamation
Michelle Garrison, Colorado
Mike Sullivan, Colorado
Richard Cuenca, Hydrologic Engineering, Inc.
Robert King, Utah
Steve Wolff, Wyoming

Meeting Start and Introductions
David Merritt opened the meeting, reviewing the agenda (Attachment A) and referencing the Draft
Memorandum of Agreement (MOA), both of which were available as handouts at the meeting. David
reminded the meeting participants that the MOA was a work in progress and that the version available
at the meeting did not yet include Don Ostler’s recent edits and comments.

Remote Sensing Update
David introduced Dr. Chad Higgins and turned the floor over to Chad. Chad’s presentation followed his
“Eddy CoVariance Measurements of Evapotranspiration in Silt, CO” PowerPoint included as Attachment
B.

Chad stressed that his group never sends just one person into the field; tower visits always include a
small group for health and safety purposes.

Chad discussed the three evapotranspiration measurements (LE=Rn G H): mass conservation, energy
conservation, and transport pathway. The first two of these methods are energy balance techniques;
the Eddy Covariance technique looks at transport pathway. The latter method typically underestimates
evapotranspiration whereas the others (e.g., satellite techniques) typically overestimate it.
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Chad emphasized the importance of quality checking all phases of each study. Quality assurance steps
involve data checks, taking extra measurements (typically associated with field measurements), and
math checks. Another data quality assurance process does exist but the cost is about double our costs
as the tower flux has to be measured at two heights versus one.

The flux footprint allows us to back track fluid trajectories. Where the flux comes from is the footprint
of the tower and is always upwind of the tower. Axes are defined by wind direction; width and length
are dependent on total wind speed, turbidity, and atmospheric stability (e.g., at night, the atmosphere is
stable; during the daytime, the atmosphere is unstable). The flux footprint is different for every 30
minutes of measurements. On the graphs Chad presented, the station is located at 0, 0.

Flux is desired to be north of the tower (so wind predominately from the north) – Chad indicated about
84% of the time, the wind is blowing from the north at the Silt, Colorado tower (as to the east and west
are mountain ranges). There is an approximate 95% confidence interval that the footprint is based on;
although one can infer grass height, it is physically measured for verification purposes.

The costs presented on Chad’s slides were verified about three months ago. The tower takes
measurements every 50 milliseconds.

Campbell and Licor are two manufacturers for Sonic and IRGA. Campbell is on the Silt tower; Chad
selected it as it is cheaper and fully integrated (although Licor does allow Ethernet connections while
Campbell does not). The aluminum towers are 30 feet tall. Satellites provide the quality check step for
ensuring measurements are being taken. Chad indicated one does not operate a tower unless raw data
or at least six numbers can be sent back.

Footprints are typically 100 500 meters. In the case of the Silt tower, Chad’s team surveyed 500 meters.
For upkeep of towers, reagents should be replaced once per year; desiccant packs should be replaced as
needed, and probably once a year; data cards should be replaced as frequently as once per month; and
the system should be recalibrated as recommended. Additionally, tower sites need to be
groomed/weeded, and a battery maintenance schedule implemented. Towers require regular cleaning
and do have built in defrost. Data cards can get too hot and fail. One gigabyte of data is about 14 days.
For tower orientation, the sensor is pointed one direction and a sector behind the sensor/tower shadow
is delineated. For the tower in Silt, Colorado, the shadow corresponds to 12%.

Chad mentioned that should a migratory bird protected under the Endangered Species Act take up
residency on a tower, an entire project could be halted until the young had fledged.

Chad often attaches American flags and decals to towers as those actions have deterred local
interference/shooting. Chad recommends locating towers out of major lines of sight to help minimize
vandalism and theft.

In reviewing the graphs in Chad’s presentation, he communicated data gaps are often caused by
anomalies like insects, which can cause a ping in absorption, data card failures, etc. From a quality
assurance perspective, spikes are removed from the data sets along with the tower shadow. Chad
communicated that if data is within 20% of the satellite reading, you are doing well.
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Lysimeters are the only option for absolute error and are representative of an entire field. The
advantage of large lysimeters is that they minimize edge effects; the disadvantages are the cost (about
$40K to install) and the fact that they are not portable. Smaller lysimeters, although cheaper, have edge
effects. To the team’s knowledge, one lysimeter is installed in Arkansas and none exist in Oregon.

For labor cost estimates that appear on Chad’s slides, he assumed $100 per hour, per person. Chad
indicated quality assurance/quality checks are typically performed by a person with a master’s degree or
in the master’s program. If one is within 15% on energy balance checks, they are well within the
tolerance for successful Eddy CoVariance Tower operation.

Overall, 80% of the data collected is good/usable and typical. Without a data card failure, Chad likes to
be above 90%. Throughout the entire growing season, it looks like about a half meter of water came off
the field, which is within the team’s expectations. For the final report, Chad will fill in the data gap
based on an average.

During the lunch intermission, Chad offered live plotting for those interested.

Site Selection Discussion
Following lunch, Chad led a discussion on site selection, including site criteria and selection strategies.

Chad deferred to the State representatives on site selection input since they know their respective
geographies the best. A decision needs to be made on strategy. Sixteen scenes in an area would require
32 towers, but scenes do overlap. Hot pixels assume very little to no evaporation; cold pixels have
maximum evaporation.

Chad indicated representative areas would typically be those with the highest land coverage. Jim Prairie
envisioned the tower as a ground truth, or way to verify reasonable estimates from other techniques.
Erin Wilson responded that may mean putting the towers in more stressed areas. Chad asked the
meeting participants to consider the four strategies for a tower network (i.e., maximize the number of
scenes; optimize placement in scenes [hot/cold pixel idea]; maximize representative areas; and
increase coverage or utility of agriculture weather network), and to e mail him with suggestions/ideas
for setting goals. The current funding allows three to five stations versus 16. It was suggested that the
towers be left in place for three to four years and then move them to a new area. Chad indicated he
originally thought there were benefits to leaving a tower somewhere for multiple years to capture
climate changes, but his thinking has changed based on how quickly the system can “learn” based on his
tests. As the team knows, site conditions are static conditions and climate and runoff conditions play a
large role in the results.

The team clarified that Eddy Covariance Towers are not needed for remote sensing – they are needed
for ground truthing. Chad will develop recommendations for tower locations. A draft report is
scheduled to be released around the end of October.

Remote Sensing of Actual Evapotranspiration Discussion
Dr. Richard Cuenca led a discussion that followed his “Remote Sensing of Actual Evapotranspiration”
PowerPoint included as Attachment C. Richard indicated downloads through September 28, 2015, are
available, but he is not at the point where methods can be compared yet. Richard indicated NASA and
the USGS have started work on Landsat 9, planned to launch in 2023, which will extend the Earth
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observing program’s record of land images to half a century. Landsat 7 and 8 record data every 16 days,
giving us coverage every 8 days combined.

Richard walked the meeting participants through his slides. Following the download of scene selections,
algorithms are run. The light blue pixels indicate areas that passed the limits for cold pixel selection; red
pixels indicate areas that fall within the criteria for hot pixel selection. The large red areas seen on the
slides are clouds (Richard noted those will appear black in future iterations). The red lines denote
Landsat 7 failure lines. Cold and hot pixels in close proximity to weather stations are identified. Pixels
are selected based on their bracketing ability for evapotranspiration. Richard clarified that a pixel does
not have to be a non irrigated field, but he suggests it. Hot pixels should reflect zero or minimum
evapotranspiration. A different hot and cold pixel is typically chosen for every scene. Flat line data
readings typically mean there is a problem with a sensor (e.g., it got taken off line).

The source of crop data is the Naval Oceanography Command Detachment (NOCD) designation.
Brian Westfall with Keller Bliesner provided Erin Wilson with a crop data contact at Navajo but she has
not heard anything back from that person after multiple e mail and call attempts. The team has not
looked at valleys or sub scenes. Evapotranspiration can be looked at per growing season and can be
separated out further by crop. The team is working on getting all of the hourly data from the Block 1
Station.

Richard recommended obtaining the ESPA file, the text file used to download scenes, to see if there
are improvements, and then re running the Landsat 8 data using the new OLI albedo coefficients.

Draft Outline, Revised October 4, 2015, Discussion
Richard presented the draft outline of the UCRBC Remote Sensing Report. For the remote sensing
methods listed, Richard clarified that 3a and b (i.e., R METRIC and R ReSET) require hot and cold pixel
selection, whereas 3c and d (i.e., SSEBop and ALEXI/DisALEXI) do not.

Richard indicated he does not favor ensemble means; however, because some team members indicated
it would be nice to test those, he will. He will also compare the different methods by State. Richard
estimates it takes about a day, something on the order of 8 hours, to analyze a scene.

Richard shared his recent NASA QNC (qualified non crew) experience with the group. Each site requires
four flight lines at 41,000 feet. The tube is 2 meters high by 2 meters wide. Richard wanted to make the
point that data and radar systems are continuing to evolve and the team should be open to new
systems/hardware/software/the way analyses are performed, and take into account two or three
satellites instead of just considering one.

Meeting Summary
David took the floor and asked the team to think about where they want to go with the project in the
next two to three months. Two draft reports are scheduled to be released around the end of October
for remote sensing, towers, placement, and weather stations. From there, the team is looking at the
Principal’s Meeting on December 2, 2015, in Albuquerque, NM (which will be a Commission/work
meeting). David sought recommendations regarding whether the team go forward from here with a
desired model within a certain timeframe, considering the dueling model studies.
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Draft MOU
David asked the team what needs to be brought forward to start implementing the methodology and
the path forward for the next 5 10 years. Don Ostler then led a discussion regarding reporting that
surrounded meteorological stations, installation costs, operation and maintenance (O&M) costs, and
getting the go ahead to install the towers. Don communicated a second, more long range step with
regards to remote sensing, reporting that is equal to or better than what is being done now, costs, the
results of the methods tested, and the best methodology. Don confirmed with the group that there
have been no negative signals thus far on remote sensing, and then requested that the team identify the
suite of decisions to be made. For example, is remote sensing feasible, and cost effective? What is the
next step…a larger pilot program or period of time for folks to consider shifting that direction and
consider funding it?

Don indicated since the time these project discussions commenced, it has become clear that a more
formal arrangement is needed for operating, maintaining, and sharing responsibility for keeping the
towers running; thus, the proposed MOA between the four Upper Division states, UCRC, and
Reclamation. The draft MOA that was available at the meeting addressed meteorological stations and
the overall goals and objectives that the Commission gave the team when it provided the go ahead for
starting the Phase I and II reports.

The objective of the MOA is for the Upper Division states and Reclamation to acknowledge the
resources that need to be committed to the upkeep of the towers. The October 5th meeting was the
first time the group had seen the MOA; Dave, Erin, and Jim developed the first draft with comments
from Don. David requested that folks review the MOA and e mail him
edits/comments/suggestions/etc. The Parties to the MOA are the four Upper Division states,
Reclamation, and UCRC. The current MOA identifies short , mid , and long term goals.

The question was asked: do we really need an MOA won’t the UCRC support the needed actions?
David explained that scopes of work will establish the various commitments. UCRC can direct the team
on what to do but it cannot tell Reclamation what to do. The MOA, then, provides a tool for committing
Reclamation to working with the UCRC. Don indicated it is important to establish the MOA now and
prior to future agency turnover. Don reiterated that the MOA would tie UCRC and Reclamation
together.

Erin explained that part of the frustration is that the states are not willing to review and approve/stand
behind the actions. Erin further explained that the MOA provides a tool for internal use within
Reclamation for funding, resources, agreement on consumptive use calculations, etc. It establishes a
formal partnership.

Michelle Garrison indicated she would talk to her legal staff about the MOA and did not have any
concerns with expanding the MOA beyond agricultural consumptive uses. Michelle did indicate it would
be good to understand Reclamation’s efforts.

It was stated that MOAs do not make things go smooth but they do typically make them go better. Don
indicated he would like to get the meteorological stations installed and believes the team needs an
agreement in place for those to be installed and supported by the states. Don felt because each state
would be committing financial and resource support, each Commissioner, along with Reclamation,
would need to sign the MOA.
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It was suggested that a section be added to the MOA to enable a means to add and subtract from it,
acknowledging a process for the Commission to make modifications to it. Robert King suggested adding
or modifying the existing language to extend the limits of the MOA. For example, the team does not
want to have to amend the MOA to add a task. Instead, the MOA should identify a process (e.g., require
a letter signed by all Parties, etc.). Also, upon notification, can the MOA be terminated? In recognizing
independent authorities, it is anticipated that contingency language will be added by the various legal
groups (so better to engage legal staff early). Should the MOA be more restrictive or more general? The
word “consensus” is used throughout; its use was intended to indicate “no objection” but its use will be
revisited. Additionally, the MOA will be reviewed and updated to ensure it does not contain a pre
decisional tone.

As the MOA discussion progressed, the team thought it might be more appropriate for the near term
MOA to contain information on specific near term decisions that are needed and include more vague
information for the mid and long term. In other words, the MOA should provide initial direction with
other tasks being added later on. For example, the climate stations could start to be installed now if
resource support was in place. The team lacks the go ahead from the UCRC; funding is sitting there; and
approval from the Principals is in place, but Don and others worry about the capital investment of
installing stations without O&M agreements and resource allocations in place – risky! Utah is willing to
pay/cover O&M costs of stations in its state, but Colorado and New Mexico are not able to do that due
to funding. Reclamation has committed to 1/5 of costs or roughly $37K for installation and first year
maintenance costs.

Don has a feeling of uncertainty in regards to how long it is going to take to get MOAs in place. He
suggested a simple MOA for station installs now, and then work on a second, more detailed, longer
term MOA. The simple MOA would be a cut down version of the existing MOA to remove funding but
leave the cost elements in. The long term MOA would be a commitment to a common set of tasks and
be resource driven. Chad noted a third MOA, or an amendment to the first MOA, may be needed for
the Eddy Covariance Towers.

Don indicated the team has minutes from a meeting in which the Commission agreed to certain actions
by the Steering Committee and directed the team to evaluate technical and legal parts. Don suggested
the team review those minutes. The simple MOA would then take general direction from those minutes
in order to be consistent with it. There is a requirement to look at what the team can improve. Don
stressed the need for the states to approve certain actions soon for mid term accomplishment – the
team eventually needs to stop evaluating and “do.”

The MOAs discussed will be redrafted into separate MOAs and be made available in time for the
October 19, 2015 conference call. David released a conference call invite on October 6, 2015, to
schedule a follow up discussion on the MOAs. The follow up MOA call will take place on Monday,
October 19, 2015, from 4 5 p.m. Mountain.

Don indicated the siting study results need to be presented to the Commission in order for the
remaining installs to occur; based on that, the remaining installs are anticipated in the spring of 2016.

Closing
The 2006 2010 Consumptive Uses and Losses data will be sent out by Jim soon, along with the
spreadsheets that support those consumptive use calculations.
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URS Corporation
804 Colorado Avenue, Suite 200
Glenwood Springs, CO  81601
Tel:  970.384.4738
Fax:  970.945.9182

        

 DRAFT AGENDA 
ESTIMATION OF ACTUAL EVAPORATRANSPORATION 

5 OCTOBER 2015 
1030 AM- 3PM 

CITY OF DENVER CONFERENCE ROOM 
MAIN CONCOURSE 

DENVER INTERNATIONAL AIRPORT 
DENVER, CO 

 
 

 

 Remote Sensing Update 

1. Discussion of Eddy CoVariance Tower Operations  Dr. Chad Higgins 
2. Potential number of towers needed.    Dr. Chad Higgins 
3. Discussion of Model Comparisons    Dr. Richard Cuenca 
4. Discussion of Operations needs     Dr. Cuenca & Higgins 

   
Potential Memorandum of Agreement for Program Operations 

Next Tech Team Meeting 

Meeting with Principals 
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Eddy Covariance Measurements
of Evapotranspiration in Silt, CO

Chad Higgins

Preliminary findings subject to
change

ET measurement

• Energy balance techniques vs. eddy covariance

LE=Rn G H RN
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Concept of eddy covariance (advection)

Relatively wetter air (q’) moved upward by a
relative vertical velocity (w’) creates a
positive flux of water vapor, this is denoted
as w’q’. When q’ is measured in
mass/volume, this quantity is the
evaporation

Concept of eddy covariance (advection)

3 other potential combinations:
dry moving down, dry moving
up, and moist moving
downward. These represent
positive, negative and negative
water vapor fluxes respectively
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Why covariance?

Can envision the atmosphere as composed of many such
upward and downward motions. Each motion moves a
moisture upward or downward, and is associated with a
discrete flux w’q’. We want the average flux, so we have to
sample an adequate amount of these events and average:

That is the definition of
covariance

Eddy covariance equations, assumptions, and
checkable assumptions

+ + ) Advection Diffusion Equation

Assume Advection>>diffusion

Assume Horizontal homogeneity

Reynolds decomposition

Assume mean vertical wind is 0
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Eddy covariance equations and assumptions

Take the average

Assume stationarity

Integrate

Measured flux is surface
flux

Flux footprint (attributing the flux to an area)
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The idea of a footprint, attributing the flux to
a pixel(s)

Tower anatomy, recommended setup
(sensors)
• Sonic and IRGA

• Campbell $20k
• Licor $25k

• Logger
• CR1000 $1.5k
• CR6 $1.5k
• Licor logger

• Aftermarket mods
• T+RH (included)
• Radiation ($2k)
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Tower anatomy,
(infrastructure)
• Grounding $800
• Tower ~$1.5k
• Electrical isolation $50
• Fixation $200
• Fencing $1k $3k
• Cable care $100
• Power system ~1k
• Base $200
• Wildlife management

Tower anatomy, recommended setup
(telemetry)

• Radio
• Cell (could be a criterion for

site selection) $80/month
• Satellite – what we used, 6

numbers per hour,
$25/month

• Wireless internet $80/month
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Tower anatomy, recommended setup (site
survey)

• Instrument heights
and location

• Local land features
• Grass height
• Abrupt changes in

land surface that
may be in a tower
footprint (Higgins et
al 2012)

Tower anatomy,
Recommended maintenance

• Reagents
• Desiccants
• Data cards
• Recalibration
• Vegetation control (solar power in

particular)
• Battery maintenance (extreme cold

heat, battery cycling, and charging)
• cleaning
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Tower anatomy, safety
practices
• Hard hats
• Osha approved 3 point harness for

tower climbing
• Tower climbing training/certification
• Marking of guy wires, ground

obstructions etc.
• Fencing to keep unauthorized from

climbing
• This is not an exhaustive list!

Tower
anatomy,
Tower
placement

• Tower shadow
• Mode of the wind

direction
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What can go wrong?

• Power failures
• Lightning
• Electronics failures
• Local interference
• Wildlife
• Farm machinery
• Vandalism
• Trees
• Insects
• Extreme weather

Data quality assurance

• Energy balance checking
• Data inspection and de spiking
• Error flag
• Tower shadow
• Snow and rain (condensing conditions)
• Check mean vertical wind characteristics
• Check atmospheric stability
• Check stationarity
• Monitor battery voltage
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Data analysis (corrections)

• Planar fit or double rotation (not a correction)
• Webb (WPL) corrections for density of air
• Sensor separation correction (only with Licor solution)
• Commercial software is available (we use our own code)
• Many other corrections are available, I prefer a minimalist approach

(my opinion)

Methods for Error assessment

• Salesky and Chamecki 2013 ~10%, from the limits of the signal itself
this does not count installation errors, or other user errors

• Comparisons with other methods (for context and relative error)
• Only lysimeters for absolute error
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Cost estimates
• Sensors: $27k
• Infrastructure: $5k
• Hardware: $1k
• Telemetry: $1.5k + $1k/year
• Consumables: $0.5k/year
• Calibration: $0.7k/year 0.5 person day
• Installation: 10 person days
• Site survey: 1 person day
• Site maintenance: 12 person day/year
• QAQC+analysis 0.2 FTE

$60k+
$2.3k/y

Current state of eddy covariance data

• Tower was removed on 10/4/2015 @12:30pm
• QAQC + analysis to determine flux complete, save 3 weeks of data

that we acquired yesterday
• More than 50% of the data have had footprints attributed
• Still to do:

• Georeference the footprint areas to select associated Landsat pixels
• Compare with Richard’s outputs
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Energy Balance Check
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The daily average ET
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Intermission…live plotting for
those interested

Site Selection Discussion

• Assume that we are trying to maximize utility of the Satellite data.
• Assume that the total number of towers is << total number of climate

stations
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Site selection Discussion

• Criteria for site selection
• Flat fields
• No overhead irrigation
• Protection from livestock
• Land ownership/permissions
• Predominant wind conditions
• Cell service
• ‘representative’

• Critical to involve state reps.

Strategies for a Tower network

• Maximize the number of scenes
• Optimize placement in scenes

• hot pixel/cold pixel idea

• Maximize ‘representative’ areas
• Increase coverage or utility of ag weather

network.
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Mobile or fixed?

• Mobile must bring added information, not just different information
• Adaptive neural network approach
• Iteration with satellite team to get best adjustment through some sort of

iteration
• ‘Scene chasing’

Example, adaptive neural network training of
a Penman Monteith station

Learning box
Permanent
inputs

Temporary
training data

output
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Remote Sensing of Actual ET

Richard Cuenca   p. 1 Hydrologic Engineering, Inc. - 2015

Richard Cuenca    Dept. of Biological and Ecological Engineering
Oregon State University
Hydrologic Engineering, Inc.

Remote Sensing of
Actual ET

Remote Sensing of Actual ET

Richard Cuenca   p. 2 Hydrologic Engineering, Inc. - 2015

Landsat 9



2

Remote Sensing of Actual ET

Richard Cuenca   p. 3 Hydrologic Engineering, Inc. - 2015

Selection of Landsat Scenes for Analysis

Remote Sensing of Actual ET

Richard Cuenca   p. 4 Hydrologic Engineering, Inc. - 2015

Selection of Landsat Scenes for Analysis
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Remote Sensing of Actual ET

Richard Cuenca   p. 5 Hydrologic Engineering, Inc. - 2015

Selection of Landsat Scenes for Analysis LC803503302015273LGN00
Colorado

Remote Sensing of Actual ET

Richard Cuenca   p. 6 Hydrologic Engineering, Inc. - 2015

Selection of Landsat Scenes for Analysis LC803503302015273LGN00
Colorado
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Remote Sensing of Actual ET

Richard Cuenca   p. 7 Hydrologic Engineering, Inc. - 2015

Selection of Landsat Scenes for Analysis LC803503302015273LGN00
Colorado

Remote Sensing of Actual ET

Richard Cuenca   p. 8 Hydrologic Engineering, Inc. - 2015

Selection of Landsat Scenes for Analysis LC803503302015273LGN00
Colorado
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Remote Sensing of Actual ET

Richard Cuenca   p. 9 Hydrologic Engineering, Inc. - 2015

Selection of Landsat Scenes for Analysis LC80350332015257LGN00
Colorado

Remote Sensing of Actual ET

Richard Cuenca   p. 10 Hydrologic Engineering, Inc. - 2015

Selection of Landsat Scenes for Analysis LC803503302015257LGN00
Colorado
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Remote Sensing of Actual ET

Richard Cuenca   p. 11 Hydrologic Engineering, Inc. - 2015

Hot and Cold Pixel Selection

UT – DOY 199:  Pixel Selection

Remote Sensing of Actual ET

Richard Cuenca   p. 12 Hydrologic Engineering, Inc. - 2015

Hot and Cold Pixel Selection

UT – DOY 199:  Cold Pixel
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Remote Sensing of Actual ET

Richard Cuenca   p. 13 Hydrologic Engineering, Inc. - 2015

Hot and Cold Pixel Selection

UT – DOY 199:  Hot Pixel

Remote Sensing of Actual ET

Richard Cuenca   p. 14 Hydrologic Engineering, Inc. - 2015

Hot and Cold Pixel Selection

CO:  DOY 177 – Potential Hot Pixels in Vicinity of Olathe 2
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Remote Sensing of Actual ET

Richard Cuenca   p. 15 Hydrologic Engineering, Inc. - 2015

Hot and Cold Pixel Selection

CO:  DOY 177 – Potential Cold Pixels in Vicinity of Olathe 2

Remote Sensing of Actual ET

Richard Cuenca   p. 16 Hydrologic Engineering, Inc. - 2015

Hot and Cold Pixel Selection
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Remote Sensing of Actual ET

Richard Cuenca   p. 17 Hydrologic Engineering, Inc. - 2015

Farmington vs Block 1 Meteorological Data, NM

Remote Sensing of Actual ET

Richard Cuenca   p. 18 Hydrologic Engineering, Inc. - 2015

Farmington vs Block 1 Meteorological Data – Hourly Tair
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Remote Sensing of Actual ET

Richard Cuenca   p. 19 Hydrologic Engineering, Inc. - 2015

Farmington vs Block 1 Meteorological Data – Hourly RH

Bias Low

Sensor
Failure

Remote Sensing of Actual ET

Richard Cuenca   p. 20 Hydrologic Engineering, Inc. - 2015

Farmington vs Block 1 Meteorological Data – RH Times Series

DOY 1 to 30, 2015

Block 1

Farmington
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Remote Sensing of Actual ET

Richard Cuenca   p. 21 Hydrologic Engineering, Inc. - 2015

Farmington vs Block 1 Meteorological Data – RH Times Series

DOY 180 to 210, 2015

Block 1

Farmington

Remote Sensing of Actual ET

Richard Cuenca   p. 22 Hydrologic Engineering, Inc. - 2015

Farmington vs Block 1 Meteorological Data – Hourly Wind Speed
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Remote Sensing of Actual ET

Richard Cuenca   p. 23 Hydrologic Engineering, Inc. - 2015

Farmington vs Block 1 Meteorological Data – Solar Radiation

Missing Data

Bias High

Bias Low

Remote Sensing of Actual ET

Richard Cuenca   p. 24 Hydrologic Engineering, Inc. - 2015

Farmington vs Block 1 Meteorological Data – Solar Radiation

Missing Data
DOY 202
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Remote Sensing of Actual ET

Richard Cuenca   p. 25 Hydrologic Engineering, Inc. - 2015

Landsat 7 – SLC Failure LC803703022015271LGN00
Wyoming

Remote Sensing of Actual ET

Richard Cuenca   p. 26 Hydrologic Engineering, Inc. - 2015

Landsat 7 – SLC Failure LE703703002015263EDC00
Wyoming
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Remote Sensing of Actual ET

Richard Cuenca   p. 27 Hydrologic Engineering, Inc. - 2015

Landsat 7 – SLC Failure LE703703222015263EDC00
Utah

Remote Sensing of Actual ET

Richard Cuenca   p. 28 Hydrologic Engineering, Inc. - 2015

Landsat 7 – SLC Failure LE703703222015263EDC00
Utah
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Remote Sensing of Actual ET

Richard Cuenca   p. 29 Hydrologic Engineering, Inc. - 2015

Shape Files at Edge of Scenes Path/Row 035/035
New Mexico

Remote Sensing of Actual ET

Richard Cuenca   p. 30 Hydrologic Engineering, Inc. - 2015

Shape Files at Edge of Scenes

Excluded

Included

Path/Row 035/035
New Mexico
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Remote Sensing of Actual ET

Richard Cuenca   p. 31 Hydrologic Engineering, Inc. - 2015

Shape Files for Crops Path/Row 035/035
New Mexico

Remote Sensing of Actual ET

Richard Cuenca   p. 32 Hydrologic Engineering, Inc. - 2015

Cumulative Water Use:  Alfalfa (partial season) Path/Row 035/035
New Mexico
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Remote Sensing of Actual ET

Richard Cuenca   p. 33 Hydrologic Engineering, Inc. - 2015

Daily ET Animation (partial season) Path/Row 035/035
New Mexico

Crop ET (mm/d)

Remote Sensing of Actual ET

Richard Cuenca   p. 34 Hydrologic Engineering, Inc. - 2015

Daily ET Animation (partial season) Path/Row 035/035
New Mexico

Crop ET (mm/d)
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Remote Sensing of Actual ET

Richard Cuenca   p. 35 Hydrologic Engineering, Inc. - 2015

Issues “Resolved” 28 Sep 2015

1) Saturation is incorrect
There was a bug in LEDAPS (Landsat SR for 4/5/7) where we were flagging saturation at 16,000, but now we've changed 
it so it's only 20,000. This should make a difference in what is flagged and what isn't.  

2) CFmask shadows 
CFmask predicts the cloud shadow based upon spectral response (i.e. proximity of a dark object near a cloud), but 
primarily relies upon estimating cloud height. There was a bug in CFmask where the cloud height was not being selected 
correctly from the iterated list of heights. This has now been fixed.  
It was reported by other users that cloud shadow was ~50% accurate (we found ~55%), so this number should increase. 
We are working on getting the new accuracy value for that now.  

3) OLI albedo coefficients  
Actually, a member of the Landsat Science Team, Prof. Crystal Schaaf from UMB, talked about this in July's meeting. She
provided the narrow to broadband coefficients on slide 6 
of http://landsat.usgs.gov/documents/science_LST_july2015/SchaafLandsatTMSiouxFallsJuly2015.pdf. I hope that helps. 

My recommendation would be to re-generate the scenes through ESPA and see if they see improvements.  

More info about #1 and #2 is available under the "News Archive" on http://landsat.usgs.gov/CDR_ECV.php (September 
28, 2015). 

1) Saturation is incorrect

2) CFmask shadows

3) OLI albedo coefficients

Remote Sensing of Actual ET

Richard Cuenca   p. 36 Hydrologic Engineering, Inc. - 2015

3) OLI Albedo Coefficients:  Crystal Schaaf, U Mass - Boston
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Remote Sensing of Actual ET

Richard Cuenca   p. 37 Hydrologic Engineering, Inc. - 2015

Draft Project Report Outline

Remote Sensing of Actual ET

Richard Cuenca   p. 38 Hydrologic Engineering, Inc. - 2015

Draft Project Report Outline



20

Remote Sensing of Actual ET

Richard Cuenca   p. 39 Hydrologic Engineering, Inc. - 2015

Draft Project Report Outline

Remote Sensing of Actual ET

Richard Cuenca   p. 40 Hydrologic Engineering, Inc. - 2015

Draft Project Report Outline
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Remote Sensing of Actual ET

Richard Cuenca   p. 41 Hydrologic Engineering, Inc. - 2015

NASA AirMOSS P-Band Radar Mission

Remote Sensing of Actual ET

Richard Cuenca   p. 42 Hydrologic Engineering, Inc. - 2015

NASA AirMOSS P-Band Radar Mission:  “Business Class”
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Remote Sensing of Actual ET

Richard Cuenca   p. 43 Hydrologic Engineering, Inc. - 2015

NASA AirMOSS P-Band Radar Mission

Remote Sensing of Actual ET

Richard Cuenca   p. 44 Hydrologic Engineering, Inc. - 2015

NASA AirMOSS P-Band Radar Mission
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Remote Sensing of Actual ET

Richard Cuenca   p. 45 Hydrologic Engineering, Inc. - 2015

NASA AirMOSS P-Band Radar Mission

Remote Sensing of Actual ET

Richard Cuenca   p. 46 Hydrologic Engineering, Inc. - 2015

NASA AirMOSS P-Band Radar Mission
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CONFERENCE CALL NOTES
Review of Preliminary Memorandum of Agreements for the Upper Colorado River Basin

October 19, 2015, 4:00 p.m. Mountain

Call Participants:
Brenna Mefford, Wyoming
David Merritt, AECOM
Don Ostler, Upper Colorado River Commission
Greg Gates, CH2M
Jody Glennon, AECOM
Kara Sobieski, Wilson Water
Kevin Flanigan, New Mexico
Kib Jacobsen, Bureau of Reclamation
Mike Sullivan, Colorado
Robert King, Utah
Steve Wolff, Wyoming

INTRODUCTIONS
David Merritt started the conference call by reading through the roster of call participants. He then
turned the call to Steve Wolff to discuss the first agreement and his thoughts on it.

MEMORANDUM OF AGREEMENT (MOA), CONCERNING THE UPPER COLORADO RIVER BASIN (UCRB)
AND THE DEVELOPMENT OF A METEOROLOGICAL NETWORK
Steve plans to sit down with his attorney this week to get Wyoming’s thoughts on paper. Steve feels
additional specifics are needed in regards to how the States and the Bureau of Reclamation commit
funds and resources via this MOA. The MOA needs to address the challenges with new versus existing
stations, and specifically state how MOA money can and cannot be used.

Don Ostler stated that the Commissioners have basically approved $500K for “in and on the ground
expenditures” that somewhat cover the first year of operations and maintenance (O&M), though that
still needs to be verified. Don feels the team would be considered negligent if a valid plan that details
the responsibility and commitments by the States and the Bureau of Reclamation is not developed for
continuing O&M support after year one for the existing and new stations. Don stated the team has a
moral obligation to keep operating the stations.

Steve also expressed that the MOA needs to cover annual team communications and updates for each
station, and that issues need to be raised early so that there is ample opportunity for resolution each
year.

Steve plans to draft language regarding how MOA funds can and cannot be used. He requested that Kib
Jacobsen review that verbiage with Bureau of Reclamation legal staff and provide edits/comments as
appropriate. Kib agreed.

David iterated that the team needs to move this MOA along quickly so that it can be finalized and
signatures can be obtained soon. David asked if the states were comfortable with that direction and
the State representatives responded favorably. David then turned the focus of the call to the
mid/longer term MOA.
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MOA, CONCERNING THE REPORTING OF CONSUMPTIVE USES AND LOSSES IN THE UCRB
Steve expressed that although he still needs to review this MOA in its entirety, he has already identified
some changes and modified verbiage that are needed and plans to go through the MOA carefully.

David expressed that the team needs to lay a set of tracks for those that follow relative to computations
and coordination.

NEXT STEPS
Steve plans to release his revised version of the MOA Concerning the UCRB and the Development of a
Meteorological Network to the call team by close of business (COB) this Friday, October 23, 2015. The
team should review that version (in place of the version provided to the team on October 12, 2015) with
their respective legal representatives and provide track change/red line edits and comments to David by
COB Thursday, November 5, 2015.

The team should also review the MOA Concerning the Reporting of Consumptive Uses and Losses in the
UCRB (the version released on October 12, 2015) with their respective legal representatives, and
provide track change/red line edits and comments to David by COB Thursday, November 5, 2015.

David will release revised versions of both MOAs to the call team by COB November 6th. On Monday,
November 9, 2015, at 10 a.m. Mountain, a follow on call will be held so that both MOAs can be
advanced in preparation for the Principal’s Meeting being held in Albuquerque, New Mexico on
December 2, 2015.
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CONFERENCE CALL NOTES 
Review of Draft Memorandums of Understanding for the Upper Colorado River Basin 

November 16, 2015, 2:00 p.m. Mountain 
 

 
Call Participants:  
Brenna Mefford, Wyoming 
Don Ostler, Upper Colorado River Commission 
Erin Wilson, Wilson Water 
Greg Gates, CH2M 
Jim Prairie, Bureau of Reclamation 
Jody Glennon, AECOM 
John Longworth, New Mexico 
Kevin Flanigan, New Mexico 
Kib Jacobsen, Bureau of Reclamation 
Michelle Garrison, Colorado 
Mike Sullivan, Colorado 
Steve Wolff, Wyoming 
 
INTRODUCTIONS 
Don kicked off the call and stated the purpose of the call was to further the Memorandum of 
Understanding (MOU) Concerning the Upper Colorado River Basin (UCRB) and the Development of a 
Climate Station Network, and the MOU Concerning the Reporting of Consumptive Uses and Losses in the 
UCRB in conjunction with the Draft Phase II Report that is being presented to the Upper Colorado River 
Commission (UCRC) on December 2, 2015.  The goal is to get the MOU Concerning the UCRB and the 
Development of a Climate Station Network to a point that recommendations can be made at the 
meeting on December 2nd, and to take the other MOA as far as possible so that it also can be presented 
and considered at that meeting.   
 
MOU CONCERNING THE UCRB AND THE DEVELOPMENT OF A CLIMATE STATION NETWORK 
Steve walked the call team through his primary changes to this MOU, which included developing a 
bulleted list of responsibilities for the States, Bureau of Reclamation (Reclamation), and the UCRC under 
Section IV, Purposes.   
 
Don indicated Steve had gotten this MOU closer to what the UCRC would want, which is specificity. 
 
Kevin expressed some concerns from New Mexico about their ability to cover operation and 
maintenance (O&M) costs.  New Mexico currently does not have funding or resources for this.  
 
Steve indicated David Dubois had said if funding was available, he would be able to maintain stations 
not on Navajo land.  Erin confirmed her same understanding and added that David may be able to 
maintain Navajo stations, too, if funding makes that possible.  However, without funding, David cannot 
help.  Don stressed that the MOU indicates if states can, they will cover O&M expenses.   
 
Erin confirmed the Aztec Station is not on Navajo land.   
 
It was stated that long-term agreements rely on legislative funding.  Mike indicated for Colorado, a 
legislative fix is required, so Colorado is likely a year and a half out before they can ensure O&M funding.  
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Don believes some MOU funds can be used to fund O&M.  Mike reminded everyone that they are in a 
Tabor year, so funding mechanisms can become a bit strange.  Erin confirmed with Mike that Colorado is 
behind the project and supportive of pushing it and actively looking for funding.   
 
Kib said MOU funding would have to be used for federal stations.  Don said new stations would be 
purchased with MOU money and be federally owned.  Kib confirmed.  Such funding would cover the 
Table 2/new stations.  Erin reminded the callers that money reflected in the tables included some 
training and maintenance funds.   
 
Erin plans to circle back with David Dubois to check status.  For the future O&M money from 
Reclamation that goes towards new stations, under Section V, Steve’s intent was to leave that 20 
percent somewhat flexible so it could be directed where it was most needed.  State/UCRC/Reclamation 
would decide where that funding could be used each year.  Erin indicated she thought that made a lot of 
sense; however, having that funding available in the short-term could be very helpful as the states go 
through their legislative processes. 
 
Don reminded the team that the costs for the Eddy Covariance Towers are still pending.  Depending on 
the Eddy Covariance Tower costs, Don indicated money may remain for those under the initial 
authorization for the annual O&M costs if the UCRC deems to approve that money for ongoing O&M.   
 
Steve asked if Kib could provide costs.  Don said him and Jim could work with Kib to determine those.  
Steve suggested waiting until the team knows if they are proceeding with remote sensing as the number 
and locations could change based on selection of remote sensing/ground truthing/etc.  O&M costs for 
the Eddy Covariance Towers are more than those for the Climate Stations.  Erin will check with Chad 
Higgins to confirm he plans to include updated costs in his Phase II report piece.  His Phase I estimates 
indicated $60K total for O&M and $40K per station installation. Brenna discussed that data analysis 
costs should be coming down due to the new Eddy Covariance data technology that is available.  Costs 
for one versus three are about the same for O&M.  $200K is likely what the team is looking at. 
 
Don inquired if a pilot study was deemed appropriate, if the Eddy Covariance Towers would be needed.  
Steve responded yes, but only one (i.e., not all four).   
 
Requests need to be submitted late spring/early summer for 2018 reserves. 
 
Steve requested that the team look at the state recitals up front in the MOU and get back to him with 
their updates this week.  Steve will then incorporate those updates and attempt to massage the 
language New Mexico expressed concern about.   
 
For the upcoming workshop, Erin suggested 10-15 minutes for this piece.  This draft MOU should be 
provided to the Commissioners before the 12/2 meeting.  Steve suggested a few days ahead of time and 
before Thanksgiving.   It was decided that Steve would send the MOU to Deon to forward to the 
Commissioners.    
 
Erin indicated Chad Higgins and Richard Cuenca have been working hard on their presentations and are 
trying to get those to Erin mid-week next week for her review and feedback regarding the 
appropriateness of the level of detail.   
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MOU CONCERNING THE REPORTING OF CONSUMPTIVE USES AND LOSSES IN THE UCRB  
Jim led the discussion of this MOU.  Jim indicated his revisions were an attempt to build a picture of the 
near-/mid-/long-term, and indicated he left the recitals and purpose sections alone.  Mike had provided 
some edits to Jim.  Jim clarified that he modified the timing discussion so as not to reflect 10 years to 
accomplish the project.  In the near-term, the plan would be to continue to evaluate methods for 
potential and actual ET in the first 2-3 years and build the data sets.  In the mid-term, the focus would be 
on finalizing the evaluations done under the near-term.  And the long-term would involve implementing 
what gets recommended.   
 
Kib requested that the O&M discussion be expanded to specify the authority.  Jim agreed and indicated 
he would incorporate language modifications to reflect that.   
 
Don expressed a concern about this MOU being very consumptive uses and losses (CU&L) report 
oriented whereas the intent is to get good numbers that the Commissioners can use.   It was agreed 
that CU&L spell outs in the MOU would be lower case.  Kib further suggested softening the CU&L 
language and carrying that throughout the purposes section of the MOU. Jim plans to address these 
suggestions. 
 
Steve had to depart the call at this point due to another call commitment.  Steve expressed that he has 
edits to this MOU and would forward those to Jim and Jody.     
 
Mike had comments on the definitions listed in this MOU, specifically Current Conditions.  Jim plans to 
revise the definition for Current Conditions to include Wyoming’s current methods and then not use that 
terminology later in the MOU to avoid confusion.   
 
The team indicated support of Jim’s revised timeline definitions for near-, mid-, and long-term and 
agreed he should carry those forward.   
 
Jim then walked the team through the Agreements Section.  Mike specified that Policy and Legal will not 
be informed by the results of the study and that the MOU needs to reflect clearly that actions 1-5 will be 
done concurrently (to the extent possible since some of the actions inform other actions) versus 
sequentially (i.e., they will all be looked at together).  Jim agreed and plans to add language to indicate 
there is no action priority relative to those.   
 
Mike suggested adding language to a cover letter (short, one-page synopsis type letter) about the Eddy 
Covariance Towers to remind the Commissioners that those are not covered under this MOU.  Don liked 
that suggestion as a means to keep the towers on the Commissioner’s radar due to the large dollar 
investment associated with those.  Ultimately, a future agreement for the Eddy Covariance Tower 
installations and maintenance will likely be required.   
 
Jim asked that the call team forward their additional edits comments to him to incorporate.  Don 
confirmed that Jim has not heard anything from Robert/Utah; Don plans to reach out to Robert.   
 
Don asked if Reclamation was still okay with things based on today’s discussion; Kib indicated he felt the 
team was headed in a good direction.   
 
Jody noted that MOU versus MOA (Memorandum of Agreement) terminology was being used 
interchangeably.  It was agreed that MOU should be used for both of the memorandums discussed 
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today, both in their title and content within.  Jody and David previously standardized that in the MOU 
Steve is leading and Jim plans to standardize that in this MOU.    
 
Jim plans to address the edits/comments received and to release a revised MOU on November 18th.  
Comments on that iteration are requested by COB November 20th.   From there, Jim will release a draft 
version to Don to forward to the Commissioners by November 25th.   
 
NEXT STEPS 
Please see italicized text for assigned action and follow-up items.   
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CONFERENCE CALL NOTES
Preparation for December 2, 2015 Meeting with the Upper Colorado River Commission

November 30, 2015, 3:00 p.m. Mountain

Call Participants:
Chad Higgins, Hydrologic Engineering, Inc. (HEI)
Dave Eckhardt, Bureau of Reclamation (Reclamation)
David Merritt, AECOM
Don Ostler, Upper Colorado River Commission (UCRC)
Erin Wilson, Wilson Water
Jim Prairie, Reclamation
Jody Glennon, AECOM
Kib Jacobsen, Reclamation

OVERVIEW
David started the conference call and announced the list of call participants. He then requested that
Chad provide an overview of Dr. Richard Cuenca’s remote sensing assessment for the project.

Chad indicated he had a lot to show from Richard; Chad and others coordinated and now have the
cumulative evapotranspiration (ET) for each State complete. What remains/is not complete is the
assessment of all possible methods.

For Colorado, four methods (i.e., R METRIC, SSEBop manual, SSEBop automatic, and SSEBop cold pixel)
were assessed for measuring cumulative ET, and the results are comparable, in a gross sense, to the
results of the Eddy Covariance (EC) technique. A more specific comparison is forthcoming.

Jim indicated that what is missing from the assessment for Colorado at this time is R ReSET and
ALEXI/DisALEXI. For the other states, Chad indicated only R METRIC and SSEBop results are available.

Chad indicated the difference in results between the methods is to the tune of 20 centimeters (cm)
cumulative ET per year (top to bottom). The SSEBop manual and automatic provide very close results to
the EC Tower data.

Chad stated he has multiple seams to show as visual aids at the presentation. Chad’s analysis of the EC
data is available and he plans to present the cumulative only results at the meeting so as not to
overwhelm the audience with data. The call team concurred that was a good approach.

Relative to the EC Tower data, there appears to be roughly 40 percent error with the remote sensing
methods. Don expressed concern that such fluctuations indicate none of the remote sending methods
are precise. Chad reminded the call team that only one season of data is available, so at this time, he is
not able to determine variability. Jim stated that Gabrielle is the U.S. Geological Survey (USGS) Lead and
can indicate whether a plus or minus of error is available. Jim indicated he would forward Chad
Gabrielle’s contact information.

Don requested that the call team discuss recommendations/the outlook for next steps. Jim thought the
recommendation would be to do the study on a larger scale with additional EC Towers. Chad also
recommended continuous monitoring and continuous improvement. Don expressed concerned about
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the potential reaction from the Commissioners to such recommendations – could appear as a never
ending study with a large cost.

Chad is unaware of Dr. Cuenca’s percent completion with the R ReSET method. The SSEBop automatic
did provide slightly worse results than SSEBop manual…SSEBop manual is the winner, and SSEBop
automatic comes in second. There is a price differential between these two methodologies – the
automatic method is scriptable whereas the manual requires man hours to operate.

Chad indicated he does have enough information to do a cost analysis to run those analyses and will do
so based on hours and pay rates. Don requested a ballpark of costs. Chad quickly scanned the data…he
estimated a half hour per seam; 20 seams per this growing season; and cited an experienced user. For
four seams per year, he estimated two to four person months per year, at $100 per hour, or $10K $15K
per year, per state. Sixteen seams would cover the four States and equate to one full time job. Jim
inquired if the methodology selected would impact this calculation – Chad clarified that the automatic
methodology would be cheaper (probably half the cost of the manual).

Chad asked what the next highest priority item for the team was for the presentation. The call team
could not think of anything. Chad confirmed the EC Tower plot and the Colorado plot would be
presented side by side at the meeting on December 2nd.

Chad confirmed the pilot EC Tower is located in Silt, Colorado, near Divide Creek. Chad indicated the
satellite data for Utah is complete but there is not a lot of relationship between the EC Tower data and
the Utah data.

Chad recommended the SSEBop be rolled out over a larger area, preferably the enter Upper Colorado
River Basin, and that one or more locations be added to check those results (i.e., at least one more EC
Tower, if not more, depending on how the States wish to invest). The EC Towers could then go away in
the future if confidence is built in the satellite methods.

Don inquired about the advantages/disadvantages of the different calculations. The Blaney Criddle
method is still being used and the Penman Monteith method is being expanded. Chad indicated he
would discuss the strengths and weaknesses of those methods relative to the EC technique and satellite
technique, and the relative potential errors of each, at the meeting. Don stressed it was important to
give the Commissioners a feel for whether remote sensing will provide more accurate estimates in the
future. Chad said remote sensing would provide “a more complete estimate.” The satellite method
provides every field. Climate station networks have to be transferred and translated from a single place
to many – this introduces errors when the data is aggregated.

Advantages of the satellite technique include not having to actually go on the land; maintenance of less
infrastructure; and no translational errors. Going from potential ET to actual ET is where translation
occurs. Don said there are still several questions to resolve in going from potential to actual ET. Chad
indicated the EC Tower has far less assumptions and is entirely independent of the other methods;
additionally, the EC Technique has been the standard for measuring flux the past 20 years.

Remote sensing may provide economies of scale; could be manned by one person covering the entire
Upper Colorado River Basin. Erin indicated the climate network helps establish an understanding of
potential consumptive use and shortages. Generally, one full time person operates the climate stations
in Colorado; for the other States, it is a part time job.
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Don requested that Chad be prepared to discuss the number of EC Towers being recommended and the
compromise between total coverage and economies of scale. Chad responded that different strategies
are available depending on philosophy (i.e., whether the intent of the EC Tower is just to validate
satellite data versus to serve a purpose with the climate network). If the philosophy is that the EC
Tower is just to validate satellite data, Chad recommended placing them in places where there is
overlap. If there is a competing desire, Chad recommended placing the EC Towers near climate stations.
There are tradeoffs with both philosophies. The cost of moving an EC Tower is estimated at $16K; the
team would need to gain a lot from moving an EC Tower and Chad does not see the worth.

Chad is planning for 20 minutes for his discussion at the meeting and will allow time for
questions/comments. Erin estimates her part to be 10 minutes as she will not be presenting anything
new. Jim estimates his required time as 10 minutes, too, as he plans to provide a broad overview of the
Memorandums of Understanding (MOUs) that have been drafted. The team understands Steve also
plans a brief presentation – a briefing. Don believes the Commissioners will request time to review the
report. He plans to hold on providing paper copies until Dr. Cuenca’s remote sensing piece is in the
report, but will provide an electronic copy of the report to the Commissioners either before or after the
meeting.

Chad indicated Dr. Cuenca will be doing rehab in Sonoma, California, after he gets released from the
hospital.

Don is hopeful that the Commissioners will concur with moving forward following their reviews of the
MOUs. A remote sensing decision will follow completion of the final report. The current report contains
preliminary recommendations that can be discussed at the meeting. Don hopes by June the team can
bring a definitive plan to Commission. Erin stressed that Chad’s report piece includes first and second
choice EC Tower locations for each State.

David inquired as to the status of the Lower Colorado River Basin effort. Jim indicated that team has
developed new consumptive uses and losses and their timeline is to get the new computations done by
2017. The States are going to want to compare what have they have been computing to the remote
sensing results. Erin indicated she could do that comparison in about an hour. Wyoming has done some
comparisons, and Colorado has also (on the East Slope), so some estimates have been made.

Dave confirmed the final report completion depends on Dr. Cuenca’s recovery.
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CONFERENCE CALL NOTES
UCRC CU/LOSSES TECHNICAL STEERING COMMITTEE

23 FEBRUARY 2016
10:00 A.M. NOON
CONFERENCE CALL

888 369 1427 PIN 3844738

Meeting Participants:
Brenna Mefford, Wyoming
Dr. Chad Higgins, Hydrologic Engineering, Inc.
David Eckhardt, Bureau of Reclamation
David Merritt, AECOM
Don Ostler, Upper Colorado River Commission
Erin Wilson, Wilson Water
Gabriel Senay, USGS
Jim Prairie, Bureau of Reclamation
Jim Verdin, USGS
Kara Sobieski, Wilson Water
Kevin Flanigan, New Mexico
Kib Jacobsen, Bureau of Reclamation
Michelle Garrison, Colorado
Mike Sullivan, Colorado
Dr. Richard Cuenca, Hydrologic Engineering, Inc.
Robert King, Utah
Steve Wolff, Wyoming

Remote Sensing Update – Draft Remote Sensing Recommendations

Discussion of Model Comparisons Dr. Richard Cuenca
Discussion of Operation Needs Drs. Cuenca & Higgins
Potential Number of Towers Needed Dr. Chad Higgins
Where to Install Towers Drs. Cuenca & Higgins

Dr. Cuenca and Dr. Higgins discussed the draft remote sensing analysis results and recommendations as
provided in the Report and Recommendations on Remote Sensing (Ver 2).pptx and Remote Sensing
Executive summary USBR (Ver 6).docx. The discussion began with a review of Figure 1 from the
Executive Summary, noting that the top black line in the figure represented the Penman Monteith
reference evapotranspiration (ET) cumulative value, whereas the other methods presented in the graph
reflected water supply limited estimates of actual consumptive ET. The SSEBop:HEI Cold Pixel values
(yellow line) was developed by Dave Eckhardt based on a 1.05 value of the ET for cold pixels. Dave ran a
few other options with SSEBop using different pixel options and will provide those results in future
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reports. It was noted that the cumulative ET values for the Colorado site in the presentation differed
from those presented in the Executive Summary. Dr. Cuenca and Dr. Higgins noted that this was due to
using an interpolation method for the presentation graphs to fill the data gap in the tower data near
DOY 190; they recommended using this interpolation method in the final report.

Dr. Cuenca and Dr. Higgins re emphasized that the data gap in the tower data was caused by a memory
card overload and that use of CR6 dataloggers in the future will correct this issue. It, of course, doesn’t
preclude other issues with the tower occurring in the future though.

There was discussion between Dr. Cuenca, Dr. Higgins, and Dave Eckhardt regarding the fact that the
ET results from this tower reflect only one data point in Colorado and the Upper Colorado River Basin
(UCRB), and that the remote sensing results have not been ground truthed or compared to results for
any sites with variations in environment, elevation, or water supply. Dave noted that there are several
different remote sensing methods that generally rely on the same kinds of satellite data but leverage
this data differently to develop reference ET values. All of these methods can “get you in the ballpark”
for reference ET data, but on the ground data from towers, met stations, or other actual ET methods
are necessary to constrain and/or bound the satellite estimates. With this in mind, users can then
compare costs of different remote sensing options, including the option of some automation of data
processing.

Additional points from the Executive Summary were discussed, including Dr. Cuenca’s and Dr. Higgin’s
recommendation to install a more extensive Eddy Co variance (EC) Tower Network; ideally at least one
tower in each state. This would allow the remote sensing results to be ground truthed to results from
towers in a more representative environment and/or elevation. Additionally, they noted that all the
methods presented in Figure 1 had similar seasonal patterns and were constrained by water stress as
compared to the Penman Monteith method. In general, they felt that once ground truthed, the remote
sensing results provided a pretty good estimate of actual ET and really only lysimeter results would be
more exact. They noted that the remote sensing effort could be implemented for the entire UCRB as is;
however, tower site in each state would provide more confidence of the results throughout the basin.

Don Ostler recalled a comparison of ET results from remote sensing to other empirical methods in the
Upper Basin. Jim Prairie and Dave Eckhardt noted this was a comparison performed by Bureau of
Reclamation (Reclamation) at two sites: Palo Verde Irrigation District (PVID) in Arizona and Mead,
Nebraska. For the PVID site, both Utah State and Reclamation performed water balances; Reclamation
included an estimate of non measured return flows and Utah State did not. The Utah analysis results
most closely correlated with METRIC results and the Reclamation analysis results most closely matched
the SSEBop method results. For the Mead, Nebraska site, METRIC provided an over estimate while
SSEBop results were much closer to the empirical method results. The final report for this effort has not
been published; however, Dave has the latest draft.
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Dr. Cuenca noted another comparison for a NASA study that included three wooded/grassland
(non irrigated) sites in California and Oregon. In this study, METRIC results correlated fairly well at sites
with low ET, but over estimated ET at sites with more moderate ET.

Don Ostler requested that a comparison of these results to existing methods used for the Consumptive
Uses and Losses reporting in the UCRB, including Blaney Criddle and the indicator gage method, also be
made for the tower site in Silt. Erin Wilson indicated that this comparison effort was removed from the
scope, but that the comparison could be made. Dave Eckhardt indicated a concern over capturing the
impact of cutting and not replanting in the Blaney Criddle analysis, and Erin indicated that diversion
records will capture that. The group noted that the ultimate question is whether the new method is
better.

Jim Prairie discussed the on going Reclamation (Alan Harrison) comparison effort for the entire UCRB
area that looks at how Penman Monteith results compared to Blaney Criddle results on a monthly
time step, both limited by the indicator gage method. There is no solid date for a published report;
email Jim Prairie for more information on this effort.

There was some confusion on the estimated time to analyze slides. Dr. Higgins clarified that the time
estimates in the presentation were based on approximately 18 scenes representing the entire UCRB
area, and they were revised from the original report after discussing the level of effort with technicians
and accounting for some contingency. It was noted that speed depends on experience and that
significant time was spent on homogenizing and QAing/QCing the MET data for each of the scenes.
Jama Hamal provided some of that effort for the Utah and Colorado scenes for this effort. The time
estimate, 0.35 full time equivalents (FTE), reflects the man hours needed to process data and perform
the METRIC analysis; it does not include the SSEBop analysis. Additionally, Dr. Higgins indicated that
slide four of the presentation reflected the cost to setup, install, and provide operations and
maintenance (OM) on a single tower, including a 20 percent contingency.

Gabriel Senay noted that use of GridMET or METData (from Idaho) provided a good comparison to data
used in the SSEBop analysis, and it may save some time and allow for some automation. Dave Eckhardt
asked about how quickly the data is available, and they noted that it was available fairly quickly (i.e., two
days for some data types) and that the datasets do include reference ET estimates.

Dave Merritt polled the state representatives about how comfortable they are with full basin
implementation of METRIC. Steve Wolff indicated that they really need a final report to look at the
results before they could discuss full basin implementation; Dr. Cuenca indicated the final report would
be available by the end of the month.

Don Ostler brought up the question as to the usefulness of the towers if the states did not move forward
with a remote sensing option. Dr. Cuenca and the state representatives indicated that the towers can
still be used for ground truthing any method, and there is value to maintaining towers even without
remote sensing options. Don Ostler indicated the states will need to discuss if they would like one tower
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per state, how to pay for that tower (including potential use of some Memorandum of Agreement
[MOA] funding) and if renting equipment is an option. Dr. Higgins indicated that the EC Tower Report is
finalized and will be included in the upcoming Final Phase II Report. It includes potential tower sites;
Erin Wilson asked if the sites reflected variable water supply conditions and Dr. Higgins indicated they
do not. Dr. Higgins indicated that he could include these criteria in tower siting options if Erin Wilson
could provide input (or GIS layer) with this information.

Dave Eckhardt presented an idea for a “Super Ground Truth Dataset” which would ideally include
100 fields with daily diversion records, ample water supply, known crops, and known irrigation practices
(potentially GVIC or Uncompaghre Valley). This dataset could be analyzed with a Penman Monteith
method and could be useful for comparisons.

Climate Station Update – Installation and operational issues.

Station installation schedule.
Equipment list needs from each state.
Is there a need for any additional agreements.
Calibration documentation by each state.

Agree to annual calibration. Document calibration each year and make log available to the
public. How can we do this?

QA/QC documentation by each state. Universal document on methods. Every state will follow
the ASCE Standards; protocol may vary by State.
Means to serve the QA/QC data are in placed by the next growing season (2017).
MOA authorization and where we are with those funds.
Need to add extra funding for state involvement in station siting (1 or 2 days for NM, 2 weeks
for CO, 3 5 days for UT).
Reclamation will pay for all station installation and operation for first year.

Erin Wilson and Kib Jacobsen presented the change in funding scenario for the climate network.
Originally, Reclamation was going to cover 20 percent of the first year costs and 20 percent of
subsequent year OM. Reclamation received some additional funding and proposed covering the whole
first year cost ($176,000) for climate stations in CO, UT, and NM. The states would then need to cover
the OM costs, potentially from MOA funding. Wyoming is still okay with not getting funding for their
climate station equipment and installation. This change in funding will need to be reflected in the MOU;
Steve Wolff will include the revised funding option in the most recent version of the MOU and circulate
to the states by Monday. If the states agree to the climate station MOU, Kib indicated that he can
provide authorization to Jama Hamel to order the climate stations. Erin indicated that it will take
approximately 8 weeks for delivery directly to the states; that they could be installed by the summer;
and could provide data for the 2017 irrigation season.

There was significant discussion as to what agreements would need to be in place in order for the States
to use MOA funding to perform OM on the climate stations over the next 10 years. Two agreement
options were presented:
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Option 1:

Reclamation to transfer MOA funding over to States for station OM
States to transfer funding over to State Climatologist for station OM
State Climatologist to landowners regarding the climate station equipment

Option 2:

Reclamation to transfer MOA funding directly over to State Climatologist for station OM
State Climatologist to landowners regarding the climate station equipment

Each of the states will need to look into the feasibility of each option and investigate the specifics of the
agreement (e.g., Colorado may need to have CWCB and/or SEO involved in agreements; Kevin needs to
discuss options with Dave Debois; etc.). These options however would not hold up the climate station
MOA as the funding option would not be needed until next year.

As part of the climate station OM, Jama Hamel will set up consistent OM procedures that each state will
perform, and then the states sign off on a report that the OM has been completed. She cannot perform
the OM for the entire network.

Unfortunately, MOA funding is not currently sent to any of the states, eliminating the possibility of an
amendment; new agreements will need to be created. Kib asked Don Ostler if there were sufficient
MOA funds to cover the costs for OM for 10 years. Don indicated he needed to develop an MOA
accounting summary and present this to the states. From there, the states can decide how to move
forward with both approving the use of MOA funding for climate station OM and/or installing new
towers if sufficient funds remain. Any expansion of MOA funds can be discussed by the group after the
final report is published. Kib reiterated that Reclamation really needs a commitment from the states to
cover these OM costs; the group decided that signing the climate station MOU would be sufficient in
showing this commitment.

Erin Wilson presented two additional funding requests to the group; Jobie (UT) would like to be
reimbursed ($2K $3K) for citing stations and Jana Hamel would like to purchase two additional sets of
climate station equipment to keep on hand for replacements (approximately $15K). Robert King
indicated he will coordinate with Jobie on his costs, and Kib indicated additional funds for climate
station replacements could be arranged.

Where do we go from here?
Final Report Phase II
Phase III

Support for MOU implementation
Task 4 from Phase II original scope
Technical Resource & Coordination role
Remote Sensing Implementation for Pilot Study
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Dave Merritt moved the discussion to the group’s next steps, potentially a Phase III effort. Based on the
Phase III efforts summarized in the agenda, Don Ostler asked if the technical consultants could provide
an estimate for costs for the group to consider. Dave indicated that the consultants need a specific
request from Reclamation for a scope of services which would include an estimate of man hours for this
effort, and lacking that, cannot provide that information. The group does have the cost estimates for
additional towers and implementing remote sensing throughout the UCRB to rely on. Don indicated that
Reclamation and the states need to review the final report then meet privately to discuss future efforts.
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Remote Sensing Update – Draft Remote Sensing Recommendations

Discussion of Model Comparisons Dr. Richard Cuenca
Discussion of Operations Needs Dr. Cuenca & Higgins
Potential Number of Towers Needed Dr. Chad Higgins
Where to Install Towers Dr. Cuenca & Higgins

Climate Station Update – Installation and Operational Issues

Station installation schedule.
Equipment list needs from each state.
Is there a need for any additional agreements?
Calibration documentation by each state.

Agree to annual calibration. Document calibration each year and make log available
to the public. How can we do this?

QA/QC documentation by each state. Universal document on methods. Every state will
follow the ASCE Standards, protocol may vary by State.
Means to serve the QA/QC data are in place by the next growing season (2017).
MOU authorization and where we are with those funds.
Need to add extra funding for state involvement in Station Siting (1 or 2 days for NM,
2 weeks for CO, 3 5 days for UT).
USBR will pay for all station installations and operations for first year.

Where to Go From Here
Final Report Phase II.
Phase III.

Support for MOU implementation.
Task 4 from Phase II original scop .
Technical resource & coordination role.
Remote sensing implementation for pilot study.





From ASCE-EWRI Task Committee Report, January, 2005 

In summary, stations should be: 

In a representative location where at least 70 percent irrigated vegetation is within a 300-foot 
radius or greater.
Located not more than 150 feet from irrigated fields. 
Ten times the distance of the tallest object away from the object (example: tree is 50 feet tall, 
station should be 150 feet from the tree).  Some trees on north side of station may be okay – south 
side, not okay. 

From our experience, the best sites are typically on sites where the landowner is enthusiastically 
supportive and where a pivot corner or line-set field corner location meets the fore mentioned criteria. 
Also, sites must have cell signal for data telemetry – Verizon carrier is preferred. 



 UNITED STATES DEPARTMENT OF THE INTERIOR 
 BUREAU OF RECLAMATION 

 PERMIT TO ENTER FOR AGRIMET STATION 

AgriMet is the Northwest Cooperative Agricultural Weather Station Network. It is operated by 
the U.S. Bureau of Reclamation, Pacific Northwest Regional Office, 1150 North Curtis Road, 
Suite 100, Boise, ID, 83706-1234.  Phone: (208) 378-5203. 

The undersigned, ______________________________________________________________, 
hereinafter referred to as Landowner, states as follows:

That the Landowner of the following described property:
_____________________________________________________________________________
_____________________________________________________________________________
_____________________________________________________________________________

located in _______________ County, ______________; 

That the Landowner will allow the Bureau of Reclamation, its agents and assigns, hereinafter 
referred to as Reclamation, to place, operate, and maintain an AgriMet weather station on said 
property, and will allow Reclamation ingress and egress over existing access routes and other 
ways as may be mutually agreed upon, subject to the following terms and conditions: 

1. The particular placement of the station will be determined jointly by the Landowner and 
Reclamation. 

2. The station will be serviced and maintained by Reclamation and/or Reclamation-appointed 
personnel.

3. The station may be removed at any time by Reclamation, or within 30 working days if so 
requested by the Landowner. 

4. This Permit shall remain in effect until terminated in writing by either party. 

 Signed: _________________________  ______________ 
         Date 
 Printed Name: _________________________ 

 Address: _________________________  ______________ 
         Phone 
   _________________________ 

 Approved: _________________________  ______________ 
   Bureau of Reclamation   Date 
   AgriMet Representative 



AGRIMET SITE VISIT REPORT VISIT #

SITE NAME
SERVICE DATE EMPLOYEE
ARRIVAL TIME DEPARTURE
WEATHER

REASON FOR
VISIT

DATA LOGGER # TXMITTER #

CH Description Measured Observed CH Description Measured Observed
#1 Batt_Volt #16
#2 Solar mV #17
#3 Precip #18
#4 WindDir #19
#5 WindSp #20
#6 RH #21
#7 AirTemp #22
#8 Ave_WS15m #23
#9 Ave_WD15m #24
#10 Max_WS15m #25
#11 Windrun #26
#12 Tot_Solar #27
#13 Tot_Precp #28
#14 Cal_Precp #29
#15 HrAve_WS #30

COMMENTS

EQUIPMENT BEFORE RECHARGE
REMOVED AFTER RECHARGE

NEXT VISIT

EQUIPMENT
INSTALLED





AGRIMET FIELD CALIBRATION SHEET – CR1000 

STATION:________    _____DATE:____________ 
START TIME:_____________END TIME:______________ 
TECHNICIANS:_________________________________
WEATHER:________________________________

SERIAL NUMBERS 

Field Licor:______________ 
CR1000:___________________
RMY:______________________
Precip:___________________
RH:_______________________
Raven:____________________
Regulator:________________
Solar Panel:______________ 

 __________________ 
 __________________ 

       __________________ 
   __________________ 

SOLAR CAL 

 Level and Clean 
 Install surrogate 
 Calibrate, record 

Scale(~0.2):__________
Min mV (5):___________ 
Max mV (6):___________ 
Cal Time(7):__________ 
Accum mV (15):________ 

Rotronic

Q Set RH_Cal = True 
 Clean/replace filter 
 Replace head (?) 

Q Set RH_Cal = False 

AIR TEMP

Bench Field 

Humidity

Bench Field 

PRECIP CAL 

1____________15___________

2____________16___________

3____________17___________

4____________18___________

5____________19___________

6____________20___________

7____________21___________

8____________22___________

9____________23___________

10___________24___________

11___________25___________

12___________26___________

13___________27___________

14___________28___________

TIPPING BUCKET 
Q Set Prec_Cal = True 

TB3:798 ml=100 
(Standard is +/- 3) 

Before After # Tips 

Q Set Prec_Cal = False 

SOIL TEMP(<20”)

Depth Type Bench Field 
_____ ____ _____ _____ 
_____ ____ _____ _____ 
_____ ____ _____ _____ 
_____ ____ _____ _____ 

RM YOUNG CHECK 

Clean and check level 
Check height (~118”) 

  Measured Height ______” 
Use shim spacer to 
check   shaft play, 
torque disk to  check 
bearings

Check Wind Speed 
Q Set Wind_Cal = True 

    RPM     Standard 
    500        5.48 
    1000           10.96 
    2000           21.92 
    3000           32.88 
    4000           43.84 
    5000           54.80 
    6000           65.76 

Q Set Wind_Cal = False 

Check Direction 

Point to True S 180°

Before_______ After_______

 Check 360° rotation   

   Degrees off_____

Swap?____

Final Check 

Check extra 
screws/fuses
Clean solar panel 
Check Work Needed 
Desiccant
C-4 on all holes in box
Check modem connection

COMMENTS
____________________________
____________________________
____________________________
____________________________
____________________________
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Executive Summary 

Background and Methods 

The objectives of this project focused on evaluation of the operational applications of various remote 
sensing methods to estimation of crop evapotranspiration (ET) over agricultural fields of the Upper 
Colorado River Basin (UCRB).  The methods analyzed included the reconstructed METRIC method and 
the Simplified Surface Energy Balance operational method (SSEBop) in Colorado, New Mexico, Utah, 
and Wyoming.  Additional space-based SSEBop estimates of ET were made in Colorado.  These 
alternative approaches investigated the influence of: 1) the number of scenes analyzed, 2) cold pixel 
selection, and 3) automatic hot and cold pixel selection.  Satellite methods were compared to estimates of 
reference evaporation in each state, respectively.  A detailed comparison between the satellite methods 
and a direct measurement of actual evapotranspiration, measured with an Eddy Covariance (EC) tower, 
were performed in Colorado.  The comparison between the EC tower and the satellite estimation methods 
was made for the subset of satellite image ‘pixels’ that corresponded directly to the EC tower’s 
measurement footprint.  Inter-comparisons were performed only when data from all sources were 
available. 

Figure 1.  Comparison of EC tower cumulative ET ground-truth data for the growing season compared to 
various remote sensing estimating methods.  Penman-Monteith Reference ET is also plotted as 
an upper boundary, indicating that the EC tower site near Rifle, CO was under some water 
stress during the 2015 growing season.   
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Lessons Learned 

1) All remote sensing methods over-estimated cumulative seasonal evapotranspiration relative to 
the EC tower measurements.   

2) The Penman-Monteith reference ET results were higher than any of the remote sensing 
estimating methods and the EC tower data indicating that the site experiences some water stress, 
and that all of the methods constrained the ET estimate to some degree while showing similar 
patterns through the season of high, moderate, and low ET days.   

3) SSEBop using the U.S. Geological Survey (USGS) automated cold pixel selection and hot pixel 
computation was the most similar to the EC tower measurements for this particular comparison.   

4) R-METRIC using hot and cold pixel selection of relatively inexperienced users, but closely 
following the METRIC manual guidelines, had a substantial bias and reported the highest ET of 
all remote sensing methods followed closely by SSEBop using the same cold pixel selection 
contrasted to the automated USGS procedure.   

5) As has been shown in previous studies, hot and cold pixel selection is a potential source of bias.  
This is clearly demonstrated by the fact that the ET estimation using SSEBop increased 
significantly when the same cold pixel selections were used as those chosen for R-METRIC 
compared to the automated USGS statistically-based procedure.  

Remote sensing methods have promise and their potential for automation could lead to an economical 
approach to estimate agricultural consumptive water use throughout the entire basin.  Space-based ET 
estimates are high relative to the EC tower, but the SSEBop algorithm showed the highest level of fidelity, 
for this comparison.    

Recommendations 

If the potential of space-based ET estimation is to be realized, continued confidence building in the 
methods of data analysis and interpretation is necessary.  There is value in having a set of ‘ground-truth’ 
sites to determine the level of ET accuracy.  Moving forward, a modest EC tower network is 
recommended that would include a minimum of one EC tower in each state of the UCRB.  The purpose of 
this expansion is to test and build confidence in remote sensing ET estimation methods.  This includes 
evaluating the performance of R-METRIC, SSEBop, and possibly newer methods over a wider range of 
climatological regimes.  The influence of hot and cold pixel selection methodologies, in particular 
automated pixel selection methods, should be investigated in more detail.  This portion of the ET 
estimation algorithms was a source of significant positive bias in this study.  An automated boundary pixel 
selection procedure would also lead to labor savings.  The UCRB needs to be open to new and evolving 
methods of ET determination using remote sensing platforms.  Although Landsat 8 will remain the 
preferred platform for the foreseeable future, new platforms are in the planning stages and new 
algorithms for data analysis are evolving.   



Dr. Higgins
Hydrologic Engineering Inc.
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Chad Higgins and Richard Cuenca



Installation just 
south of Silt, CO
Operated April 1st

2015-October 2nd

2015
Measured the 
actual ET from an 
irrigated pasture
Can be used to 
‘ground-truth’ 
other ET estimated



Initial 
Costs

Initial Labor Reoccurring 
Costs

Reoccurring 
labor

Sensors $27000
Infrastructure $8000

Hardware $1000
Telemetry $2000 $1200/year

Consumables $1000/year
Calibration $1000/year 1 person-

day/year
Installation 10 person-

days
Site Survey 1 person-day

Site 
maintenance

12 person-
day/year

Data analysis 0.2 FTETotal cost estimates:
**Assuming the technician pay rate of $100/hour, benefits included, and a 20% contingency.
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Relocating an active tower would cost 
~$16,000.  



Advantages:

• Gives an estimate of 
actual ET

• Directly creates a map 
of ETa

Disadvantages: 

• Overpass every 8 days
• Clouds problematic
• Requires ground based 

met. Data that has 
gone through QA/QC. 

Colorado New Mexico Utah Wyoming
Path/Row 35/33 35/35 37/32 37/30
Weather Station Olathe 2 Farmington 

/ 
Block 1

Pleasant 
Valley

Boulder

Usable Scenes 17 19 19 15 
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Satellite* **Eddy 
Covariance

• *Error ~20-30% for daily estimates (Senay
correspondence).

• **Error ~10%



Activity Time Done for
Total Yearly 
Hours

Met Data
30 
minutesEvery Scene 180

Scene Preview
10 
minutesEvery Scene 60

Pixel selection
30 
minutesEvery Scene 180

Calculation
15 
minutesEvery Scene 90

Gapfilling 5 hours
Each State 
Yearly 20

Interpolation 5 hours
Each State 
Yearly 20

0.35 FTE job to 
analyze entire basin 
(1 method), 1 week 
of training required 
for competent 
individual.  
Automation saves 
180 hours/year best 
case.

Equipment costs: modern desktop computer with 
maximum RAM and hard disk space of multiple TB: 
$3000



Rollout of satellite methods: SSEBop and 
RMETRIC for the entire basin
Continue confidence building:

Comparisons with eddy covariance towers (1 per 
state).  Preferred locations have been specified.
Comparisons with legacy methodologies should be 
performed.
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Eddy Covariance (EC) Theory and Development of the Equations 

Start with the advection dispersion equation which describes the motion of water vapor within 
the atmospheric boundary layer: 

 
2 2 2

2 2 2

( ) ( ) ( )q uq vq wq q q qD
t x y z x y z

 ∂ ∂ ∂ ∂ ∂ ∂ ∂
+ + + = + + ∂ ∂ ∂ ∂ ∂ ∂ ∂ 

. (1.2) 

Where q is the specific humidity in (g/m3), the 3-D wind velocity vector is ˆˆ ˆui vj wk+ + , and the 
mass diffusivity of air is D .  The atmospheric flow is assumed to be turbulent.  Under this 
condition, the transport due to advection is much more efficient than the transport of water vapor 
due to diffusion.  Equation A.1 reduces to: 

 
( ) ( ) ( ) 0q uq vq wq

t x y z
∂ ∂ ∂ ∂

+ + + =
∂ ∂ ∂ ∂

. (1.3) 

Horizontal homogeneity is assumed.  That is, the measurement location is assumed to be above a 
land surface that is relatively flat and uniform.  This assumption reduces derivatives in the x and 
y directions to zero. 

 ( ) 0q wq
t z

∂ ∂
+ =

∂ ∂
 (1.4) 

Reynolds decomposition (REF) is employed.  Here, the vertical velocity w , and the specific 
humidity q  are decomposed into a mean component and a fluctuating component: 

 ( ') ( ')( ') 0q q w w q q
t z

∂ + ∂ + +
+ =

∂ ∂
. (1.5) 

Where the overbar represents the average of the quantity and 'q  and 'w  are the turbulent 
fluctuations in the specific humidity and the vertical component of the wind velocity vector, 
respectively.  The mean of the vertical velocity component, w is assumed to be zero, which leads 
to: 

 ( ') ( ' ' ') 0q q w q w q
t z

∂ + ∂ +
+ =

∂ ∂
. (1.6) 

Equation 1.5 is then averaged over many events.  By definition, isolated fluctuating quantities 
have a zero average.  This is a mathematical consequence, not an assumption: 

 
( ) ( ' ') 0q w q
t z

∂ ∂
+ =

∂ ∂
. (1.7) 

Now the mean humidity is assumed to be quazi-stationary.  That is, the average humidity is 
changing slowly with time.  This assumption eliminates the time derivative term to produce: 
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( ' ') 0w q

z
∂

=
∂

. (1.8) 

Interpretation of 1.7 reveals that the average advection of humidity in the vertical direction is 
constant near the land surface.  

 ' ' constantw q =  (1.9) 

Thus, the measured covariance between the vertical component of the wind velocity and the 
humidity within the air column above the land surface is the same as the evaporation at the land 
surface, providing the assumptions outlined above are satisfied. 

Atmospheric stability can be calculated as: 

 
( )

3
2

' '

' '

m
v

v

z g w
Stability

u w

κ θ
θ

= −
−

 (1.10) 

Where g is the acceleration due to gravity, κ  is the Von Karaman constant = 0.41, and vθ  is the 
sonic temperature. 
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There are two dominant manufacturers of open path instruments (like the type pictured on 
Figure 3-1).  These manufacturers are Campbell Scientific, who produces the EC150 probe and 
the integrated IRGASON system, and Licor, who produces the LI7500A probe.  All three 
sensors are of sufficient quality and accuracy to perform EC. 

Manufacturer 
Campbell 
Scientific 

IRGASON 

Campbell 
Scientific EC150 Licor LI7500A 

Photo: Promotional 
Material from  
Manufacturers 

  

 
Output bandwidth 20 Hertz 20 Hertz 20 Hertz 

Accuracy 2% 2% 2% 
 

A range of manufacturers provide suitable anemometers.  Major providers include: Campbell 
Scientific, Gill, Metek, and Young.  Each instrument has unique attributes and configurations. 

Manufacturer Campbell Sci. Gill Metek Young 

Photo: 
Promotional 

Material from  
Manufacturers 

 

   
Measurement 

Range 
0-134  

miles/hour 
0-145 

miles/hour unspecified 0-89  
miles/hour  

Max Repetition 60 Hertz 32 Hertz 50 Hertz 32 Hertz 
Vertical Wind 

Resolution 
0.02 

inches/second 
0.4 

inches/second 
0.4 

inches/second 
0.4 

inches/second 
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An exercise to analyze the sensitivity of SSEBop to different input databases and 
parameterizations was undertaken by David W. Eckhardt of the U.S. Bureau of Reclamation 
(USBR), Denver office.  This analysis was accomplished by executing five different runs of the 
SSEBop model using different c-factor calculations, number of processed satellite images, 
gridded Tmax datasets, and ground-based meteorological data (Table F-1).  Note that due to 
differences in the method used to calculate c-factors and the differing input datasets used, the 
results published in this appendix are distinct from the U.S. Geological Survey (USGS) SSEBop 
results described in the main body of this report.  USBR ported the USGS SSEBop model from 
Python script to the ERDAS Imagine processing environment in which all processing reported in 
this appendix occurred. 

Table F-1 Variations of SSEBop applied in sensitivity analysis 

c-factors were calculated in two different ways.  Four of the model runs labeled SSEBop 
(USBR-2, -3, -4, and -5) in Table F-1 used the statistical method described in the main body of 
this report to determine the c-factor, with one major difference.  Instead of following the USGS 
protocol in which statistics calculated from the entire Landsat scene are used to estimate the 
c-factor, statistics were calculated using only pixels which fell within agricultural areas identified 
in the shapefile provided by Wilson Water Group.  One model run labeled SSEBop (USBR-1) 
made use of a manually-selected c-factor which produced an ETrF of 1.05 at the cold pixel 
selected for the R-METRIC analyses. 

Two different image sets were selected for processing by USBR, which chose to process 
16 images, and the USGS which chose to process 18 images.  The difference arose from 
judgement calls relating to the benefit of adding another snapshot in time to improve the 
characterization of vegetation development, versus the cost associated with using images that 
were acquired under sub-optimal conditions. 

Two different gridded Tmax datasets were investigated.  The University of Idaho METData 
dataset produced daily Tmax estimates at a 24 arc-second grid spacing.  These data were available 
for download with a 1- to 2-day latency, so Tmax data specific to individual days in 2015 were 
used in processing.  The Daymet Tmax data were long-term (approximately 30-year) daily 
averages.  Both of these gridded Tmax data sets were calibrated to daily maximum temperatures 
measured at a Colorado Agricultural Meteorological Network (CoAgMet) meteorological station 
(either Olathe 1 or Olathe 2). 

The two different meteorological stations used in processing (Olathe 1 and Olathe 2) were 
separated by 3 kilometers (km), with an elevation difference of 40 meters (m).  Jama Hamel from 
USBR’s agricultural weather network (AgriMet) program performed quality control on the 
meteorological data from each station.   
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RESULTS 
Comparison of Evapotranspiration (ET) Estimates with Colorado Eddy Covariance (EC) 
Tower 
Figure F-1 shows a comparison of EC tower cumulative ET ground-truth data for the 2015 
growing season along with the four SSEBop (USBR) results.  With reference to Figure 4-1, 
R-METRIC produces the highest cumulative estimate, followed by SSEBop (USBR-1).  The 
other three estimates (SSEBop [USBR-2, -3, and -4]) are quite similar to one another.  All 
SSEBop (USBR) estimates are higher than the tower ET and lower than SSEBop (USGS) (data 
not shown).   

Figure F-1 Comparison of EC tower cumulative ET ground-truth data for the 2015 growing 
season with SSEBop (USBR) remote sensing methods; Penman-Monteith ET for 
a reference alfalfa surface using Olathe 2 weather station data is also plotted as an 
upper boundary condition, indicating the EC tower site near Rifle, Colorado, was 
under some water stress during the 2015 growing season 

The linear least-squared error regression models predicting remotely sensed daily ET from ET 
measured at the EC tower generated from the 182 data points are presented in Table F-2.  All 
methods have a positive intercept with the low value of 1.12 for SSEBop (USBR-4) and a high 
value of 1.83 for SSEBop (USBR-1).  The slopes of the equations are similar, ranging from 0.76 
for SSEBop (USBR-1 and -2) to 0.80 for SSEBop (USBR-4).  Table F-2 also indicates the 
coefficient of determination for these methods and the root mean square error (RMSE).  The R-
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squared values are relatively low which is evidenced by the scatter of the data around the 1:1 
line.  The values of the RMSE range from a low of 0.90 millimeters per day (mm/d) for SSEBop 
(USBR-2) to a high value of 1.10 mm/d for SSEBop (USBR-1). 

Table F-2 Linear regression analysis results for remote sensing methods used in sensitivity 
analysis vs EC tower measured daily ET for growing season 

In order to minimize the effects of interpolation, linear regression statistics were also calculated 
for just days of satellite overpass (Table F-3).  The R-squared value is quite low for SSEBop 
(USBR-1) and much higher for SSEBop (USBR-2) and SSEBop (USBR-4).  The R-squared 
values are increased for SSEBop (USBR-2) and SSEBop (USBR-4) as compared to the 
full-season data. 

Table F-3 Linear regression analysis results for remote sensing methods vs EC tower 
measured daily ET on days of satellite overpass 

Results in Figure F-2 indicate SSEBop (USBR-1), which was run using a manual c-factor chosen 
to provide a cold pixel temperature consistent with that used in R-METRIC.  Figure F-2 shows 
considerable scatter but the results generally fall above the 1:1 line indicating a higher ET 
estimate using this remote sensing method.  The points corresponding to days of satellite 
overpass (shown in red) show a similar trend as the seasonal data with a distinct positive bias. 
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Figure F-2 Comparison of EC tower daily ET ground-truth data throughout the 2015 growing 
season with SSEBop (USBR-1) remote sensing estimated daily ET (1:1 line 
indicated in orange)   

Comparison of Cumulative ET for Irrigated Lands: Colorado 
Figures F-3, F-4, F-5, and F-6 demonstrate the differences produced by varied inputs to the 
SSEBop (USBR) methods.  The manual c-factor, which was computed to be consistent with the 
ET estimated by the Hydrologic Engineering, Inc. (HEI)-selected cold pixel for R-METRIC, 
produces the greater magnitude of the two SSEBop (USBR) estimates (Figure F-3).  
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Figure F-3 Cumulative seasonal ET for the Colorado study area estimated using SSEBop 

(USBR-1) and SSEBop (USBR-2) remote sensing methods 
Figure F-4 examines the impact of using a different number of Landsat scenes.  The results show 
a difference of only 7 mm over the course of the growing season. 
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Figure F-4 Cumulative seasonal ET estimated for the Colorado study area using SSEBop 
(USBR-2) and SSEBop (USBR-3) remote sensing methods 

Figure F-5 explores how using a different gridded Tmax dataset can affect cumulative seasonal 
ET.  Again, the estimates are similar, with the University of Idaho METData data set producing a 
greater estimate than the Daymet data set. 
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Figure F-5 Cumulative seasonal ET for the Colorado study area estimated using SSEBop 
(USBR-3) and SSEBop (USBR-4) remote sensing methods 

Figure F-6 shows the difference in the ET estimate produced using reference ET from two 
different meteorological stations located approximately 3 km apart.  The difference in seasonal 
reference ET (i.e., 473 mm using Olathe 1 and 521 mm using Olathe 2) is a bit surprising but 
points out the reality of field data collection.  This difference could be caused by variations 
between sensors, solar radiation sensors being the most susceptible, and differences in station 
citing and exposure.  Photographs of the Olathe 1 installation are available at 
http://www.colostate.edu/Orgs/Vegnet/COAGMETLOCATIONS.html, and indicate this is not 
an ideal site for reference ET data.  This also supports the argument for standardized data quality 
control to be conducted throughout the growing season, sometimes by testing against portable, 
higher quality sensors which can be used to evaluate all stations in a network.   

  

http://www.colostate.edu/Orgs/Vegnet/COAGMETLOCATIONS.html
http://www.colostate.edu/Orgs/Vegnet/COAGMETLOCATIONS.html
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Figure F-6 Cumulative seasonal ET for the Colorado study area estimated using SSEBop 

(USBR-4) and SSEBop (USBR-5) remote sensing methods 

From the results of these USBR runs, a few conclusions can be drawn. 

1)  Differing c-factors 

As explained in the main body of this report, R-METRIC and SSEBop not only have significant 
differences in their internal algorithms, but they also differ in how they are calibrated to surface 
conditions.  R-METRIC uses manually-selected hot and cold pixels to calibrate its sensible heat 
flux model.  SSEBop links ET estimates directly to surface temperature values and uses an 
automatically-derived c-factor to estimate spatially-varying cold pixel temperatures (where 
ETrF = 1) from gridded maximum air temperature data.  The SSEBop procedure then adds 
pre-defined dT values to those estimated cold pixel temperatures in order to define the ‘hot pixel’ 
temperatures (where ETrF = 0).  Tables of results produced by R-METRIC and SSEBop 
demonstrate differences in model ET estimates, but not whether these differences came from the 
model algorithms themselves or from how the automated c-factor method approximated cold 
pixels selected by trained image analysts.  Comparing R-METRIC results with SSEBop 
(USBR-1) in Figure F-1 shows that even when the c-factor multiplied by the gridded Tmax value 
equaled the cold pixel temperature used in R-METRIC runs, R-METRIC produced seasonal ET 
estimates that were approximately 20 percent greater than those from SSEBop.  Figures F-1 and 
F-3 also show a similar difference between SSEBop (USBR-1) and SSEBop (USBR-2), 
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indicating that the automated c-factor selection method does not, in this case, replicate 
temperatures at the cold pixels manually selected by image analysts. 

2)  Differing Tmax data sets 

The two Tmax data sets used in this analysis were quite different, with the University of Idaho 
METData depicting 2015 conditions, and the median Daymet data set depicting daily long-term 
average air temperatures.  However, calibration of each Tmax grid to Tmax data measured at the 
same meteorological station effectively normalized the data sets to the point where they 
produced estimates that varied by only 3.4 percent (Figure F-5).  

3)  Differing meteorological stations 

Figure F-6 illustrates how critical it is to only use data from properly sited meteorological 
stations in the estimation of ET.  Although the data from both Olathe 1 and Olathe 2 went 
through the same quality assurance/quality check procedure and although they were separated by 
only about 3 km in distance and 40 m in elevation, using Olathe 1 for model calibration instead 
of Olathe 2 resulted in a 9 percent drop in estimated seasonal ET.  (Note that Olathe 2 was used 
as the primary meteorological station for Colorado in this study based on regression analysis of 
reference ET from all available meteorological stations in the region.)   
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