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1.0  BACKGROUND 

This report was prepared under contract to the Arizona Department of Water Resources 
(ADWR) in support of its work to finalize a hydrographic survey report (HSR) for the Hopi 
Indian Reservation (Reservation).  The author was an employee of ADWR from January 2007 
through January 2009 at which time he authored the report Consumptive Use of Crops Grown on 
the Hopi Indian Reservation (Crowley, 2007).  That report was presented as Appendix F of a 
preliminary HSR for the Reservation (Hopi PHSR).  The Hopi PHSR was released by ADWR in 
December 2008 as part of the Little Colorado River General Stream Adjudication currently 
pending before the Apache County Superior Court.  For reference, a copy of the author’s prior 
report is included here as Appendix A. 

The purpose of this report is to respond to comments received by ADWR on the Hopi PHSR 
related to the consumptive use (CU) of water by crops. Where appropriate, this report also 
describes changes made to ADWR’s original CU methods and calculations.  Three parties filed 
comments on the topic: 

• Hopi Tribe; 
• Navajo Nation (represented by AMEC consultants); and 
• United States, on behalf of the Hopi Tribe (represented by NRCE consultants). 

 
Table 1.1 provides a summary of the comments and indicates which sections they are addressed 
in this report.  A copy of the original comments is found in Appendix B. 
 
 
2.0  RESPONSE TO COMMENTS 
 
 
2.1  MODEL UPDATES 

 
Some comments were on whether the Modified Penman-Monteith equation, adopted by the 
United Nations Food and Agriculture Organization (FAO), and the American Society Civil 
Engineers (ASCE) was the best model to calculate evapotranspiration (ET).  This model has 
proven to be one of the most accurate models in a wide range of environments, even in areas 
with very little climate data available, as is the case on the Hopi Reservation (Allen et al, 1998).   
As with any model, the precision and accuracy of the model output is dependent upon the quality 
of the model input.  The following subsections address comments made on the four climate 
variables used in the Modified Penman-Monteith (FAO-56) model to estimate reference crop 
evapotranspiration (ETo): dew point temperature (Tdew), wind speed (U2), air temperature (Tmax 
and Tmin), and Solar Radiation (Rs).   
 
2.1.1 AVAILABLE CLIMATE DATA 

The U.S. suggested that ADWR should have used daily climate data rather than mean monthly 
values to estimate ET.  ADWR’s approach reflects the purpose of the project and data 
availability.  
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The purpose of this project is to quantify the historical and current average annual water use by 
crops for the entire Reservation.  A monthly time-step is appropriate for characterizing climate 
variations on the Reservation.  As stated in FAO-56, “the value of the reference 
evapotranspiration calculated with mean monthly weather data is indeed very similar to the 
average of the daily ETo values calculated with daily average weather data for that month”  
(Allen et al, 1998).   Weekly, daily, and hourly time-steps are more appropriate for field-specific 
crop water demands and establishing daily or weekly irrigation schedules.  Use of daily time-
steps for estimating historical averages is not expected to yield substantially different ETo 
results.    

With regards to data availability, the most reliable sources of long-term climate information are 
the National Weather Service (NWS) stations located at Keams Canyon and Tuba City.  
Calculations of ETo with FAO-56 require data on air temperature, wind speed, humidity, and 
solar radiation.  Of these, humidity and wind speed were derived using data from other stations 
and sources, as explained later in this report and in Crowley (2007).  Solar radiation was derived 
from temperature measurements at the two NWS stations using the Hargreaves equation 
(Hargreaves and Samani, 1982).  With regards to the Hargreaves equation, it is recommended for 
monthly ETo calculations and, “caution is required when daily computations are needed. . . .It is 
recommended that daily estimates of ETo that are based on estimated Rs be summed or averaged 
over a several-day period, such as a week or month to reduce prediction error” (Allen et al, 1998, 
p. 61).  With a monthly time-step recommended to estimate solar radiation, it is most appropriate 
to use this data in conjunction with the other climate variables on the same, monthly time-step. 

ADWR considers the Keams Canyon and Tuba City weather stations to be good sources of 
climate data for this study.  Both stations have periods of record in excess of 100 years and are 
located on or immediately adjacent to the Reservation.  In addition, greater than 82% of total 
agricultural field acreage that ADWR identified on the Reservation in 2005 is situated at 
elevations between the two stations.  The majority of fields located outside the range of weather 
station elevations are higher in elevation (13%) which is expected to cause a slight decrease in 
ET.  Table 2.1 compares the elevations of fields identified by ADWR in 2005 to the elevations 
of Keams Canyon and Tuba City.  Weather data from these stations is considered sufficient for 
the scope of this project, without the need to incorporate weather data collected from off the 
Reservation.  Reference crop evapotranspiration ETo values have been modified in this report to 
incorporate the entire periods of record for both stations. 

 
 
2.1.2 DEW POINT (Tdew) 
 
The Navajo Nation and the U.S. commented on ADWR’s methods for computing Tdew.  ADWR 
used different methods to calculate Tdew for the two irrigation methods modeled: Non-deficit 
irrigated land (NDI) and precipitation/native irrigated land (DRY).  (See Table 1.2 for a 
comparison of the irrigation methods claimed by the Hopi and U.S. to ADWR’s methods.)  For 
NDI conditions, it is assumed that there is a well-watered crop, which is actively transpiring.  
These conditions create a microclimate in which there is greater humidity, and Tdew is therefore 
less than the surrounding climate.  This is why it is recommended that Tdew and temperature data 
be modified when measured off site, even where long-term records are available.  When 
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humidity data are unavailable, estimation procedures that take into account microclimate effects 
should be employed (Allen et al, 1998).  The ASCE (2005) outlines a procedure to estimate Tdew 
based upon measured minimum daily temperatures (Tmin), substituting missing Tdew values for 
Tmin – Ko, with a recommended Ko of 2-4°C.  Ko values often varied between 2-5°C in Arizona 
(ASCE, 2005).  Per Brown (2007), ADWR used Ko values of 2°C for the monsoon season of 
July-August, when Tdew is more likely to approach Tmin, and values of 5°C for all other months 
of the year.  This method of Tdew calculations is abbreviated by Tdew(Brwn) in this report. 

For DRY conditions, ADWR used Tdew values that most accurately represent current and historic 
field conditions on the Reservation.  Because of the relatively small fields and widely spaced 
crops (Bradfield, 1971; Ferguson, 2004; ADWR, 2005), humidity within the agricultural fields is 
not expected to differ greatly, if at all, from the surrounding environment.  Therefore, using on-
site Tdew data would best portray DRY conditions.  While no humidity data have been collected 
at either of the two National Weather Service stations in the area (Keams Canyon and Tuba 
City), data do exist collected from the Hopi Tribe’s meteorological stations.  Since the periods of 
record for these stations are somewhat limited (beginning in 2003, with several month-long gaps) 
the Move.1 record extension method (Hirsch, 1982) was used to extend Tdew measurements from 
the Hopi Tribe’s stations based upon Tmin data collected at Keams Canyon and Tuba City.  This 
method of calculating Tdew is abbreviated by Tdew(Move.1) in this report. 

Figures 2.1 and 2.2 compare the differences between the two methods of calculating average 
monthly Tdew at Keams Canyon and Tuba City, respectively.  On average, Tdew(Brwn) predicts a 
monthly average 5.08 °F higher than the Tdew(Move.1) method at Keams Canyon and  4.93°F 
higher at Tuba City.  

A literature review suggests there is no standard practice for conducting sensitivity analyses on 
climate variables used in evapotranspiration models (Saxton 1975; Irmak et al. 2006; Estevez et 
al. 2009).  Multi-variable analyses are complicated by the fact that input variables in ET models 
are co-dependent.  This effect is illustrated in Tables 2.2 and 2.3 as the percent increase in total 
ETo changes at wind speeds (U2) of 3 m/s versus 5 m/s, when comparing ADWR’s different 
methods of calculating Tdew.  At Keams Canyon, using Tdew(Move.1) in the ET model results in a 
9% increase in average monthly ETo when U2 = 3 m/s and an 11.4% increase in average 
monthly ETo when U2 = 5 m/s.  These wind speeds represent the upper and lower limits for both 
NDI and DRY conditions as computed in Crowley (2007).  Air temperature and solar radiation 
were not varied for this sensitivity analysis because their values remained the same for both NDI 
and DRY conditions. 

Further analysis of the sensitivity of ETo to the Tdew(Move.1) method is illustrated in Figures 2.3, 
2.4, 2.5, and 2.6.  Once again, the co-dependence of input variables is evident as ETo fluctuates 
at different rates when compared with different wind speeds.  These figures show the sensitivity 
of computed average monthly ETo rates when the mean Tdew value from the MOVE.1 record 
extension is compared to the 10th, 25th, 75th, and 90th percentile Tdew values from this model in 
comparison to the mean values of available data. 
 
In summary, this section explains and illustrates the sensitivity analysis performed on Tdew used 
by ADWR’s CU analysis as requested by the Navajo Nation.  This analysis demonstrates that 
Tdew is a relatively significant variable in CU calculations, varying dependently with U2.  Upon 
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review of these results, ADWR decided not to change Tdew values except to incorporate more 
recent measurements since publication of Crowley (2007).   
 
 
2.1.3 WIND SPEED (U2) 

Wind is a major factor in the evapotranspiration process.  As a plant transpires and water 
evaporates from the soil surface, the air in proximity of the evaporation surface becomes 
saturated.  In response, the ET process is slowed and can stop, unless the air is displaced by 
unsaturated, drier air.  The displacement of this saturated air with drier air is facilitated by, and 
greatly depends upon wind speed.  The Jensen-Haise reference ET model, employed by the 
NRCE on behalf of the U.S. does not account for wind speed.   

Figures 2.7 and 2.8 illustrate how daily ETo at Keams Canyon vary with Tdew(Brwn) and 
Tdew(Move.1), respectively, for wind speeds of 0, 2, 3, 5, and 6 m/s.   Figures 2.9 and 2.10 illustrate 
these differences at Tuba City.  In the FAO-56 model used by ADWR, wind speeds of 3 m/s 
were used for the lower bounds, and 5 m/s were used for the upper bounds for both NDI and 
DRY conditions.  These values are based on measured wind speed, anecdotal accounts, and FAO 
procedures to estimate wind speeds (Crowley, 2007).  As summarized in Table 2.4, the FAO-56 
model used is relatively sensitive to wind speeds.   

 

2.1.4 SOLAR RADIATION (Rs) 

The U.S. used the Flagstaff Regional Airport weather station, located more than 90 miles from 
the Hopi Reservation to evaluate ADWR’s solar radiation estimates.  Solar radiation is a function 
of several variables including latitude and the Flagstaff station is located greater than 60 miles 
south of Moenkopi, AZ.  Besides the relatively large distance between the two stations, Flagstaff 
is geographically different enough from the Reservation to have considerably different local 
weather patterns, enough to make comparisons between the two locations questionable. 

The Hargreaves equation of calculating Rs is recommended by Allen et al (1998) in situations 
where it is “not appropriate to import radiation data from a regional station. . .because 
homogenous climate conditions do not occur, or because data for the region is lacking.”   

In response to the U.S. comments on solar radiation ADWR checked the accuracy of the 
Hargreaves equation using solar radiation measurements from the Bureau of Land Management 
and National Forest Service’s Remote Automated Weather Station (RAWS) station number 
020312, located on the Hopi Indian Reservation.  Figure 2.11 illustrates the measured Rs versus 
estimated Rs using the Hargreaves equation (Hargreaves and Samani, 1982) at the Hopi station 
for its entire period of record (2002-2010).  The Hargreaves equation appears to overestimate Rs 
in months April – September, and underestimate Rs in months October – March, with the 
greatest difference occurring in July.  These findings are consistent with other research on the 
performance of the Hargreaves equation in semi-arid environments (Bautista et al, 2009; Gavilan 
et al, 2006).  When ETo was modeled using measured Rs values from this weather station, 
average yearly ETo decreased by 32 mm, or 1.93%, compared to ET estimates based on the 
Hargreaves equation.  Results of this comparison can be found in Table 2.5.   
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Based on the results, weather data from Keams Canyon and Tuba City were adjusted accordingly 
and modified Rs values entered into FAO-56 to estimate ETo.  The updated ETo values are 
reflected in Tables 2.9 – 2.12. 
 
 
2.2      CROP COEFFICIENT  
 
In ET estimations, crop coefficients (Kc) account for physiological differences between the 
reference and actual crop that lead to different amounts of transpiration.  The U.S. and Navajo 
Nation commented on ADWR’s methodology to adjust Kc to represent DRY conditions on the 
Hopi Reservation, which are addressed in the following sections. 

 

2.2.1  Kc-SINGLE vs. Kc-DUAL 

There are two approaches for Kc outlined in FAO-56.  The first uses a single-Kc that represents 
both evaporation and transpiration.  The second uses a dual-Kc which separates transpiration and 
evaporation into two variables.  The approach selected depends on site conditions, available data, 
and the required frequency of ET estimations. 

In response to the U.S.’s comment regarding soil moisture accounting, ADWR does not consider 
it necessary to use the dual-Kc approach.  ADWR recognizes that evaporation from bare soil is 
an important component to total ET, especially during the initial crop growth stages when the 
amount of exposed soil is largest.  However, when soil water applications are infrequent, and the 
evaporation potential of the ambient climate is high, as is the case on the Reservation, the portion 
of ET from soil evaporation can often drop to zero (Allen et al, 1998). 

In addition, using the dual-Kc approach to distinguish soil evaporation from plant transpiration is 
inappropriate for the purpose of this project.  The dual-Kc approach allows for daily ET 
estimations and therefore precise irrigation scheduling for individual fields.  Allen et al (1998) 
recommend that “this approach be followed when improved estimates for Kc are needed, for 
example to schedule irrigations for individual fields on a daily basis.”  In addition the use of this 
approach is not feasible given currently available data.  Since output from the dual-Kc approach 
is intended for precise water management (hourly or daily ET rates), it is important to input 
precisely measured data to have confidence in the accuracy of the ET estimates.   Application of 
this approach without accurate on-site measurements of soil moisture per agricultural field is a 
misuse of the method and inappropriate when an annual average of crop water usage is the 
desired output.   

The single-Kc approach used by ADWR is appropriate for this project.  This approach 
incorporates plant transpiration and evaporation into the same curve.  The U.S. is therefore 
incorrect in assuming that ADWR calculations do not account for bare soil moisture evaporation.  
See Figure 2.12.  

Agricultural practices on the Reservation are also an important consideration in selecting a Kc 
approach.  Farming under DRY conditions leaves little water to be available for soil evaporation.   
Seasonally, precipitation, and native irrigation farming do not involve regularly scheduled 
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irrigation and therefore, soil water evaporation only occurs in direct response to precipitation 
events.  Additionally, for native irrigation farmed lands supplied by water from temporary canals 
and conveyances, only a small percentage of the soil is actually wetted.  For fields located along 
flood plains and in washes, the wettings are more wide-spread, yet still occur only in direct 
response to infrequent, large precipitation events.  Soil evaporation ceases when the available 
soil water approaches 0, which happens relatively quickly in windy, arid environments with 
infrequent wetting events.  For areas on the Reservation which receive more intensive, regularly 
scheduled irrigation (perennial irrigation in the Moenkopi area), the Kc-dual approach would be 
appropriate but only if daily estimations are needed in order to schedule irrigations.  This 
approach is not necessary when annual water use is being estimated.  

 

2.2.2 Kc initial 

The single-Kc approach begins by establishing Kc initial.  This is the beginning point for the 
curve and incorporates climate variables that control the ET rate when the plant is in its initial 
growth stage.  During this time, the majority of ET comes from soil evaporation.  Therefore, 
basic soil information, soil wetting frequency, and evaporative demand of the atmosphere 
determine Kc initial.  Allen et al (1998) developed figures that incorporate these phenomena into a 
series of curves (Figure 2.13).   

The ETo that ADWR used for the starting point of the curve was the ETo averaged between the 
two weather stations for the growing period starting dates used in this report (April 7 for the 
upper bounds, and May 15 for the lower bounds).   Table 2.6 lists values for the input variable 
that ADWR used in Figure 2.13 to establish Kc initial for the upper and lower bounds of DRY.  
The only variable that has changed since Crowley (2007) is the wetting frequency, due to 
improved effective precipitation (Pe) estimates (Section 2.3 of this report).  Use of this curve has 
been compared with measured evaporation and indicates good performance with no regional 
calibration required (Allen et al, 2005).  The Kc initial values used for the upper and lower bounds 
of the DRY conditions are 0.15 and 0.12, respectively.   

 

2.2.3 Kc mid 

Because growing conditions on the Reservation are less than ideal, with crops often subject to 
water stress due to lack of available water, Kc values had to be reduced.  ADWR used an 
approach based on effective ground cover.  Further discussion of this approach is provided in 
Chapter 9 of FAO-56, ‘ETc for natural, non-typical and non-pristine vegetation.’  The U.S. stated 
that this approach modifies the basal crop coefficient and only accounts for transpiration, not 
bare soil evaporation.   That statement is incorrect since this approach is being used for single-Kc 
not dual-Kc.  Allen et al (1998) clearly state: 

“When the single crop coefficient of Chapter 6 is used, the average effects of soil 
wetting are incorporated into a general mean Kc. . . .Equations 97 and 98 can be 
used to determine Kc instead of Kcb. . . .The use of Kc initial incorporates effects 
of soil evaporation and therefore serves as a lower limit on the estimate for Kc 
mid.” (pg 184) 
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Equation 98 of FAO-56 is: 

 

where, 

Kcb mid  estimated basal Kcb during the mid-season when plant density and/or leaf area are 
lower than for full cover conditions, 

Kcb full  estimated basal Kcb during the mid-season (at peak plant size or height) for 
vegetation having full ground cover or LAI > 3 (see Equations 99 and 100), 

Kc min  the minimum Kc for bare soil (in the presence of vegetation), 

fc  observed fraction of soil surface that is covered by vegetation as observed from 
nadir (overhead) [0.01 - 1], 

fc eff  the effective fraction of soil surface covered or shaded by vegetation [0.01-1], 

h  the plant height [m]. 

For this report, Kc min is equal to Kc initial (described in Section 2.2.2 of this report) and fc eff was 
set to 1.   

Kcb full was estimated using FAO-56 Equation 99: 

 

where, 

u2  mean value for wind speed at 2 m height during the mid-season [m s-1], 
 
RHmin  mean value for minimum daily relative humidity during the mid-season [%]. 
 
h  mean maximum plant height [m]. 
 

The same values for (u2, RHmin, and h) were used here as previously used by Crowley (2007) for 
the upper and lower bounds of DRY.  Values for fc were derived from ADWR’s 2005 field 
survey, with a mean value of 0.103 used.  On average, 10.3% of the soil surface was estimated to 
be shaded when looking from directly overhead.  As part of ADWR’s field survey, percent crop 
cover was recorded and in order to improve values from Crowley (2007), only those values 
associated with corn crops in “bloom” were considered for fc in this report.   
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Historical crop spacing measurements presented in the PHSR were used as supporting evidence 
of the relatively large spacing between corn plants grown on the Reservation.  Those earlier 
measurements were not, however, used in fc calculations. 
A sensitivity analyses on fc was performed using the minimum, 25th percentile, mean, 75th 
percentile, and maximum values of percent crop cover for corn that ADWR recorded in 2005.  
Figures 2.14 and 2.15 illustrate the percent change in total actual crop evapotranspiration (ETc) 
resulting from varying values of fc at Keams Canyon and Tuba City, respectively.  Tables 2.7 
and 2.8 list these percent changes as well as the entire year’s ETc with varying fc values.  This 
analysis shows that ETc estimates are highly sensitive to crop cover.  However, the mean fc 
value (0.103) is still considered most representative of field conditions on the Reservation and 
was used in final CU estimates in this report. 
 

2.2.4  Kc CURVE 

The Kc curve is derived from four crop stages, represented by four lines that connect Kc initial, Kc 

crop development, Kc mid, and Kc harvest .  Crop stage duration for corn on the Reservation and the Kc 
values for each stage under DRY conditions are included in Tables 2.9 and 2.10 (formerly 
Tables 2.6 and 2.7 in Crowley, 2007).   

 
2.3 EFFECTIVE PRECIPITATION  
 
Effective precipitation (Pe) is defined as the amount of precipitation available for crop 
consumptive use.  In response to comments by the U.S., a different method of calculating Pe was 
used in this report than in Crowley (2007).  The United States Department of Agriculture’s 
(1970) method was selected since it better represents actual effective precipitation in 
environments characteristic of the Hopi Reservation.  This method accounts for, among other 
variables, potential crop water consumption – an important factor when calculating Pe in a 
windy, arid environment.   
 
The new Pe values are presented in Tables 2.9 – 2.12 and used in calculating Supplemental 
Irrigation Demand (SID), which is consumptive use less Pe.  In response to comments by the 
U.S. and Navajo Nation for NDI, SID was calculated by only reducing CU by Pe during the 
growing season.  For DRY, SID was calculated by reducing CU by Pe through the year since 
these fields are located in topographical settings that maximize available moisture, during both 
the growing season and winter precipitation. 
 
 
2.4 GROWING SEASON 
 
ADWR’s strategy for quantifying crop water usage on the Reservation was to bracket annual 
variations in the actual amount between upper and lower limits.  Use of different growing 
seasons was one means to define these upper and lower limits.  The growing season on the 
Reservation varies from year to year with climate.  An upper limit of 170 days and a lower limit 
of 115 days were used to bracket this variability and thereby capture most possible season-
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lengths variations due to location, elevation, topography, or climate.  These periods are 
supported by literature on the subject (see references in Crowley, 2007).  ADWR does not, 
therefore, consider it appropriate to “tailor growing seasons to subbasins” as suggested by the 
U.S.  
 
 
2.5     CONSUMPTIVE USE OF RANGE PASTURE LANDS 
 
The Hopi PHSR did not consider consumptive use of pasture lands on the Reservation.  The 
Hopi Tribe and Navajo Nation requested that the water use be estimated by ADWR so that a 
comparison could be made to the original Statement of Claim.  In this report, ADWR used the 
same ETo – Kc approach for pasture as previously used for other Hopi crops, with some 
modifications.   
 
According to Priscilla Pavatea (personal communication, 2009), director of the Hopi Office of 
Range Management, common vegetation on currently grazed pasture lands include blue and 
black grama, alkali sacaton, western wheatgrass, sage, and scrub brush.  She also noted that no 
pasture lands on the Reservation (with the possible exception of the Moenkopi area) receive 
irrigation.  Since no published Kc values for these species in Arizona were identified through a 
literature review, a Kc curve was constructed based on Normalized Difference Vegetation Index 
(NDVI) following methods established by the ASCE and University of Idaho (ASCE-EWRI, 
2005; Allen et al, 2006; Allen and Robison, 2007).   
 
NDVI values were computed for five fields claimed by the Hopi as pasture lands.  Table 2.13 
lists these fields and their corresponding acreage.  First, NDVI values were computed by 
compiling multi-spectral images from NASA’s Landsat satellite and creating a single band image 
represented by NDVI.  Second, these raster data were compared to the range pasture fields to 
compute descriptive statistics for the NDVI values.  Third, the NDVI values were converted into 
equivalent Kc values using the relationship, Kc = 1.18*NDVI +.04.  This equation provided a 
“potential” Kc value which represents an upper limit of plant water use (Allen and Robison, 
2007).  To determine seasonal Kc trends, several NDVI values must be calculated over the 
growing season or year.  For this report, one Landsat image every month during 2005 was 
considered sufficient to establish a Kc curve for range pasture lands.  Since these Kc values 
represent an upper limit of potential plant Kc, maximum NDVI values for each field were used 
and a weighted average then calculated to develop a Reservation-wide Kc curve. 
 
Figure 2.16 illustrates the final Kc curve developed for range pasture lands on the Reservation.  
The curve is similar in shape to other published references, with an increase in plant water usage 
from March to May as the weather warms and there is adequate stored soil moisture from the 
winter.  The curve then declines beginning in May, when temperatures become hotter and soil 
water potentially becomes too low to support the Kc.  Kc values increase again in August when 
monsoon rain events provide soil moisture.   
 
The season for pasture lands on the Reservation is based upon thermal units.  An approximation 
using historical temperature data from Keams Canyon and Tuba City results in a start date of 
March 15 and a finishing date of October 15.   
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Because Kc values derived from the NDVI approach serve as an upper limit for range CU 
estimates, ETo was calculated assuming U2 = 5m/s, and using Tdew(Move.1).   
 
The lower limit for Hopi range CU estimates is effective rainfall since some of the pasture lands 
are not located in strategic locations to capture runoff.  The entire year’s Pe was used in 
calculating this lower limit due to the importance of stored soil moisture throughout the winter 
season.  Table 2.14 lists upper and lower limits for range pasture CU on the Reservation.   
 
 
2.6  CROP MIXING 
 
ADWR estimated CU on the Reservation based on the water demand of a typical crop mix (corn, 
beans, fruit trees, melon, and squash).  The percentage of crops in the mix was based on ADWR 
field surveys and historical documentation – a weighted estimate of CU was calculated based on 
these percentages.  The U.S. estimates CU for only corn and pasture and the Navajo Nation 
suggested that, for comparison, ADWR recalculate CU for only these two crop types. 
 
Table 2.15 lists values for CU and SID for corn and pasture only.  This crop mix is not 
recommended to estimate actual crop water demands of the Reservation because beans, fruit 
trees, and other garden varieties have different water requirements. 
 
 
2.7      MINOR AND EDITORIAL COMMENTS  

 
In addition to the major comments addressed in the sections above, there were minor and 
editorial comments on Crowley (2007) that are addressed below: 
 
There is a typo in Section 2.1.3.4, in which the sentence should read: “Under these conditions, 
the reference crop would be actively transpiring, causing the relative humidity to increase and 
the Tdew to increase.”  
 
The Hopi Tribe questioned the validity of referencing Table 21 from FAO-24 for Kc variables.  
This table was indeed the original source of Kc variables and it was used with ET estimates from 
the FAO-56 Modified Penman Monteith equation.   
 
The Hopi Tribe also questioned, “why there are multiple GDD curves shown in Figure 2.9 if the 
only variable is mean temperature.”  The curves show cumulative GDD’s based on temperature 
beginning at different days on the calendar (representing the two growing season lengths under 
NDI and DRY conditions.) 
 
Finally, the Hopi Tribe questioned whether Tables 2.6 – 2.9 match the data in Figures 2.12 and 
2.13 of Crowley 2007.  The tables have been modified in this report (see Tables 2.9 – 2.12).   
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3.0 RECOMMENDATIONS FOR THE FINAL HSR 
 
In response to comments received on the Hopi PHSR, several improvements were made to the 
previous CU estimates that were presented in Crowley (2007).  These improvements include: 
 

1) Updated Tdew and air temperature values based on longer climate record; 
2) Rs values calculated from the Hargreaves equation were adjusted using on-Reservation 

solar radiation measurements;   
3) Kc initial values better reflect on-site climate variables and soil wetting frequency; 
4) New Kc mid values calculated based on updated percent crop cover (fc) data; 
5) Effective precipitation was recalculated using a method that better reflects site 

conditions; and, 
6) SID for NDI agriculture was recalculated to only reduce water demand by growing-

season effective precipitation. 
 

These improvements effect ETc and SID values for all crop varieties grown on the Reservation.  
Tables 2.16 through 2.18 list revised ETc values for these crops.  Revised SID estimates are 
listed in Table 2.19.  Table 2.20 lists the CU variables that were revised and their corresponding 
section numbers in this report and in Crowley (2007).   
 
Finally, note that the sensitivity analyses performed and described here were useful in identifying 
which input parameters in the FAO-56 model are most important to enter accurately.  It was 
found that ET estimates are most sensitive to U2 and fc, and least sensitive to Tdew.  The values 
ultimately selected for these parameters to estimate ETc and SID for agriculture on the 
Reservation reflect the best data available to ADWR and for the purpose of this project. 
 
The new recommended SID’s for agriculture on the Reservation are 2.06 – 2.70 ft/yr for NDI 
agriculture, and 0.36 – 0.98 ft/yr for DRY conditions. 
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TABLES 



Table 1.1: Summary of Comments Received Regarding Appendix F of the Hopi 
Tribe PHSR 

Subject Comment Summary Commenting Party 

Sections 
Addressed in 
this Report 

Climate Data       

  Perform sensitivity analysis. Navajo Nation 2.1.1, 2.1.2 

  

Utilize all available climate data from the 
Keams Canyon and Tuba City 
meteorological stations. U.S. 2.1.3 

  

Incorporate data from regional 
meteorological stations to account for 
climate variability across the reservation. U.S. 2.1.3 

  
Use a more appropriate method to 
estimate solar radiation. U.S. 2.1.4 

  
Calculate ETo based on daily rather than 
mean monthly climate inputs. U.S. 2.1.3 

  
Weigh ETc values based on proximity to 
meteorological stations. Navajo Nation 2.1.3 

  
Determine exceedence probability for 
daily ETc values. U.S. 2.1.3 

Kc       

  

Adjust for non-standard conditions, such 
as increased evaporation where crops do 
not reach effective cover (U.S.) and 
clumped corn stalks (Hopi Tribe) under 
DRY conditions. U.S., Hopi Tribe 2.2.3 

  
Include soil moisture accounting in 
calculations. U.S. 2.2.1 

  
Use crop spacing values more 
representative of field conditions. U.S. 2.2.3 

  Perform sensitivity analysis. Navajo Nation 2.2.3 
Effective 
Precipitation       
  Use more reasonable values. U.S. 2.3 

  
For NDI conditions, recalculate based 
only on growing season data. 

Navajo Nation, Hopi 
Tribe 2.3 

Growing Season       

  
Adjust to reflect elevation changes across 
the reservation. U.S. 2.4 

 

 

 



(Table 1.1 Continued) 

Crop Mix       

  Calculate NIR for pasture land. 
Hopi Tribe, Navajo 
Nation 2.5 

  

For a better comparison to the claims, 
calculate NIR for reservation assuming only 
corn and pasture lands. Navajo Nation 2.6 

Farming Methods       

  
Specify which claimed irrigation categories 
are represented by DRY and NDI. 

Navajo Nation 
Nation 2.1.1 

Minor/Editorial        

  

Check and/or correct the statement on p. 
2-5 of Crowley (2007) that Tdew decreases 
with increasing relative humidity. 

Navajo Nation 
Nation 2.6 

  
Verify that Table 21 from FAO 24 is the 
correct reference for the DRY Kc curve Hopi Tribe 2.6 

Tables and Figures in Crowley (2007)     

  

In Figure 2.9, explain why there are 
multiple GDD curves shown if the only 
variable is mean temperature. Hopi Tribe 2.6 

  
Verify that Figures 2.12 and 2.13 match the 
data in Tables 2.6 through 2.9. Hopi Tribe 2.6 

  
In Table 2.1, correct days specified for the 
170-day growing season. U.S. 

Tables 2.8 - 
2.11 

 



Table 1.2: Comparison of ADWR and Claimed Irrigation Methods 

Claimed Irrigation Methods Claimed Acreage ADWR Irrigation Method 
Perennial 564 NDI 
Seasonal 6,186 DRY 

Native 23,091 DRY 
Spring 151 DRY 

Precipitation Farming 1,042 DRY 
Range Pasture 7,522 Range CU 



 

Table 2.1: Comparison of Hopi Agricultural Field Elevations in 2005 to Elevations for Keams Canyon and Tuba City 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Hopi Agricultural Field Elevations 

Agricultural Field Elevations Acreage of Fields Percent of Total 

Fields lower than Tuba City (4,980 ft) 518 9.22% 

Fields between 4,980 ft and 6,120 ft 4,656 82.94% 

Fields higher than Keams Canyon (6,120 ft) 439 7.84% 

TOTAL 5,613 100.00% 



 

 

Table 2.2: ETo Sensitivity to Tdew (Brwn) vs. Tdew (Move.1) with Varying U2 at Keams Canyon, AZ 

 

ETo at Keams Canyon, AZ with U2 of 3m/s 

Keams 
Canyon 

  Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec Monthly average 

Tdew (Brwn) (mm/day) 1.83 2.38 3.25 4.60 5.91 7.22 6.97 6.18 5.17 4.05 2.64 1.89 4.34 

Tdew (Move.1) (mm/day) 2.03 2.62 3.50 4.88 6.23 7.54 7.69 6.94 5.85 4.35 2.89 2.10 4.72 

difference (mm/mo)  6.2 6.96 7.75 8.4 9.92 9.6 22.32 23.56 20.4 9.3 7.5 6.51 11.54 

% increase 10.9% 10.1% 7.7% 6.1% 5.4% 4.4% 10.3% 12.3% 13.2% 7.4% 9.5% 11.1% 9.0% 
 
 
 
 
 
               

ETo at Keams Canyon, AZ with U2 of 5m/s 

Keams 
Canyon 

  Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec Monthly average 

Tdew (Brwn) (mm/day) 2.27 2.88 3.79 5.28 6.67 8.43 8.03 7.12 6.08 4.95 3.27 2.36 5.09 

Tdew (Move.1) (mm/day) 2.55 3.21 4.16 5.70 7.16 8.96 9.22 8.35 7.14 5.40 3.64 2.65 5.68 

difference (mm/mo)  8.68 9.57 11.47 12.6 15.19 15.9 36.89 38.13 31.8 13.95 11.1 8.99 17.86 

% increase 12.3% 11.5% 9.8% 8.0% 7.3% 6.3% 14.8% 17.3% 17.4% 9.1% 11.3% 12.3% 11.4% 
 

 

 



 

Table 2.3: ETo Sensitivity to Tdew (Brwn ) vs. Tdew (Move.1) with Varying U2 at Tuba City, AZ 

ETo at Tuba City, AZ with U2 of 3m/s 

 

  Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec Monthly average 

Tdew (Brwn) (mm/day) 1.86 2.50 3.59 4.81 6.23 7.54 7.38 6.70 5.97 4.31 2.75 1.89 4.63 

Tdew (Move.1) (mm/day) 2.11 2.78 3.89 5.16 6.59 7.93 8.17 7.50 6.37 4.65 3.03 2.13 5.03 

difference (mm/mo)  7.75 8.12 9.3 10.5 11.16 11.7 24.49 24.8 12 10.54 8.4 7.44 12.18 

% increase 13.4% 11.2% 8.4% 7.3% 5.8% 5.2% 10.7% 11.9% 6.7% 7.9% 10.2% 12.7% 9.3% 

 

 

 
 
        

 
 
 
 
     

ETo at Tuba City, AZ with U2 of 5m/s 

 

  Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec Monthly average 

Tdew (Brwn) (mm/day) 2.34 3.07 4.27 5.59 7.24 8.87 8.58 7.82 7.26 5.32 3.44 2.37 5.51 

Tdew (Move.1) (mm/day) 2.68 3.46 4.71 6.11 7.81 9.52 9.90 9.16 7.91 5.85 3.85 2.71 6.14 

difference (mm/mo)  10.54 11.31 13.64 15.6 17.67 19.5 40.92 41.54 19.5 16.43 12.3 10.54 19.12 

% increase 14.5% 12.7% 10.3% 9.3% 7.9% 7.3% 15.4% 17.1% 9.0% 10.0% 11.9% 14.3% 11.6% 
 

 

 

 

 

 

 



Table 2.4: ETo Sensitivity with varying U2 at Keams Canyon 

ETo at Keams Canyon, AZ using Tdew(Brwn)* 

 

  Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec Monthly average Total/yr 

U2 = 0m/s 0.52 0.98 1.78 2.86 4.05 4.52 4.73 4.15 3.12 1.84 0.91 0.53 2.50 29.99 

U2 = 2m/s 1.51 2.04 2.87 4.15 5.41 6.46 6.33 5.61 4.61 3.46 2.20 1.56 3.85 46.21 

U2 = 3m/s 1.83 2.38 3.25 4.60 5.91 7.22 6.97 6.18 5.17 4.05 2.64 1.89 4.34 52.09 

U2 = 5m/s 2.27 2.88 3.79 5.28 6.67 8.43 8.03 7.12 6.08 4.95 3.27 2.36 5.09 61.13 

U2 = 6m/s 2.44 3.06 3.99 5.55 6.97 8.93 8.47 7.51 6.44 5.30 3.51 2.53 5.39 64.7 

% increase (2-6) 61.6% 50.0% 39.0% 33.7% 28.8% 38.2% 33.8% 33.9% 39.7% 53.2% 59.5% 62.2% 44.5%   
                 

ETo at Keams Canyon, AZ using Tdew(Move.1)* 

 

  Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec Monthly average Total/yr 

U2 = 0m/s 0.49 0.95 1.73 2.8 3.95 4.38 4.43 3.88 2.91 1.76 0.87 0.5 2.39 28.65 

U2 = 2m/s 1.66 2.2 3.06 4.34 5.62 6.66 6.76 6.07 5.04 3.66 2.38 1.72 4.10 49.17 

U2 = 3m/s 2.03 2.62 3.50 4.88 6.23 7.54 7.69 6.94 5.85 4.35 2.89 2.10 4.72 56.62 

U2 = 5m/s 2.55 3.21 4.16 5.70 7.16 8.96 9.22 8.35 7.14 5.40 3.64 2.65 5.68 68.14 

U2 = 6m/s 2.74 3.42 4.41 6.02 7.53 9.54 9.86 8.94 7.67 5.81 3.92 2.85 6.06 72.71 

% increase (2-6) 65.1% 55.5% 44.1% 38.7% 34.0% 43.2% 45.9% 47.3% 52.2% 58.7% 64.7% 65.7% 51.3%   
*ETo Values are in mm 

 

 

 

 

 

 

 



Table 2.5 ETo modeled with measured vs. calculated solar radiation at RAWS Station 020312 (2002-2009) 

 

 

 

 

 

 

 

 

 

  Jan Feb  Mar Apr May Jun Jul Aug Sep Oct Nov Dec 
Yearly 
Sum 

                            
Tmax (°F) 47.8 51.48 58.63 66.98 78.35 87.57 94.09 89.41 81.75 69.62 58.91 45.9   
Tmin (°F) 20.48 24.13 28.01 33.05 43.48 49.75 60.19 57.94 49.48 38.11 27.56 19.25   
U2 (m/s) 3.2 3.3 3.9 4.4 3.8 3.7 2.8 2.9 3.4 3.7 3.4 3.2   
RH % 64.85 58.38 43.89 31.4 29.85 20.27 32.89 45.11 38.68 44 46.21 63.4   
                            
Rs measured 
(langleys/day) 294 371 486 571 619 663 585 546 502 424 323 249   

ETo (mm/day) 1.34 1.99 3.43 5.26 6.59 8.26 7.18 6.26 5.75 4.05 2.56 1.31 1645.58 
                            
Rs Hargreaves 
(langleys/day) 261 337 459 593 672 731 679 598 511 394 301 239   

ETo (mm/day) 1.33 1.95 3.37 5.31 6.77 8.52 7.64 6.50 5.78 4.00 2.55 1.31 1677.92 



Table 2.6: Input variables used to develop Kc initia l 

  Upper (April 7) Lower (May 15) 

  Keams Canyon Tuba City Keams Canyon Tuba City 

ETo (mm/day) 5.28 4.80 6.06 7.61 

Average (mm/day) 5.04 6.84 

Wetting Frequency 15 days 15 days 

       

Kc initial (from Fig. 2.13) 0.15 0.12 
 



 

Table 2.7: ETc Sensitivity to fc at Tuba City, AZ 

Varying values of fc at Tuba City, AZ 

   fc  Total ETc (ft/yr) % change from mean 

U
pp

er
 L

im
it 

min 0.030 0.92 -35.5% 

25th 0.058 1.11 -22.1% 

mean 0.103 1.42 0.0% 

75th 0.150 1.74 22.8% 

max 0.200 2.09 47.1% 

      

Lo
w

er
 L

im
it 

min 0.030 0.43 -41.3% 

25th 0.058 0.55 -25.7% 

mean 0.103 0.74 0.0% 

75th 0.150 0.94 26.6% 

max 0.200 1.15 54.9% 
 



 

Table 2.8: ETc Sensitivity to fc at Keams Canyon, AZ 

ETc with varying values of fc at Keams Canyon, AZ 

   fc Total ETc (ft/yr) % change from mean  

U
pp

er
 L

im
it 

min 0.030 0.85 -35.5% 

25th 0.058 1.03 -22.1% 

mean 0.103 1.32 0.0% 

75th 0.150 1.62 22.9% 

max 0.200 1.95 47.2% 

       

Lo
w

er
 L

im
it 

min 0.030 0.44 -40.1% 

25th 0.058 0.54 -26.3% 

mean 0.103 0.73 0.0% 

75th 0.150 0.87 20.2% 

max 0.200 1.06 45.3% 
 

 



Table 2.9: Corn ETc values for Hopi DRY lower limit 

Dryland Farmed Fields (DRY) 
 Lower Bound for Corn 

Tu
ba

 C
ity

 

Season FAO56PM ETo Kc ETc 
month days/mo mm/day mm/mo   

 
    

 
  

April 0 5.09 0.00 Crop 
Stage 

Days 
per 

Stage 
Kc 

  
 

  

May 15 6.39 95.85   
 

  
June 30 7.60 228.00 1 20 0.12   

 
  

July 31 7.68 238.08 2 35 interpolation mm/yr in/yr ft/yr 
Aug 31 7.24 224.44 3 40 0.40 225.47 8.88 0.74 
Sept 8 6.31 50.48 4 20 0.19   

 
  

Totals 
days/yr mm/yr ft/yr   

 
    

 
  

115 924.29 3.03             

K
ea

m
s 

C
an

yo
n 

Season FAO56PM ETo Kc ETc 
month days/mo mm/day mm/mo   

 
    

 
  

April 0 4.82 0.00 Crop 
Stage 

Days 
per 

Stage 
Kc 

  
 

  

May 15 6.06 103.95   
 

  
June 30 7.26 242.40 1 20 0.12   

 
  

July 31 7.29 259.47 2 35 interpolation mm/yr in/yr ft/yr 
Aug 31 6.74 222.27 3 40 0.40 213.88 8.42 0.70 
Sept 8 5.82 50.40 4 20 0.19   

 
  

Totals 
days/yr mm/yr ft/yr   

 
    

 
  

115 878.49 2.88             

           
 

Lower Bound ETo Input Variables 
  

 
Wind Growing Season Tdew Kc 

  
 

3 m/s 115 days Actual (MOVE.1) Kc adj Sparse Veg 
  

           
  

Rainfall (in) 
   

  
      Keams Canyon Tuba City 

   
  

Annual 10.31 6.41 
   

  
Growing Season (Apr-Sept) 5.07 3.31 

   
  

Annual Effective 6.40 3.86 
   

  
Growing Season (effective) 3.11 1.99 

    

  



Table 2.10: Corn ETc values for Hopi DRY upper limit 

Dryland Farmed Fields (DRY) 
 Upper Bound for Corn 

Tu
ba

 C
ity

 

Season FAO56PM ETo Kc ETc  
month days/mo mm/day mm/mo   

 
    

 
  

April 23 6.04 138.92 Crop 
Stage 

Days per 
Stage 

Kc   
 

  
May 31 7.61 235.91   

 
  

June 30 9.19 275.70 1 30 0.15   
 

  

July 31 9.45 292.95 2 50 interpolation mm/yr in/yr ft/yr 
Aug 31 8.89 275.59 3 55 0.40 432.80 17.04 1.42 
Sept 24 7.82 187.68 4 35 0.19   

 
  

Totals 
days/yr mm/yr ft/yr   

 
    

 
  

170 1406.75 4.62             

K
ea

m
s 

C
an

yo
n 

Season FAO56PM ETo Kc ETc  
month days/mo mm/day mm/mo   

 
    

 
  

April 23 5.65 129.95 Crop 
Stage 

Days per 
Stage 

Kc   
 

  
May 31 7.02 217.62   

 
  

June 30 8.72 261.60 1 30 0.15   
 

  

July 31 8.87 274.97 2 50 interpolation mm/yr in/yr ft/yr 
Aug 31 8.18 253.58 3 55 0.40 402.97 15.86 1.32 
Sept 24 7.12 170.88 4 35 0.19   

 
  

Totals 
days/yr mm/yr ft/yr   

 
    

 
  

170 1308.60 4.29             

 

          
 

Upper Bound ETo Input Variables 
  

 
Wind Growing Season Tdew Kc 

  
 

5 m/s 170 days Actual (MOVE.1) Kc adj Sparse Veg 
  

           
  

Rainfall (in) 
   

  
      Keams Canyon Tuba City 

   
  

Annual 10.31 6.41 
   

  
Growing Season (Apr-Sept) 5.07 3.31 

   
  

Annual Effective 6.40 3.86 
   

  
Growing Season (effective) 3.11 1.99 

    

  



Figure 2.11: Corn ETc values for Hopi NDI upper limit 

Non-deficit Irrigated Land (NDI) 
Upper Bound 

Tu
ba

 C
ity

  

Season FAO56PM Eto GDD Kc ETc 

month days/mo mm/day mm/mo 
 

  mm/mo mm/day   
April 23 5.53 127.19 138 0.35 44.52 2.19   
May 31 7.04 218.24 395 0.72 157.13 5.24   
June 30 8.55 256.50 724 1.04 266.76 9.27   
July 31 8.08 250.48 1133 1.07 268.01 9.27   
Aug 31 7.55 234.05 1526 0.56 131.07 4.40   

Sept 24 7.19 172.56 1732 0.12 20.71 0.83   

Totals 

days/yr mm/yr ft/yr 
  

mm/yr in/yr ft/yr 
170 1259.02 4.13     888.20 34.97 2.91 
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Season FAO56PM Eto GDD Kc ETc 

month days/mo mm/day mm/mo     mm/mo mm/day   
April 23 5.23 120.29 105 0.29 34.88 1.52   
May 31 6.52 202.12 308 0.6 121.27 3.91   
June 30 8.18 245.4 594 0.94 230.68 7.69   
July 31 7.63 236.53 947 1.12 264.91 8.55   
Aug 31 6.93 214.83 1281 0.95 204.09 6.58   

Sept 24 6.05 145.2 1530 0.55 79.86 3.33   

Totals 

days/yr mm/yr ft/yr     mm/yr in/yr ft/yr 
170 1164.37 3.82     935.69 36.84 3.07 

          

 
Upper Bound ETo Input Variables 

 

 
Wind Growing Season Tdew Kc 

 

 
5 m/s 170 days ASCE Method NM GDD Curve 

 

          

  
Rainfall (in) 

 
  

  
 

Keams Canyon Tuba City 
 

  
Annual 10.31 6.41 

 
  

Growing Season (Apr-Sept) 5.07 3.31 
 

  
Annual Effective 6.4 3.86 

 
  

Growing Season (effective) 3.11 1.99 
  

  



Figure 2.12: Corn ETc values for Hopi NDI lower limit 

Non-deficit Irrigated Land (NDI) 
Lower Bound 

Tu
ba

 C
ity

  

Season FAO56PM Eto GDD Kc ETc 

month days/mo mm/day mm/mo 
 

  mm/mo mm/day   
April 0 4.98 0 0 0.12 0 0   

May 15 6.60 99.00 156 0.37 37.09 2.47   

June 30 7.56 226.80 485 0.83 187.59 6.25   

July 31 7.43 230.33 894 1.11 256.37 8.27   

Aug 31 6.74 208.94 1287 0.94 197.12 6.36   

Sept 8 6.04 48.32 1376 0.83 39.98 5   

Totals 

days/yr mm/yr ft/yr 
  

mm/yr in/yr ft/yr 
115 813.39 2.67     718.16 28.27 2.36 
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Season FAO56PM Eto GDD Kc ETc 

month days/mo mm/day mm/mo     mm/mo mm/day   
April 0 4.62 0.00 0 0.12 0 0   
May 15 6.21 93.15 127 0.33 30.62 2.04   
June 30 7.26 217.80 413 0.74 161.34 5.38   
July 31 6.98 216.38 766 1.07 230.63 7.44   
Aug 31 6.15 190.65 1100 1.09 207.56 6.70   

Sept 8 5.5 44.00 1175 1.05 46.01 5.75   

Totals 

days/yr mm/yr ft/yr 
  

mm/yr in/yr ft/yr 
115 761.98 2.50     676.17 26.62 2.22 

          

 
Lower Bound ETo Input Variables 

 

 
Wind Growing Season Tdew Kc 

 

 
3 m/s 115 days ASCE Method NM GDD Curve 

 

          

  
Rainfall (in) 

  

  
      Keams Canyon  Tuba City  

  
  

Annual 10.31 6.41 
  

  
Growing Season (Apr-Sept) 5.07 3.31 

  
  

Annual (effective) 6.4 3.86 
  

  
Growing Season (effective) 3.11 1.99 

   



Table 2.13: Acreage of fields previously claimed as Range Pasture  
 
Field (Polygon ID) Acres USGS Topo Quad 

1 6 Tovar Mesa West 
2 69 Tovar Mesa West 

564 235 Polacca 
1154 252 Garces Mesas SE 
1163 147 Egloffstein Butte 
Total 709 

  

 

 

 

 

 

 

 

 

 

 

 

 

 

 



Table 2.14: CU of Range Pasture Lands on the Hopi Indian Reservation (ft) 

   Keams Canyon Tuba City Composite 
Upper Limit (NDVI) 1.18 1.27 1.22 
Lower Limit (Pe) 0.53 0.32 0.43 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



Table 2.15: CU and SID estimates for corn and pasture on the Hopi Reservation 

 
Corn and Pasture Water Demands (ft/yr) 

  CU SID 
  Corn Pasture Corn Pasture 
NDI - Upper 2.99 1.22 2.78 .79 
NDI - Lower 2.29 n/a 2.08 n/a 
DRY - Upper 1.37 0.43 0.94 0 
DRY - Lower 0.72 n/a 0.29 n/a 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

 

Table 2.16: ETc for crops grown on the Hopi Reservation 

  
 Crop 

NDI DRY 

 
ETc Upper (ft/yr) ETc Lower (ft/yr) ETc Upper (ft/yr) ETc Lower (ft/yr) 

K
ea

m
s 

C
an

yo
n 

 

Corn 3.07 2.22 1.32 0.7 
Beans (dry) 1.99 1.70 1.00 0.83 
Trees (orchard) 3.24 2.76 1.83 1.02 
Melon 1.96 1.68 1.96 1.68 
Squash 1.76 1.50 1.76 1.50 

Tu
ba

 C
ity

 Corn 2.91 2.36 1.42 0.74 
Beans (dry) 1.92 1.63 0.92 0.77 
Trees (orchard) 3.51 2.96 1.96 1.14 
Melon 2.09 1.78 2.09 1.78 
Squash 1.87 1.59 1.87 1.59 

 

  



Table 2.17: Average ETc for crops grown on the Hopi Reservation 

Combined ETc for Crops on Hopi Reservation 

Crop 
NDI DRY 

ETc Upper (ft/yr) ETc Lower (ft/yr) ETc Upper (ft/yr) ETc Lower (ft/yr) 
Corn 2.99 2.29 1.37 0.72 
Beans (dry) 1.96 1.67 0.96 0.80 
Trees (orchard) 3.38 2.86 1.90 1.08 
Melon 2.03 1.73 2.03 1.73 
Squash 1.82 1.55 1.82 1.55 
 

Note: Based on average of ETc values calculated separately for Keams Canyon and Tuba City (see Table 2.16) 

  



Table 2.18: Composite ETc values for agriculture grown on the Hopi Indian Reservation 

 
Crop 

NDI DRY 
ETc Upper (ft/yr) ETc Lower (ft/yr) ETc Upper (ft/yr) ETc Lower (ft/yr) 

Corn 2.43 1.86 1.11 0.58 
Beans (dry) 0.13 0.11 0.06 0.05 
Trees (orchard) 0.27 0.23 0.15 0.09 
Melon 0.05 0.04 0.05 0.04 
Squash 0.03 0.03 0.03 0.03 

Total ETc 2.91 2.27 1.41 0.79 
Note: Based on average ETc values (see Table 2.17) weighted to account for expected reservation crop mix  

  



Table 2.19: Revised SID Estimates for Agriculture on the Hopi Indian Reservation 

 

  
 

Lower Limit (ft/yr) Upper Limit (ft/yr) 
NDI 2.06 2.70 
DRY 0.36 0.98 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



Table 2.20: Comparison of revised CU variables based on comments received on Hopi PHSR 

   This Report Crowley (2007)   
Revised CU 

Variable Section Section Description of Change 
Tdew 2.1.1 2.1.3.4, 2.1.3.5 Updated to reflect greater station period of record 
Air Temperature 2.1.3 2.1.3.1 Updated to reflect greater station period of record 
Rs 2.1.4 2.1.3.2 Adjusted to RAWS weather station 
Kc initial 2.2.2 2.2.1 Increased based on soil wetting frequency 
fc 2.2.3 2.2.1 Revised percent cover estimates 
Kc mid 2.2.3 2.2.1 Due to change in fc values 
Pe 2.3 2.4 Revised model based on site conditions 
Range Kc 2.5 n/a Added based on comments received 
CU and SID 2.6 2.6 Incorporated all changes above 
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Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec
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Figure 2.1 Comparison between monthly Tdew(Brwn) and 
Tdew(Move.1) for Keams Canyon, AZ
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Figure 2.2: Comparison between monthly Tdew(Brwn) and 
Tdew(Move.1) for Tuba City, AZ



 

Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec
Tdew(10th) 1.59 2.13 2.97 4.32 5.58 6.90 6.96 6.17 5.15 3.75 2.37 1.66
Tdew(25th) 1.79 2.34 3.21 4.57 5.87 7.19 7.28 6.50 5.46 4.01 2.60 1.85
Tdew(mean) 2.03 2.62 3.50 4.88 6.23 7.54 7.69 6.94 5.85 4.35 2.89 2.10
Tdew(75th) 2.19 2.80 3.70 5.10 6.50 7.79 7.99 7.26 6.13 4.59 3.09 2.27
Tdew(90th) 2.25 2.85 3.77 5.16 6.57 7.87 8.08 7.35 6.21 4.66 3.16 2.32
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Figure 2.3: ETo Sensitivity with Varying Dew Point Temperatures at 

Keams Canyon, AZ with U2 = 3m/s



 

Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec
Tdew(10th) 1.94 2.52 3.4 4.87 6.17 7.92 8.01 7.1 6.04 4.5 2.89 2.03
Tdew(25th) 2.22 2.82 3.73 5.23 6.61 8.38 8.53 7.64 6.52 4.89 3.22 2.31
Tdew(mean) 2.55 3.21 4.16 5.70 7.16 8.96 9.22 8.35 7.14 5.40 3.64 2.65
Tdew(75th) 2.78 3.46 4.45 6.03 7.58 9.39 9.74 8.88 7.60 5.77 3.93 2.88
Tdew(90th) 2.85 3.54 4.54 6.13 7.7 9.52 9.9 9.04 7.74 5.89 4.02 2.95
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Figure 2.4: ETo Sensitivity with Varying Dew Point Temperatures at 

Keams Canyon, AZ with U2 of 5m/s



 

Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec
Tdew(10th) 1.60 2.21 3.28 4.48 5.88 7.20 7.37 6.69 5.62 3.97 2.44 1.62
Tdew(25th) 1.82 2.46 3.55 4.78 6.19 7.52 7.72 7.04 5.94 4.27 2.70 1.85
Tdew(mean) 2.11 2.78 3.89 5.16 6.59 7.93 8.17 7.50 6.37 4.65 3.03 2.13
Tdew(75th) 2.25 2.94 4.06 5.35 6.80 8.13 8.39 7.74 6.58 4.84 3.19 2.28
Tdew(90th) 2.32 3.01 4.14 5.44 6.9 8.23 8.5 7.85 6.68 4.93 3.27 2.35
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Figure 2.5: ETo Sensitivity with Varying Dew Point Temperatures at 

Tuba City, AZ with U2 = 3m/s



 

Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec
Tdew(10th) 1.97 2.66 3.82 5.10 6.69 8.31 8.57 7.80 6.69 4.82 3.00 2.00
Tdew(25th) 2.28 3.01 4.21 5.54 7.18 8.83 9.16 8.39 7.22 5.27 3.38 2.31
Tdew(mean) 2.68 3.46 4.71 6.11 7.81 9.52 9.90 9.16 7.91 5.85 3.85 2.71
Tdew(75th) 2.87 3.68 4.96 6.40 8.14 9.86 10.30 9.57 8.25 6.15 4.08 2.91
Tdew(90th) 2.97 3.79 5.08 6.54 8.30 10.00 10.50 9.77 8.43 6.29 4.20 3.00
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Figure 2.6: ETo Sensitivity with Varying Dew Point Temperatures at 

Tuba City, AZ with U2 = 5m/s



 

 

Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec
0 m/s 0.52 0.98 1.78 2.86 4.05 4.52 4.73 4.15 3.12 1.84 0.91 0.53
2 m/s 1.51 2.04 2.87 4.15 5.41 6.46 6.33 5.61 4.61 3.46 2.20 1.56
3 m/s 1.83 2.38 3.25 4.60 5.91 7.22 6.97 6.18 5.17 4.05 2.64 1.89
5 m/s 2.27 2.88 3.79 5.28 6.67 8.43 8.03 7.12 6.08 4.95 3.27 2.36
6 m/s 2.44 3.06 3.99 5.55 6.97 8.93 8.47 7.51 6.44 5.30 3.51 2.53
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Figure 2.7: ETo Sensitivity with Varying U2 at Keams Canyon, AZ 

using Tdew(Brwn)



 

Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec
0 m/s 0.49 0.95 1.73 2.8 3.95 4.38 4.43 3.88 2.91 1.76 0.87 0.5
2 m/s 1.66 2.2 3.06 4.34 5.62 6.66 6.76 6.07 5.04 3.66 2.38 1.72
3 m/s 2.03 2.62 3.50 4.88 6.23 7.54 7.69 6.94 5.85 4.35 2.89 2.10
5 m/s 2.55 3.21 4.16 5.70 7.16 8.96 9.22 8.35 7.14 5.40 3.64 2.65
6 m/s 2.74 3.42 4.41 6.02 7.53 9.54 9.86 8.94 7.67 5.81 3.92 2.85
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Figure 2.8: ETo Sensitivity with Varying U2 at Keams Canyon, AZ using 

Tdew(Move.1)



 

Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec
0 m/s 0.49 0.95 1.81 2.90 3.91 4.67 4.90 4.35 3.14 1.86 0.90 0.50
2 m/s 1.53 2.11 3.13 4.30 5.59 6.73 6.66 6.02 5.18 3.65 2.28 1.55
3 m/s 1.86 2.50 3.59 4.81 6.23 7.54 7.38 6.70 5.97 4.31 2.75 1.89
5 m/s 2.34 3.07 4.27 5.59 7.24 8.87 8.58 7.82 7.26 5.32 3.44 2.37
6 m/s 2.51 3.28 4.53 5.90 7.65 9.43 9.08 8.29 7.79 5.73 3.70 2.55
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Figure 2.9: ETo Sensitivity with Varying U2 at Tuba City, AZ using 

Tdew(Brwn)



 

Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec
0 m/s 0.46 0.91 1.75 2.82 3.80 4.50 4.53 4.02 2.98 1.76 0.85 0.47
2 m/s 1.71 2.31 3.34 4.54 5.83 6.95 7.12 6.50 5.42 3.87 2.48 1.73
3 m/s 2.11 2.78 3.89 5.16 6.59 7.93 8.17 7.50 6.37 4.65 3.03 2.13
5 m/s 2.68 3.46 4.71 6.11 7.81 9.52 9.90 9.16 7.91 5.85 3.85 2.71
6 m/s 2.89 3.71 5.02 6.48 8.30 10.20 10.70 9.86 8.54 6.32 4.16 2.92
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Figure 2.10: ETo Sensitivity with Varying U2 at Tuba City, AZ using 

Tdew(Move)
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Figure 2.11: Average monthly solar radiation based on data from 
RAWS weather station 020312
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Figure 2.12: Crop coefficient curves showing basal Kcb (thick line), soil evaporation Ke (thin line) and the corresponding single Kc 
(dashed line).  (Figure 26 in Allen et al. 1998) 

 

 



Figure 2.13: Average Kc initial related to ETo and the interval between irrigations and/or significant rain for all soil types when 
wetting events are light to medium (3-10mm per event).  (Figure 29 in Allen et al, 1998.) 
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Figure 2.14: ETc Sensitivity to varying fc 
at Keams Canyon, AZ

Keams Dry Upper

Keams Dry Lower
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Figure 2.15: ETc sensitivity to fc at Tuba City, AZ

Keams Dry Upper

Keams Dry Lower
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Figure 2.16: Maximum Crop Coefficient for Range Pasture on the 
Hopi Reservation 
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LIST OF ACRONYMS 
 

ADWR – Arizona Department of Water Resources 
 
ASCE – American Society of Civil Engineers 
 
CU – Consumptive Use 
 
DRY – Precipitation-irrigated land 
 
ET – Evapotranspiration 
 
ETc – Evapotranspiration of actual crop 
 
ETo – Evapotranspiration of reference crop 
 
FAO-24 – Food and Agriculture Organization Irrigation and Drainage Paper No. 24 
 
FAO-56 – Food and Agriculture Organization Irrigation and Drainage Paper No. 56 
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CHAPTER 1 
INTRODUCTION 

 
1.1 BACKGROUND 
 
The scope and purpose of this report is to estimate the consumptive use (CU) of crops 
grown on the Hopi Indian Reservation in Northeastern Arizona.  The final version of this 
report will be used in preparation of a Hydrographic Survey Report (HSR) of the Hopi 
Indian Reservation. The HSR is being prepared as part of the Little Colorado River 
General Stream Adjudication.  Pursuant to A.R.S. section 45-256 (B) the purpose of the 
HSR is to report the “proposed water right attributes. . .and to examine the physical 
factors of water use and supply and land arability” (Ballinger, 2002).  This report 
attempts to quantify the consumptive use of crops that have been historically and 
currently grown on the Reservation. 
 
1.2 HOPI AGRICULTURE 
 
The Hopi Indians or their ancestors have continuously farmed the south central Colorado 
Plateau since the first millennium A.D. (Ferguson, 2004; Prevost, et. al, 1984; Thompson, 
1947.)  Agriculture is an integral part of Hopi religious beliefs and social customs and 
much of their cultural identity revolves around ceremonies and gatherings based on the 
agricultural season.  The Reservation is located at a high elevation, with an arid 
environment characterized by relatively high winds, low precipitation, and cold winter 
temperatures.  As a result, the Hopis have developed a sophisticated, innovative, and 
sustainable system of agriculture that has been adapted to the harshness of their 
environment.  In addition, the plants selected for farming on the Reservation have been 
adapted to the specific environmental conditions present.   
 
The growing season for Hopi agriculture is determined by temperature and restricted by 
the late spring and the early fall frosts.  Fields planted early in the season are vulnerable 
to the threat of a crop-killing freeze in late spring, just as crops planted later in the season 
are at risk to an early fall frost.  Based on data from the Western Regional Climate Center 
(WRCC), there is still a 50% chance at Keams Canyon that nightly temperatures will 
drop below freezing by May 20th and a 50% chance  that the first frost will occur here 
before October 10th.  At Tuba City, there is still a 50% chance of frost by April 28th and a 
50% chance that the first frost will occur before October 23rd (WRRC, 2007).   
 
Prevailing winds blow from the southwest and affect much of the topography on the 
Reservation.  Aeolian sand is carried from the Little Colorado River basin and deposited 
on the Reservation on the lee side of four main mesas or in the form of sand dunes 
elsewhere on the Reservation (Ferguson, 2004).  Strong winds have an adverse effect 
upon crop production by decreasing plant moisture, removing the topsoil from cleared 
fields, and causing physical destruction during initial stages of plant development.  
Strong winds are common on the Reservation during the spring planting months and 
large tracts of land on the Reservation are susceptible to soil blowing, “and intensive 
measures are needed to control erosion if the soils are cultivated” (NRCS, 1996:50).  
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The majority of soils located on the Hopi Indian Reservation have potential for crop 
production (NRCS, 1996:49).  The soils on the Reservation are also described as 
generally deep and arable, but that “crop production is limited by the climate and the lack 
of irrigation water” (NRCS, 1996:51).  The soils in which a large majority of Hopi fields 
are located contain a surface layer of fine sand, 4-6 inches deep, below which a clay-sand 
loam is found (Bradfield, 1971).  The upper sandy layer acts as a mulch that protects the 
underlying loamy soil from the harsh, dry winds that are prevalent on the Reservation.  
Even during long periods between precipitation events, the loamy soil is able to retain a 
significant amount of moisture.   
 
Despite the limiting effects of wind and soil condition, the major limiting factor to crop 
production is the availability of water (Manolescu, 1995; NRCS, 1996; Prevost et. al,  
1984).  The majority of fields in production on the Reservation are watered via dryland 
farming techniques (Moon, 2004).  Also referred to as “ak-chin,” this type of farming is 
directly dependent upon the rainfall as a source of irrigation.  However, Hopi farmers 
also refer to dryland fields as those which “receive water from a combination of 
precipitation and surface run-off directed to crops by earthen berms, check dams, and 
other constructed features” (Ferguson, 2004).   
 
Mean annual rainfall recorded at Tuba City, AZ is 6.39 in and 10.08 in Keams Canyon, 
AZ (WRRC 2007).  Due to the relatively low rainfall, fields are strategically placed by 
the Hopi in areas that maximize runoff and stored soil moisture.  Typical 
geomorphological locations of cropped fields include, but are not limited to, the base of 
sand dunes, within arroyos, floodplains adjacent to streams, gentle slopes below rock 
escarpments, and alluvial fans.  Field placement is not limited to topographical 
characteristics, but is also dependent on identifying which species of native vegetation 
are growing, and to what density, in a given area (Ferguson, 2004; Dominguez and Kolm 
2005).  This strategy is used to identify areas that typically have a higher soil moisture 
content, as reflected by the condition of the natural plant community.  Gardens are often 
located closer to homes as many of these are watered by hand, or irrigated with water 
from springs.  Images of Hopi fields are presented in Figures 1 through 6.  
 
Hopis have addressed the environmental conditions that limit crop production with 
“unusually intensive management practices” (Prevost, et. al, 1984).  Hopi crops are 
traditionally planted by hand, with practices that minimize top soil erosion, and take full 
advantage of underlying, retained soil moisture.  Many of these planting practices are 
unique to the area and have been adapted through centuries in order to protect the plant 
from harsh environmental and biological conditions while still preserving the field for 
future planting seasons.  The fields are also typically small, usually between 1 and 5 acres 
which mitigates to some degree the amount of wind erosion upon the topsoil. 
 
Seedlings of Hopi corn (the main crop on the reservation) also contain special adaptations 
which aid in their survival.  These adaptations include an elongated mesocotyl (the 
portion of the plant that reaches from the seed to the surface of the soil) and the 
development of a single, deeply thrusting radicle (the embryonic root of the plant which 
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grows downward into the soil), in place of a number of seminal roots (Bradfield, 1971). 
Both of these adaptations provide corn plants with access to a critical source of moisture.  
The elongated mesocotyl is typically 10-12 inches in length, as opposed to the 4-6 inches 
found on ordinary varieties.  This elongation allows a Hopi farmer to plant corn seeds 
much deeper into the soil than an ordinary variety would be planted.  This deeper 
planting helps in three main ways; it provides access to the deep, moist subsoil, it adds 
extra protection from crop-killing freezes, and it allows the seed to be planted past the 
depth of many seed-eating insects.  The development of a single radicle allows the plant 
to access deeper, stored moisture throughout critical stages in the plant’s development.  
 
Through the use of water conservation techniques, innovative farming practices, and 
adapted crop varieties, the Hopi Indians have continually farmed the area of Black Mesa 
for the past millennium.  In a region prone to extreme seasonal and yearly climatic 
variability, ditch irrigation is not generally feasible and the Hopi have developed farming 
methods that rely heavily upon rainfall and stored soil moisture. This, in turn, results in a 
variety of crops grown, farming methods employed, filed locations, and overall crop 
production. 
 
1.3 CONSUMPTIVE USE ESTIMATIONS 
 
Measuring the CU of crops requires the measurement of two hydrologic processes; 
evaporation, and transpiration.  The combination of these two processes is known as 
evapotranspiration (ET).  The methods used by ADWR to estimate ET are based upon an 
energy balance equation.  ET is driven by energy in the form of sensible heat or radiant 
energy.  Estimating the fluxes of energy at the vegetation and soil surface provide an 
estimate of how much water is evapotranspirated through this energy exchange.  The 
variables that are entered into the energy balance equation are commonly, as they are in 
this report, derived from meteorological data which include air temperature and humidity, 
solar radiation, and wind speed.  Additional measurements can be taken to reduce error in 
the ET estimates, or to produce a more precise time-scale of ET rates (i.e. mm/hour vs. 
mm/month).  These measurements include, but are not limited to, atmospheric pressure, 
soil moisture, soil salinity, soil water availability, crop yield, crop canopy cover, and leaf 
area index.  These additional data can be estimated or calculated when no measurements 
exist, however, this likely increases the error of overall ET estimates and decreases the 
precision of reliable time-scale for such estimates.   
 
Typical units for reporting ET estimates are mm/day, mm/month, or in the case of this 
report, ft/yr.  This one dimensional unit is then multiplied by the total amount of acreage 
under cultivation to quantify a total volume of water in which the agricultural lands use in 
a given season or year.  The units of volume presented in this report are in acre-ft.  
 
1.4 RANGE OF VALUES 
 
It is the intent of ADWR in this report to calculate a reasonable range of values that 
bracket the actual CU rates for crops on the Reservation.  Calculation of a range of CU 
values is largely a result of the dearth of available meteorological data.  As explained 
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later in more detail, less meteorological data increases the errors associated with ET 
estimates.   A range of values attempts to address these potential errors by providing an 
upper and lower confidence interval on the CU estimates.  This report also attempts to 
quantify water use by crops on the Reservation not limited by water availability (non-
deficit irrigation).  These estimates were made based on analysis of current and historical 
literature and ADWR makes no assumptions as to the feasibility nor practicality of 
implementing a system of Hopi agriculture which is not limited by water availability.  
Current and historical consumptive use is represented in this report as “DRY” and non-
deficit irrigation is represented as “NDI”.  An upper and a lower confidence interval are 
calculated for both categories.   
 
1.5 CROP MIXING 
 
Agricultural fields on the Hopi Reservation are in continual rotation and the area under 
cultivation for any specific crop will vary from year to year.  However, literature 
reviewed and ADWR’s own field survey, suggest a typical percentage of crops under 
cultivation in any given year.  To estimate CU for all Hopi fields, crop mixing values 
were needed to quantify the percentage of cultivated fields attributed to each cultigen.   
 
The predominant crop cultivated on the Reservation is corn (Zea mays).  The varieties of 
corn grown on the Reservation have been selected and adapted over time to suit the 
environmental conditions of the area, and differ in phenology from typical Western 
varieties.  These adaptations, namely the elongated mesocotyl and the single, deep 
radicle, provide the crop with a drought tolerance that is essential to cultivation under 
given conditions.  The Hopi corn plant itself is relatively short, rarely exceeding 5 feet in 
height, producing slender cobs, usually five to seven inches long (Ferguson 2004:23).  In 
a 1989 survey, 17 different corn varieties were identified to be grown by various Hopi 
households on the Reservation (Soleri and Smith 1995).  Despite these numerous 
varieties, ADWR has classified all types as ‘corn’ for purposes of ET calculations.  From 
a compilation of available literature on the subject, combined with ADWR’s own field 
survey, the composited average percentage of agricultural fields that contain a corn crop 
is estimated to be 81.2% (ADWR, 2005; BIA, 1924-1955; Ellis, 1974; Ferguson, 2004).  
Table 1 lists the mixing for crops grown on the Reservation.   
 
The second most prevalent field crop on the Reservation is beans (Phaseolus spp.) of 
which more than 30 varieties have been historically grown on the Reservation, although 
the recent number of varieties is closer to 20 (Ferguson 2004:25).  As with corn, for the 
purpose of this study all varieties are generally classified as ‘beans.’  Table 1 lists the 
percentage of Hopi fields dedicated to growing beans is estimated at 6.7% 
 
The Hopi Reservation has had fruit trees in cultivation since the arrival of the Spaniards 
in the seventeenth century (Ferguson 2004:27).  These include peaches (Prunus persica), 
pears (Pyrus communis), apples (Malus sylvestris), and apricots (Prunus armeniaca).  All 
of these trees were combined into one category referred to in this report as ‘orchards.’  
The percentage of agricultural lands on the Reservation dedicated to orchards is estimated 
at 8.1% (Table 1).   
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Together, the three crops listed above account for an estimated 96% of Hopi cultivated 
fields.  The remaining crops are referred to as garden varieties as they are frequently 
grown in small gardens, usually close in proximity to the home, and often close to a 
perennial source of water.  ADWR has split the remaining 4% of fields between melons 
(2.3%) and squash/other (1.7%), according to current and historic literature and field 
work (ADWR 2005; BIA, 1924-1955; Ellis, 1974; Ferguson, 2004).  This is thought to be 
representative of the garden varieties that are currently grown on the Reservation and not 
necessarily dry-land farmed.   
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CHAPTER 2: 
CALCULATING EVAPOTRANSPIRATION 

 
The Reference Evapotranspiration (ETo) method was used in this report to calculate the 
CU of crops grown on the Hopi Reservation.  This method involves first calculating the 
ET for a reference surface, assuming an unlimited supply of water, based on 
meteorological conditions of a given environment.  ETo is a climatic parameter that 
represents the evaporative ability of the atmosphere under ambient climatic conditions.  
Because ETo does not take into account crop characteristics, nor soil factors, it can be 
computed based on weather data alone.  Once ETo is computed, it is multiplied by a crop 
coefficient (Kc) which incorporates the various physical and physiological differences 
between the reference surface and the crop of interest.   Kc can also be adjusted to 
account for varying degrees of environmental stress that can inhibit the growth and crop 
evapotranspiration (ETc) of a plant.  These stressors can include soil moisture depletion, 
high soil salinity, disease, poor plant stands, varying crop covers, etc.  The final equation 
to compute ETc of a desired crop is:  
 

ETo * Kc = ETc 
 
The Food and Agriculture Organization of the United Nation’s Irrigation and Drainage 
Paper 24 (FAO-24), defines crop water requirements developed using the Reference ET 
method as “the depth of water needed to meet the water loss through evapotranspiration 
(ETc) of a disease-free crop, growing in large fields under non-restricting soil conditions 
including soil water fertility and achieving full production potential under the given 
growing environment” (Doorenbus and Pruitt 1977).  ETc values representative of these 
conditions are designated here as non-deficit irrigation, or “NDI” values.  Adjustments 
were made to the method to better represent actual ETc values on the Hopi Reservation, 
and are characterized by “DRY” values.  The methods and data that were used to 
compute ETo, Kc, and ETc are outlined in the following sections.   
 
  
2.1 REFERENCE EVAPOTRANSPIRATION (ETo) 
 
Data to compute ETo came from the Western Regional Climate Center (WRCC, 2007) 
and the Hopi Tribe Water Resources Program (HWRP, 2007).  A map of the 
meteorological stations used is presented in Figure 2.1.  The following sections outline 
the models and methods employed to calculate ETo. 
 
 
2.1.1  ETo MODELS 
 
Three models were selected to compute ETo.  These models are the FAO-24 Blaney-
Criddle, 1985 Hargreaves-Samani, and FAO-56 Modified Penman-Monteith.  Each 
model uses the ETo * Kc approach and use grass as the reference surface with an assumed 
crop height of 0.12 m, a fixed surface resistance of 70 s m-1 and an albedo of 0.23.  These 
models were selected based on the availability of climatic data, general acceptance of the 
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models, and applicability of the models to the local environment.  All three models are 
also based on the conservation of energy approach and use climate data readily available 
on the Hopi Reservation.  The only available data for the Reservation with an acceptable 
period of record (>10 years) to compute ETo is air temperature.  As explained below, the 
models selected are either temperature-based, or have approaches to compute or estimate 
missing climate data.   
 
 
2.1.1.1 FAO-24 BLANEY-CRIDDLE 
 
The FAO-24 Blaney-Criddle model was selected based on its general familiarity and 
historic use by the scientific community.  This method is suggested in FAO-24 for areas 
where available climate data is restricted to air temperature (Doorenbus and Pruitt, 1977).  
However, in the more recent FAO-56 publication, Allen et. al (1998:18) state that 
“temperature methods remain empirical and require local calibration in order to achieve 
satisfactory results.”  The FAO-24 Blaney-Criddle model was used in this study for 
comparative purposes only and no final consumptive use estimates were calculated based 
on the ETo values generated by this model. 
 
 
2.1.1.2 1985 HARGREAVES-SAMANI 
 
The 1985 Hargreaves-Samani model is another temperature-based method to compute 
ETo.  However, FAO-56 expresses greater confidence in this method over other 
temperature-based models as it “has shown reasonable ETo results with global validity” 
(Allen et. al 1998:18).  Although it is generally accepted as the most reliable temperature-
based model, it has been shown to be less accurate in windy areas, without local 
calibration.  The Hargreaves and other temperature-based models have been shown to 
underestimate ET values in areas of high winds and therefore also require a local 
calibration (Gavilan et. al, 2006: Martinez-Cob and Tejero-Juste, 2003; Jensen et. al, 
1997).  ADWR determined that there was not enough climate data available to perform 
such calibration and the uniqueness of the local geography made it difficult to incorporate 
data from other locations.  Similar to the FAO-24 Blaney-Criddle model, the 1985 
Hargreaves-Samani model was used for comparitive purposes only and no final CU 
estimates were calculated based on the ETo values generated by this model. 
 

 
2.1.1.3 FAO-56 PENMAN-MONTEITH 

 
The consensus from a May,1990 FAO meeting was to recommend the FAO Penman-
Monteith model as the standard method to define and compute ETo (Allen et. al, 1998: 
15).  As a result, this model has become a standard by which other models are compared.  
Data input requirements for this model are air temperature, solar radiation, air humidity, 
and wind speed.  FAO-56 outlines methods to estimate humidity, wind speed, and 
radiation data when it is not readily available, as was the case in this study.  As indicated 
earlier, the only available climate data from the Hopi Reservation with a satisfactory 
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period of record was air temperature.  FAO-56 strongly recommends that climate data be 
estimated when it is not available, as opposed to using temperature-based models (Allen 
et. al 1998).   
 
Nevertheless, the Hargreaves-Samani model has been shown to provide relatively 
accurate results when compared to FAO-56 Penman-Monteith, and lysimeter data (Allen 
et. al 1998; Diodato and Bellochi 2007).  However, the area of the Hopi Reservation is 
prone to high winds, and evidence suggests an underestimation of ETo values are 
computed when not incorporating wind into the ET (Gavilan et. al 2006; Jensen et. al 
1997; Martinez-Cob and Tejero-Juste 2003).  ADWR deemed it necessary to use a model 
which incorporated wind as a function of ETo since it plays a substantial role in the ET 
process, especially in areas prone to high winds, such as the Hopi Reservation.  The 
alternative would be to calibrate a temperature-based model against areas with more 
available weather, including wind speed.  However, due to the unique topography of the 
area, this approach was not pursued.   
 
In summary, based on current international consensus and appropriateness to the 
reference environment, the FAO-56 Peman-Monteith model was selected to calculate 
final ETo values for the Hopi Indian Reservation. 
 
 
2.1.1.4 OTHER MODELS 
 
Other methods to calculating ETo include the water balance approach, pan evaporation, 
and radiation-based models such as the Jensen-Haise and the Priestly-Taylor methods.  
The water balance approach requires lysimeter measurements and monitoring which is 
beyond the scope of this report.  Pan evaporation measurement techniques have been 
shown to have relatively large error due to the poor relationship between evaporation 
rates of open water and crop ET.  According to Allen et. al, (1998) “radiation methods 
show good results in humid climates. . .but performance in arid conditions is erratic and 
tends to underestimate evapotranspiration.”  ADWR did not, therefore, incorporate 
radiation-based models into the ET estimates for the Hopi Reservation. 
 
 
2.1.2 SOFTWARE USED TO CALCULATE ETo 
 
The three ETo models described above were run using the Ref-ET program developed at 
the University of Idaho by Allen (2003) to estimate ETo for a reference crop (grass) of 
standard uniform specifications.  Data entered into the program were compiled by 
ADWR from the WRCC (2007) and the HWRP (2007).  Program default values were 
used when data was not readily available. Default values were developed or approved by 
the FAO-56.   
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2.1.3 CLIMATE VARIABLES 
 

Estimating ETo with the FAO-56 Penmen-Monteith method requires air temperature, 
wind speed, air humidity, and solar radiation data.  Of all these climate variables, only air 
temperature had a satisfactory period of record (>10 years) on the Hopi Reservation.  All 
other climate variables were estimated, interpolated, or calculated via methods explained 
later in this report.  To assess a reasonable range of ETc values for the Reservation, some 
climate variables were calculated via different means to provide upper and lower limits of 
NDI and DRY.  All ETo calculations were based on monthly climate averages.   
 
 
2.1.3.1 AIR TEMPERATURE (T) 
 
Air temperature data were taken from two meteorological stations reported by the 
Western Regional Climate Center (WRCC) – Tuba City, AZ (Station 028792) and Keams 
Canyon, AZ (Station 024586).  The period of record for the Tuba City station is 1900 – 
2006 and the period of record for the Keams Canyon station is 1948 – 2006.  The location 
of these stations is shown in Figure 2.1.  Other meteorological stations on the 
Reservation were available online from the WRCC website, however, these had limited 
periods of record and were therefore not incorporated into this report.  Also, off-
Reservation meteorological stations were not used due to differences in elevation, 
geography, and topography.   
 
Monthly averages of minimum (Tmin) and maximum temperatures (Tmax) were reported 
on the WRCC website for both met stations (WRRC 2007).  Data for the entire period of 
record were utilized, except for those months with more than five days of record missing.    
 
 
2.1.3.2 SOLAR RADIATION (Rs) 

 
Solar radiation was estimated from the difference between maximum and minimum air 
temperatures.  The amount of cloud cover on any given day affects this difference.  Little 
to no cloud cover results in a relatively large difference between Tmax and Tmin because 
incoming solar radiation is not impeded (higher Tmax) as it is when cloud cover exists, nor 
is outgoing longwave radiation impeded at night (lower Tmin).  Greater cloud cover 
absorbs much of this radiation and results in smaller differences between Tmax and Tmin.   
 
The Hargreaves radiation formula was used to estimate radiation data for the Hopi 
Reservation.  An adjustment coefficient of 0.16 was used, as recommended for interior, 
non-coastal regions.  The procedure followed is outlined on page 60 of FAO-56 (Allen et. 
al, 1998).   
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2.1.3.3 WIND SPEED (u) 
 
The Hopi Reservation is known as an area of relatively high winds and has been 
qualitatively described as such by various sources (NRCS 1996, Prevost et. al 1984, 
Ferguson 2004).  Wind is a major contributor to plant ET and ADWR judged that any ET 
model that did not incorporate wind speed into the model would be at risk of 
underestimating plant ET.  Allen et al. (1998) suggest methods to estimate missing wind 
data in FAO-56 (see Table 2.10 in this report).  As indicated in this table, “moderate to 
strong wind” is quantified as 3-5 m/s measured at 2 m above the ground.  This estimate is 
consistent with data from 8 Hopi met stations on the Reservation where wind speeds 
during the growing season average 3.32 m/s (corrected to a measurement height of 2 m) 
between the years 2003 and 2007 (Hopi 2007).  The location of met stations owned and 
operated by the HWRP is shown in Figure 2.1.  For ETo estimates, a wind speed of 3m/s 
was assumed for a lower bound of 3 m/s and 5 m/s was assumed for an upper bound. 
 
 
2.1.3.4 DEW POINT TEMPERATURE (Tdew) FOR NDI 

 
Tdew is the only climate variable in the FAO-56 model where input data for NDI differed 
from DRY.  This accounts for varying field conditions and micro-climates that result 
from a non-deficit irrigated farm verses a dryland farmed field.   
 
In the case of NDI, it is assumed that the crop is a well-watered crop and reaches full 
canopy cover.  Also, no restrictions are assumed as to field size, nor acreage under 
cultivation.  Under these conditions, the reference crop would be actively 
evapotranspiring, causing the relative humidity to increase and the Tdew to decrease.  In 
the ASCE manual, Walter et. al (2005) outline methods to estimate Tdew from Tmin.  
These methods are similar to those outlined in FAO-56, however, much of the data in 
which the method was developed for ASCE are specifically taken from Arizona 
therefore, are likely to be more applicable to an arid region such as the Hopi Reservation.  
The ASCE method involves a substitution of Tdew for “Tmin - Ko”.  A Ko value in the 
range of 2-4°C is recommended for semiarid and arid regions (Allen, 1996).  However, in 
Arizona, the value of Ko was found to vary from 2-5°C over the course of a year (Walter 
et. al 2005).  In accordance with this finding, and per (Brown, 2007), the Ko values for 
the months of April-June was assumed to equal 5°C, and a Ko value of 2°C was assumed 
for the months of July-Sept during the monsoon season when Tdew is more likely to 
approach Tmin.  When Tdew is estimated using this method, no further adjustment is 
needed for air temperature data to represent reference conditions (Walter et. al, 2005).   

 
 
 

2.1.3.5 DEW POINT TEMPERATURE FOR DRY 
 
In the case of DRY, Tdew measurements were estimated based on available relative 
humidity measurements taken from the 8 Hopi met stations (Hopi, 2007).  These 
measurements, however, are available for a short period of record and include several 
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large data gaps.  To address this data limitation, the Method of Variance Extension, Type 
1 or MOVE.1 (Hirsch, 1982) was used to create a relationship between Tmin and Tdew for 
each month in the growing season using available.  This relationship was then applied to 
measured temperature data from Keams Canyon and Tuba City (WRCC, 2007) to extend 
the record of relative humidity data.  Monthly averages for Tdew were then computed and 
used in the Ref-ET program to calculate ETo for DRY.   
 
No attempt was made to correct Tdew measurements for non-reference conditions.  Even 
with a well-watered but sparse crop, it is assumed that this would not have a significant 
impact on humidity measurements.  Methods used to calculate DRY conditions, represent 
conditions associated with current agricultural practices.  A potential decrease in Tdew is 
limited by the size of Hopi fields which are typically much smaller and less dense in 
comparison to traditional Western agriculture, which can create a microclimate effect.  In 
addition, the ASCE (2005) manual suggest that Tdew correction procedures may not be 
effective at identifying reference environments in regions prone to large nighttime winds.  
Doorenbos and Pruitt (1977) also suggest that no Tdew correction factors be applied to 
small fields.  Therefore, due to the current and historic condition of Hopi fields, actual 
Tdew measurements were used in calculating ETo for DRY 
 
 
2.1.4 SUMMARY OF ETo 
 
Table 2.1 lists the climate variables which were used to calculate upper and lower ETo 
values for NDI and DRY conditions.  Four climate variables (air temp, Tdew, Rs, and u) 
were entered into the Ref-ET program to compute average monthly ETo rates using the 
FAO-24 Blaney-Criddle, the 1985 Hargreaves-Samani, and the FAO-56 Penman-
Monteith models.  Of these variables, only Tdew was calculated differently for NDI and 
DRY as described above in Sections 2.1.3.4 and 2.1.3.5.  Different wind speeds were 
entered into the models for the upper and lower ETo values. 
 
 
2.1.5 COMPARISON BETWEEN MODELS 
 
Average monthly ETo values calculated by the three models are listed in Tables 2.2 and 
2.3 and are illustrated in Figures 2.2 and 2.3 for Keams Canyon and Tuba City, 
respectively.  The total yearly differences in ETo between the various models is illustrated 
in Figures 2.4 – 2.7.  The upper and lower bounds represented in these tables and figures 
are based on the assumed growing season of Hopi corn, with an upper bound of 170 days 
and a lower bound of 115 days (and are also affected by the different wind speeds).  This 
difference is explained in Section 2.2.1.   
 
When compared to the FAO-56 model, the Blaney-Criddle model overestimated the 
range of ETo values under both NDI and DRY conditions.  This overestimation ranges 
between 3.2% and 14% and is congruent with the FAO-56 findings (Allen et. al, 1998).  
On the other hand, when compared to the FAO-56 Penman-Monteith method, the 
Hargreaves model underestimated the range of ETo values.  These underestimations range 
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between 7.3% and 18.1% and are consistent with current literature on applying the 
Hargreaves model to arid, windy regions (Gavilan et. al, 2006; Jensen et. al, 1997; 
Martinez-Cob and Tejero-Juste, 2003).  These differences are summarized in Table 2.4.  
The FAO-56 ETo values for the upper and lower limits of NDI and DRY are found in 
Table 2.5.  Note that ETo values for DRY conditions are higher than for NDI.  This is a 
result of the different Tdew values entered into the model.  Tdew values for DRY are 
representative of current and historical farming practices on the Hopi Reservation which 
reflect smaller fields and relatively wide crop spacing (Ferguson, 2004; Bradfield, 1971) 
that do not create a microclimate in which Tdew alterations are necessary. 
 
 
2.2 CALCULATING Kc VALUES 
 
ETo values provide an estimate of the ET of a hypothetical reference crop under ambient 
climatic conditions.  Kc values are needed to account for the difference in ET between 
this hypothetical crop and the crop grown on the Reservation.  This approach assumes 
adequate water and soil fertility.  However, water is a limiting factor in crop production 
on the Hopi Reservation and has dictated many of the Hopi’s agricultural practices 
(Bradfield, 1971; Ferguson, 2004; Moon, 2004; Prevost, et. al, 1984).  Therefore, to 
estimate ETc on the Hopi Reservation, Kc values must be adjusted to reflect conditions 
that better represent those found on the Reservation.  This adjustment was performed for 
the DRY condition and explained in later sections of this report.  Pre-established 
methodologies and published values of crop Kc values were used for the NDI condition 
as it is intended to reflect a scenario which is not limited by water supply.   
 
 
2.2.1 CORN Kc 
 
Corn Kc values for the NDI condition are intended to reflect values for a well-watered 
corn crop with no environmental stress.  The only difference between ETo and ETc will 
be the physical and physiological differences between a corn plant and grass, the 
reference crop.  Kc values change over the stages of the plant’s life, and therefore, a Kc 
curve is needed.   
 
A Kc curve for NDI Corn was developed for this study based on growing-degree-days 
(GDD).  Crop development is a function of heat units and a physiological clock can be 
developed based upon GDD (Sammis et. al 1985).  GDD are calculated by subtracting a 
base temperature from the average between Tmax and Tmin.  A base temperature of 50°F 
was used for corn.  The WRCC (2007) site provides Tmax and Tmin data and these data 
were used to get GDD for Keams Canyon and Tuba City. 
 
Sammis et. al (1995) computed GDD and corresponding Kc values for well-watered corn 
at 2 sites in New Mexico with the goal of producing a Kc curve for corn that could be 
applicable to similar geographical areas.  The mean cumulative GDD for the New 
Mexico sites was 1,725 compared to the mean GDD for Tuba City of 1,706 based on  
WRCC weather data from April – September.  Because of the similar values, the Kc 
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curve developed by Sammis et. al was used to calculate NDI values for ETc on the Hopi 
Reservation.  A graph that shows Hopi data fall along this curve is shown in Figure 2.8.  
The cumulative GDD’s for the growing season are illustrated in Figure 2.9. 
 
To model actual growing conditions on the Hopi Reservation (DRY), a daily soil 
moisture budget would be helpful to ETc estimations.  Due to infrequent watering, readily 
available water within the soil declines to the point of zero which causes the ETc to also 
approach zero.  In other words, when there is no moisture in the soil, the plant does not 
transpire.  To correct Kc for such conditions, soil moisture needs to be quantified.  
Because these data could not be obtained, an alternative approach to correcting Kc was 
used. 
 
A Kc curve based on Table 21 from FAO-24 was used for DRY conditions.  However, 
the Kc values were modified using techniques outlined in Chapter 9 of FAO-56, ‘ETc for 
natural, non-typical and non-pristine vegetation.’  The intent of this chapter is to outline 
methods to estimate Kc values for agricultural vegetation when Kc values are not 
available, as is the case for crops grown on the Hopi Reservation.  The procedure used 
was a modification of Kc values based on effective ground cover.  There is a decrease in 
ET per unit area of a field when plants are spaced further apart than typical conditions, 
since this results in fewer plants per unit area.  However, the reduction in ground cover 
also increases the amount of solar radiation that is reflected off the bare soil and 
transferred to each plant.  The procedure described above was reviewed and approved by 
Dr. Richard Allen in January 2008 (Allen, 2008).   
 
FAO-24 lists values for four Kc curves based on minimum relative humidity and wind 
speed.  The curves are created by connecting four Kc values; Initial Kc [Kc (initial)], Crop 
Development Kc [Kc (crop dev.), Mid-season Kc [Kc (mid)], and a Harvest Kc [Kc (harvest)].  For 
all FAO-24 Kc values it was assumed RHmin<20% with a wind speed of 0-5m/sec.  A Kc 
(initial) of 0.12 was selected based on Sammis et. al (1995) and Figure 6 in FAO-24 
(Doorenbus and Pruitt, 1977:38).  Kc (crop dev.) was calculated via linear interpolation from 
Kc (initial) and Kc (mid-season).   
 
Equations 98 and 99 from FAO-56 (see Appendix C) were used in order to estimate the 
basal Kc during mid-season when plant density is lower than full cover conditions.  The 
fraction of soil surface that is covered by vegetation (fc) values were based on ADWR’s 
field investigation (2005) and corroborated by photographs of historic and current 
agricultural fields (Ferguson, 2004).  An fc of 0.091, with a plant height of 1m was used 
for calculating the Kc mid for DRY conditions for corn (ADWR 2005).  Other values 
entered to the model are outlined in sections 2.1.3.3 and 2.1.3.5.  Values for all Kc stages 
for upper and lower bounds of DRY conditions are listed in Tables 2.6 and 2.7.   
 
Note in Figures 2.10 and 2.11, that the lower bound of Corn Kc for NDI exceeds that of 
the upper for the months of August and September, as indicated by the lower bound Kc 
for NDI curve crossing over the curves for the upper bounds.  This effect is due to the use 
of the same GDD curve for different growing seasons.  A later planting date causes the 
plant’s ET to be less initially, as plant development is trailing the crop with an earlier 
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planting date.  In the early months of the season, the plant has had less time to develop 
and will evapotranspirate less water than a crop planted earlier in the season which has 
had more time to grow.  Later in the season, however, a crop that has fully developed 
throughout its entire growing season, reacts differently than a crop that was planted later 
in the season (due to frost or lack of available water).   Applying both of these potential 
cropping seasons to the same GDD curve is the basis for this incongruity.  Brown (2007) 
suggests not adjusting the GDD curve to account for planting date as it would likely 
introduce more error into the model than would be gained in accuracy.  Also, the lower 
bound’s higher Kc value later in the season may actually represent field conditions. 
 
Tables 2.6 – 2.9 list the final ETc values for NDI and DRY which are illustrated in 
Figures 2.12 and 2.13.   
 
The growing season for corn on the Hopi Reservation is limited by late spring frosts, and 
early fall frosts.  According to the Hopi Drought Plan, “the Hopi growing season. . .is 
between 120 and 160 days long depending on location. . . .The planting season ranges 
from mid-April for early ceremonial corn to June for the principal corn crop” (Hopi 
Tribe, 2000).  Several reliable sources cite similar numbers for the growing period, with a 
range from 115 to 170 days (Adams, 1979; Ferguson, 2004; Manolescu, 1995; Bradfield, 
1971; Prevost et. al 1984; Soleri and Cleveland 1993).  Monthly ET rates were calculated 
based on a growing season of 115 days for lower bound ET estimates, and a growing 
season of 170 days for upper bounds of ET estimates.  Because ETo rates were calculated 
as a monthly average, these were adjusted through linear interpolation when an entire 
month did not fall within a growing season.  This adjustment was also made for Kc values 
that were based on average monthly GDD’s. 
 
 
2.2.2 BEAN Kc 
 
As with corn, beans are field crops that are typically grown in dryland fields by the Hopi 
and actual field conditions do not meet reference crop criteria.  NDI calculations are 
based on what a potential bean crop could produce if not limited by water.  Kc values 
used for NDI bean were taken from Table 21 in FAO-24 (Doorenbus and Pruitt, 
1977:40).   
 
To calculate ET for beans under DRY conditions, the Kc curve had to be adjusted to 
represent dryland farming conditions.  Therefore, FAO-24 values were modified using 
the same technique as was used for corn.  The approach is outlined in Chapter 9 of FAO-
56 and the values for these modifications were based on data outlined in sections 2.1.3.3 
and 2.1.3.5, with an fc of 0.14 and a plant height of 0.3m, based on data from ADWR 
(2005).   
 
A crop season of 110 days and an average planting date of May 15 for beans was based 
on available literature (Ferguson 2004; Bradfield 1971).  The ETc rates from the Kc 
values established for Hopi beans are illustrated in Figure 2.12 and Figure 2.13.   
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2.2.3 ORCHARD Kc 
 
Development of the Kc values for orchards on the Hopi Reservation followed a similar 
methodology as was used for corn and bean Kc values.  Kc values from Table 26 of FAO-
24 were used (Doorenbus and Pruitt, 1971:49).  Because the fruit trees do not experience 
as dramatic a growth process during the growing season, Kc values are provided by 
month rather than by developmental stages.  Kc values were selected to represent several 
fruits (peaches, apricots, pears, and plums); a cold winter with killing frost; dry, light to 
moderate wind (0-5 m/sec); and no ground cover crop.  The growing season under these 
specifications extends from April thru October.   
 
Although other varieties of trees are grown on the Reservation, most prevalent are peach 
trees (Prunus persica) (Ferguson 2004; Bradfield 1971).  A single Kc that represents 
peach trees was considered adequate for this study.  However, orchards are frequently 
located in fields that are considered dryland farmed and therefore an adjustment to the Kc 
value was necessary.   
 
For DRY conditions, these Kc values were modified to once again represent sparse 
vegetation or tree stands.  An fc of 0.34 and plant height of 2m was used for Equations 98 
and 99 in FAO-56 based on ADWR’s field survey (2005).   
 
Figures 2.16 and 2.17 show ETc values for orchards under NDI and Dry conditions at 
Keams Canyon and Tuba City.   
 
 
2.2.4 MELON Kc 
 
The fourth most prevalent crop on the Hopi Reservation is melons.  Melons and squash 
(Section 2.2.5) were assumed to represent the common crops grown in Hopi gardens.  
While the majority of Hopi fields are dependent upon direct precipitation and 
supplemental surface flow during storm events, Hopi gardens are often located near a 
perennial water supply (most often a spring) in which hand watering is frequently 
practiced (Ferguson, 2004).   Because of this difference in water supply, the DRY 
condition was not calculated.  In addition, melons and squash combined are believed to 
account for only 4% of the total field acreage and therefore do not account for a large 
percentage of the agricultural consumptive use on the Reservation.  Kc values for melon 
were taken from Table 21 in FAO-24 (Doorenbus and Pruitt, 1977:40).  The average 
planting date (May 1) and length of season (120 days) were based on present literature on 
the subject of Hopi agriculture (Ferguson 2004; Bradfield 1971).   
 
ETc values calculated for Hopi melons are illustrated in Figures 2.18 and 2.19.   
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2.2.5 SQUASH Kc 
 
As explained in the above section, squash was assumed a Hopi garden crop with different 
watering and agricultural techniques than other crops grown on the Reservation.  As with 
melons, no DRY condition was calculated for Hopi squash and the only variation in ET 
estimates are due to differences in ETo variables.  Kc values were obtained from Table 21 
in FAO-24 (Doorenbus and Pruitt, 1977:41) with again the Kc (soil) equal to 0.12.  The 
planting date assumed was May 1 and the growing season consists of 110 days (Ferguson 
2004; Bradfield 1971).  ETc rates throughout the growing season are illustrated in 
Figures 2.20 and 2.21. 
 
 
2.3 FINAL ETc CALCULATIONS 
 
Final crop ETc values are listed in Table 2.11 and provide upper and lower estimates for 
five different crops at Keams Canyon and Tuba City under NDI and DRY conditions.  
Values for Keams Canyon and Tuba City were combined and the average listed in Table 
2.12, which demonstrates a composite estimate of ETc for the range of conditions on the 
Hopi Reservation.  To apply a single ETc value to all Hopi fields, a weighted average 
(based on crop mixing percentages in Table 1.1) was taken and the results are presented 
in Table 2.13.  These values can be applied to the total acreage under cultivation to 
produce a Reservation-wide crop consumptive use value.  Under current and historic 
agricultural practices and using current and historical plant varieties adapted to the 
region, the range of consumptive use for Hopi agricultural fields is 0.92-1.43 ft/acre.  
If water were not a limiting factor on the Reservation, the consumptive use of non-
deficit irrigated crops on the Reservation would be 2.29-3.03 ft/acre.     
 
The values presented above represent crop water use per unit of area.  Individual plants 
grown on the Reservation likely use an amount of water closer to a plant grown under 
traditional Western practices.  However, the spacing of individual plants is much greater 
than in a traditional Western field.  Ferguson (2004:53) reported corn clumps spaced 8 to 
12 feet apart with rows spaced in accordance to the farmer’s estimate of available soil 
moisture.  According to Bradfield (1971:5), “the wide spacing of plants in fields is an 
important element in Hopi planting as this helps to insure that each clump of corn 
receives adequate moisture.”  This practice has developed as a land-management 
technique intended to cope with harsh environmental stressors, mainly the lack of 
available water.  Therefore, although an individual corn plant may use a quantity of water 
more similar to an individual corn plant planted elsewhere, the wide spacing between 
plants leads to a lower “per unit area” quantity on the Reservation.  In other words, there 
are fewer plants per unit area which means less overall water usage.  If crop spacing was 
not dictated by water availability, water usage on a per unit area basis would therefore 
increase substantially.    
 
It should also be noted that these ETc values represent average water consumption based 
on available data.  Because Hopi crops are so dependent on rainfall, in years in which 
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there is relatively little available water, the actual consumptive use will be lower.  
Conversely, in years in which there is a greater rainfall than average, the consumptive use 
of crops will increase to a greater value than here.   
 
The Hopi Tribe has followed agricultural and lifestyle practices that compensate for this 
hardship.  The DRY method values presented in this report are intended to estimate 
actual historical and current consumption values which are limited by the supply of 
rainwater and do not represent water use based on a desired or ideal crop yield. 
 
 
2.4 EFFECTIVE PRECIPITATION 
 
The majority of Hopi corn fields are dryland farmed, relying heavily upon precipitation 
and stored soil moisture (Ferguson, 2004; Hopi Tribe, 2000; Moon, 2004).  ETc estimates 
for Hopi corn fields are corroborated by estimations of effective precipitation on the 
Reservation.  Effective precipitation refers to the amount of rainfall that is utilizable to 
plants and is based on the amount, frequency, and intensity of rainfall.  Rainfall that runs 
off a field and any water that percolates beyond the root zone are examples of ineffective 
precipitation.   
 
In some cases, effective precipitation is calculated using the amount of rain that falls only 
during the growing season.  However, since Hopi fields are geographically situated as to 
maximize effective precipitation by taking advantage of deeply stored soil moisture 
(Ferguson, 2004; Dominguez and Kolm, 2005), it is more appropriate that effective 
precipitation be calculated from total annual rainfall.   
 
For Keams Canyon, annual effective precipitation, as estimated with FAO techniques 
using monthly consumptive use and precipitation (Dastane, 1978), is approximately 52-
89% of estimated DRY ETc (Tuba City is approximately 33-56%).  Tables 2.6 through 
2.9 include, growing season, annual effective, and growing season effective rainfall for 
these two stations.   
 
 
2.5 OTHER CU ESTIMATES 
 
The National Resource Consulting Engineers, Inc. conducted a consumptive use study 
using the Jensen-Haise model to calculate ET (see Appendix A and B).  This is a 
radiation-based model and according to Allen et. al, (1998) “radiation methods show 
good results in humid climates. . .but performance in arid conditions is erratic and tends 
to underestimate evapotranspiration.”  In addition to the lack of reliability of this model 
in arid environments, there are also no radiation measurements with an extensive period 
of record located on the Hopi Reservation, therefore, a model based on radiation would 
be greatly subject to all of the potential errors involved in estimating radiation data. 
 
The modifications to Kc values were based on “a 30 percent reduction to account for field 
conditions.”  The NRCE makes no reference as to data that supports this reduction.   
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The NRCE also quantifies the spacing of corn crops as “spaced on about 4- to 5-foot 
rows with spacing of about 3 feet between plant clusters, as compared to typical 2.5-foot 
row spacing and 0.75- to 1-foot plant spacing along rows” (See Appendix 2).  These 
values contradict values gathered by ADWR (2005) as well as literature on the subject.  
For example, Bradfield writes that “A Hopi corn field is planted in rows, with some 3 
paces between rows, and 3 to 4 paces between the separate ‘hills’ in a row.”  [Depending 
on the definition of ‘pace,’ this is 7.5ft x 7.5-10ft, or 15ft x 15-20ft.] (1971:5).  Ferguson 
also reports that “corn clumps are spaced 8 to 12 feet apart.  Farmers determine the exact 
spacing of corn within a row and in alternate transverse rows according to their estimates 
of how much soil moisture is available when they plants” (2004; p.53).  These values of 
crop spacing are double that of the information presented by the NRCE. 
 
The harvesting season of 120 days used in the NRCE report is also contradictory to many 
sources (Ferguson, 2004; Manolescu, 1995; Bradfield, 1971; Prevost et. al 1984; Soleri 
and Cleveland 1993).   
 
 
2.6 SUPPLEMENTAL IRRIGATION DEMAND 
 
Supplemental irrigation demand (SID) is the consumptive use demand of a crop which is 
not satisfied by effective precipitation.  In this study, the SID was estimated by 
subtracting the annual effective precipitation (see Tables 2.6 through 2.9) from the 
consumptive use requirement of crops grown on the Hopi Reservation (see Table 2.13).   
 
SID was also estimated from the Hopi Tribe’s Statement of Claim (see Appendix A) 
using an alternative method.  The ‘average irrigation depletion’ and the ‘maximum 
irrigation depletion’ were divided by the quantity of irrigated acres (non-precipitation 
farmed acres), as claimed by the Hopi Indian Tribe, to yield ‘average SID’ and 
‘maximum SID.’  These values are compared to the SID calculated by ADWR in Table 
2.14. 
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CHAPTER 3: 
STUDY LIMITATIONS 

 
The intent of this report is to provide a scientifically-based estimation of the consumptive 
use of crops grown on the Hopi Reservation using available and reliable data and 
following standard and accepted methods.  
 
Kc curves were adjusted to represent dryland farming conditions based on a relationship 
between ET and sparseness of vegetation.  The data used to quantify this sparseness were 
based on an ADWR field survey from 2005. That was corroborated with data from Ferg. 
Although evidence suggests that the Hopi agricultural practices, including crop spacing, 
have remained relatively constant (Ferguson 2004; Manolescu, 1995), a more extensive 
field investigation, spanning several growing seasons, might add to the accuracy of 
sparseness estimations.  
 
The Kc curves presented in this report are a best, first order estimation of crop water use 
on the Hopi Reservation.  The ETo values reported are based primarily on temperature 
measurements with estimations and extrapolation of other meteorological data.  Better 
estimates of crop water use may be possible if additional, site specific data were 
available.  These data include but are not limited to, soil moisture, wind speed, solar 
radiation, crop canopy cover, and harvest index ratio.  These should be collected 
throughout the growing period and during consecutive years so that an adequate period of 
record is established.  Desert environments are characterized by droughts and wet periods 
that vary in duration and magnitude. These can cause annual crop water usage to 
fluctuate substantially.   
 
The temperature data used in this report was obtained from two met stations located on 
the Hopi Reservation.  Data from additional met stations on the Reservation with a 
significant period of record may improve ET estimates.   
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Table 1.1: Hopi Crop Mixing 

 

Crop Mixing for Hopi Agriculture* 
Crop Percentage
Corn** 81.2%
Orchards** 8.1%
Beans** 6.7%
Melons 2.3%
Squash/other 1.7%
*Estimate based on mean values from current and historic field surveys (ADWR, 2005; BIA, 1924-1955; Ellis, 1974; Ferguson, 2004) 
**Includes all varieties 
 



Table 2.1: Data Input for Hopi Corn ETc 
 
 Non-deficit Irrigated Land (NDI) Dryland/Actual Conditions (DRY) 
 Upper Bound Lower Bound Upper Bound Lower Bound 
 Method Source Method Source Method Source Method  Source 

Temperature 
measured data  
 (WRCC, 2007) measured data  (WRCC, 2007) measured data  (WRCC, 2007) measured data  (WRCC, 2007) 

Dew Point (Tdew) ASCE estimation 
(ASCE, 2005), 
(Brown, 2007) ASCE estimation 

(ASCE 2001), 
(Brown 2007) 

MOVE.1 Record 
Extension 

(HOPI 2007), 
(Hirsch 1982) 

MOVE.1 Record 
Extension 

(HOPI 2007), 
(Hirsch 1982) 

Solar Radiation Hargreaves (FAO-56) Hargreaves (FAO-56) Hargreaves (FAO-56) Hargreaves (FAO-56) 

Wind Speed (u) 5 m/s 
(FAO-56) (Hopi, 
2007) 3 m/s 

(FAO-56) (Hopi, 
2007) 5 m/s 

(FAO-56) (Hopi, 
2007) 3 m/s 

(FAO-56) (Hopi, 
2007) 

Growing Season 
170 days 
(April 7-Sept 20) 

(Ferguson, 2004; 
Manolescu, 1995; 
Bradfield, 1971; 
Prevost et. al 1984; 
Soleri and Cleveland 
1993) 

115 days 
(May 15-Sept 8) 

(Ferguson, 2004; 
Manolescu, 1995; 
Bradfield, 1971; 
Prevost et. al 
1984; Soleri and 
Cleveland 1993) 

170 days 
(April 7-Sept 20) 

(Ferguson, 2004; 
Manolescu, 1995; 
Bradfield, 1971; 
Prevost et. al 1984; 
Soleri and 
Cleveland 1993) 

115 days 
(May 15-Sept 8) 

(Ferguson, 2004; 
Manolescu, 1995; 
Bradfield, 1971; 
Prevost et. al 
1984; Soleri and 
Cleveland 1993) 

Kc Value NM GDD Curve 
(Sammis, et. al 
1985) NM GDD Curve 

(Sammis, et. al 
1985) 

Kc adj for Sparse 
Vegetation (FAO-56, Ch. 9) 

Kc adj for Sparse 
Vegetation (FAO-56, Ch. 9) 

 



Table 2.2: ETo Rates for Hopi NDI fields 
 
 

  Monthly ETo Rates for NDI  

  FAO56-PM (upper) FAO56-PM (lower) FAO24-BC (upper) FAO24-BC (lower) Harg-Sam (upper) Harg-Sam (lower) 
   mm/day mm/day mm/day mm/day mm/day mm/day 

April 6.34 4.98 5.56 4.96 4.13 4.13
May 7.29 6.60 7.53 6.80 5.59 5.59
June 8.90 7.56 9.63 8.74 6.95 6.95
July 8.65 7.43 9.55 8.71 7.18 7.18
Aug 7.88 6.74 8.31 7.57 6.23 6.23Tu

ba
 C

ity
 

Sept 6.88 6.04 6.79 6.14 4.85 4.85
April 5.83 4.62 4.85 4.31 3.83 3.83
May 6.69 6.21 6.73 6.05 5.11 5.11
June 8.46 7.26 9.01 8.16 6.57 6.57
July 8.03 6.98 8.78 7.98 6.67 6.67
Aug 7.08 6.15 7.40 6.71 5.65 5.65

K
ea

m
s 

C
an

yo
n 

Sept 6.14 5.50 5.96 5.37 4.39 4.39
 



Table 2.3: ETo Rates for Hopi DRY fields 
 
 
  Monthly ETo Rates for DRY 
  FAO56-PM (upper) FAO56-PM (lower) FAO24-BC (upper) FAO24-BC (lower) Harg-Sam (upper) Harg-Sam (lower) 
   mm/day mm/day mm/day mm/day mm/day mm/day 

April 7.20 5.40 5.84 5.21 4.13 4.13
May 8.49 7.39 8.48 7.61 5.59 5.59
June 10.40 8.44 10.90 9.87 6.95 6.95
July 11.00 8.80 11.60 10.40 7.18 7.18
Aug 9.17 7.52 9.25 8.37 6.23 6.23Tu

ba
 C

ity
 

Sept 7.96 6.79 7.55 6.79 4.85 4.85
April 6.65 5.05 5.30 4.70 3.83 3.83
May 7.78 6.93 7.60 6.80 5.11 5.11
June 9.86 8.08 10.30 9.25 6.57 6.57
July 10.40 8.37 10.90 9.81 6.67 6.67
Aug 8.75 7.17 8.63 7.77 5.65 5.65

K
ea

m
s 

C
an

yo
n 

Sept 7.23 6.30 6.67 5.98 4.39 4.39
  



 
 
 
 
 
 
 
 
 
 
 
Table 2.4: ETo Model Comparison to FAO-56 
*values based on corn growing season (upper = 170 days; lower =115 days) 
 
 Percentage Difference from the FAO-56 Penman-Monteith ETo Model for the Hopi Reservation 
 NDI DRY 
 Tuba City Keams Canyon Tuba City Keams Canyon 
 Upper Lower Upper Lower Upper Lower Upper Lower 

Blaney-Criddle 3.2% 14.0% 1.8% 10.6% 7.7% 9.0% 5.4% 9.0%

Hargreaves-Samani -18.1% -7.3% -17.5% -8.3% -15.2% -12.7% -16.7% -14.4%
 



 
 
 
 

     Table 2.5: FAO-56 ETo Rates for NDI and DRY Fields 
 

Comparison of Hopi ETo Rates (FAO-56) 
  NDI DRY 
  upper lower upper lower 

month mm/day mm/day mm/day mm/day 

April 6.34 4.98 7.20 5.40 

May 7.29 6.60 8.49 7.39 

June 8.90 7.56 10.40 8.44 

July 8.65 7.43 11.00 8.80 

Aug 7.88 6.74 9.17 7.52 

Tu
ba

 C
ity

 

Sept 6.88 6.04 7.95 6.79 

April 5.83 4.62 6.65 5.05 

May 6.69 6.21 7.78 6.93 

June 8.46 7.26 9.86 8.08 

July 8.03 6.98 10.40 8.37 

Aug 7.08 6.15 8.75 7.17 

K
ea

m
s 

C
an

yo
n 

Sept 6.14 5.50 7.23 6.30 

 
 



 
 
 
 
 
 
Table 2.6: Corn ETc values for Hopi DRY upper limit 
 

month days/mo mm/day mm/mo mm/mo mm/day
April 23 7.20 165.60 1 30 0.12 18.46 0.00
May 31 8.49 263.19 2 50 interpolation 44.67 1.44
June 30 10.40 312.00 3 55 0.36 95.25 3.18
July 31 11.00 341.00 4 35 0.19 115.49 3.73
Aug 31 9.17 284.27 103.50 3.34
Sept 24 7.95 190.80 47.26 1.97

days/yr mm/yr ft/yr mm/yr in/yr ft/yr
170 1556.86 5.11 424.63 16.72 1.39

month days/mo mm/day mm/mo mm/mo mm/day
April 23 6.65 152.95 1 30 0.12 17.11 0.00
May 31 7.78 241.18 2 50 interpolation 41.28 0.98
June 30 9.86 295.80 3 55 0.36 90.03 1.48
July 31 10.40 322.40 4 35 0.19 109.34 1.81
Aug 31 8.75 271.25 97.98 1.57
Sept 24 7.23 173.52 43.00 1.35

days/yr mm/yr ft/yr mm/yr in/yr ft/yr
170 1457.1 4.78 398.74 15.70 1.31

Tuba City
6.48
3.32
5.48
3.13

 Upper Bound for Corn

Growing Season (effective) 4.60

Kc ETc

Kc ETc

Growing Season (Apr-Sept) 4.97
Annual (effective) 8.19

Rainfall (in)
Keams Canyon

Annual 9.97

5 m/s 170 days Actual (MOVE.1) Kc adj Sparse Veg
Wind Growing Season Tdew Kc

Season FAO56PM ETo

Totals

Upper Bound ETo Input Variables

Dryland Farmed Fields (DRY)

Crop 
Stage

Days per 
Stage

Tu
ba

 C
ity

Season FAO56PM ETo

Totals

Crop 
Stage

Days per 
Stage

K
ea

m
s 

C
an

yo
n

 



 
 
 
 
Table 2.7: Corn ETc values for Hopi DRY lower limit 
 

month days/mo mm/day mm/mo mm/mo mm/day
April 0 5.40 0.00 1 20 0.12 0.00 0.00
May 15 7.39 110.85 2 35 interpolation 15.07 1.00
June 30 8.44 253.20 3 40 0.36 53.59 1.79
July 31 8.80 272.80 4 20 0.19 91.56 2.95
Aug 31 7.52 233.12 79.40 2.56
Sept 8 6.79 54.32 7.08 0.89

days/yr mm/yr ft/yr mm/yr in/yr ft/yr
115 924.29 3.03 246.70 9.71 0.81

month days/mo mm/day mm/mo mm/mo mm/day
April 0 5.05 0.00 1 20 0.12 0.00 0.00
May 15 6.93 103.95 2 35 interpolation 14.14 0.98
June 30 8.08 242.40 3 40 0.36 51.15 1.48
July 31 8.37 259.47 4 20 0.19 87.17 1.81
Aug 31 7.17 222.27 75.36 1.57
Sept 8 6.30 50.40 6.59 1.35

days/yr mm/yr ft/yr mm/yr in/yr ft/yr
115 878.49 2.88 234.41 9.23 0.77

Tuba City
6.48
3.32
5.48

3.13Growing Season (effective) 4.60

 Lower Bound for Corn
Dryland Farmed Fields (DRY)

Crop 
Stage

Crop 
Stage

Growing Season (Apr-Sept) 4.97
Annual (effective) 8.19

Rainfall (in)
Keams Canyon

Annual 9.97

3 m/s 115 days Actual (MOVE.1) Kc adj Sparse Veg

Lower Bound ETo Input Variables
Wind Growing Season Tdew Kc

K
ea

m
s 

C
an

yo
n

Season FAO56PM ETo ETc

Totals

Days per 
Stage

Kc

Tu
ba

 C
ity

Season FAO56PM ETo ETc

Totals

Days per 
Stage

Kc

 



 
Table 2.8: ETc values for Hopi NDI upper limit for Corn 
 

Non-deficit Irrigated Land (NDI) 
Upper Bound 

Season FAO56PM ETo GDD Kc ETc 
month days/mo mm/day mm/mo     mm/mo mm/day   
April 23 6.34 145.82 138.00 0.35 50.45 2.19   
May 31 7.29 225.99 395 0.72 162.39 5.24   
June 30 8.9 267 724 1.04 278.11 9.27   
July 31 8.65 268.15 1133 1.07 287.48 9.27   
Aug 31 7.88 244.28 1526 0.56 136.40 4.40   
Sept 24 6.88 165.12 1732 0.12 19.81 0.83   

days/yr mm/yr ft/yr   mm/yr in/yr ft/yr

Tu
ba

 C
ity

 

Totals 
170 1316.36 4.32     934.65 36.80 3.07

          
Season FAO56PM ETo GDD Kc ETc 

month days/mo mm/day mm/mo     mm/mo mm/day   
April 23 5.83 134.09 105 0.29 39.31 1.71   
May 31 6.69 207.39 308 0.60 124.81 4.03   
June 30 8.46 253.8 594 0.94 238.43 7.95   
July 31 8.03 248.93 947 1.12 278.60 8.99   
Aug 31 7.08 219.48 1281 0.95 208.43 6.72   
Sept 24 6.14 147.36 1530 0.55 81.09 3.38   

days/yr mm/yr ft/yr     mm/yr in/yr ft/yrK
ea

m
s 

C
an

yo
n 

Totals 
170 1211.05 3.97     970.68 38.22 3.18

          
 Upper Bound ETo Input Variables  
 Wind Growing Season Tdew Kc  
 5 m/s 170 days ASCE Method NM GDD Curve  
  

Rainfall (in) 
      Keams Canyon  Tuba City  

Annual 9.97 6.48 
Growing Season (Apr-Sept) 4.97 3.32 

Annual (effective) 8.19 5.48 

Growing Season (effective) 4.60 3.13 
 



 
 
Table 2.9: ETc values for Hopi NDI lower limit for Corn 
 

Non-deficit Irrigated Land (NDI) 
Lower Bound 

Season FAO56PM ETo GDD Kc ETc 
month days/mo mm/day mm/mo    mm/mo mm/day   
April 0 4.98 0 0 0.12 0.00 0.00   
May 15 6.6 99 156 0.37 37.09 2.47   
June 30 7.56 226.8 485 0.83 187.59 6.25   
July 31 7.43 230.33 894 1.11 256.37 8.27   
Aug 31 6.74 208.94 1287 0.94 197.12 6.36   
Sept 8 6.04 48.32 1376 0.83 39.98 5.00   

days/yr mm/yr ft/yr   mm/yr in/yr ft/yr

Tu
ba

 C
ity

 

Totals 
115 813.39 2.67     718.16 28.27 2.36

          
Season FAO56PM ETo GDD Kc ETc 

month days/mo mm/day mm/mo     mm/mo mm/day   
April 0 4.62 0 0 0.12 0.00 0.00   
May 15 6.21 93.15 127 0.33 30.62 2.04   
June 30 7.26 217.8 413 0.74 161.34 5.38   
July 31 6.98 216.38 766 1.07 230.63 7.44   
Aug 31 6.15 190.65 1100 1.09 207.56 6.70   
Sept 8 5.5 44 1175 1.05 46.01 5.75   

days/yr mm/yr ft/yr   mm/yr in/yr ft/yrK
ea

m
s 

C
an

yo
n 

Totals 
115 761.98 2.50     676.17 26.62 2.22

          
 Lower Bound ETo Input Variables  

 Wind Growing Season Tdew Kc  
 3 m/s 115 days ASCE Method NM GDD Curve  

 
Rainfall (in) 

      Keams Canyon  Tuba City  
Annual 9.97 6.48 

Growing Season (Apr-Sept) 4.97 3.32 
Annual (effective) 8.19 5.48 

Growing Season (effective) 4.60 3.13 
 



 
 
 
 
 
 
 
 
 
 
Table 2.10 FAO-56 Wind Estimations (Allen et. al 1998) 

 

Description 
Mean monthly wind speed at 2m above 

ground surface 
  

light wind ...≤1.0 m/s 
light to moderate wind 1 -- 3 m/s 

moderate to strong wind 3 -- 5 m/s 
strong wind ...≥ 5.0 m/s 

 



 
Table 2.11: ETc for Crops on the Hopi Reservation 
 
 ETc for Crops on Hopi Reservation 
 NDI DRY 
 Crop ETc Upper (ft/yr) ETc Lower (ft/yr) ETc Upper (ft/yr) ETc Lower (ft/yr) 

Corn 3.18 2.22 1.31 0.77
Beans (dry) 2.06 1.78 1.12 0.91
Trees (orchard) 3.34 2.87 2.27 1.95
Melon 2.03 1.75 2.03 1.75

K
ea

m
s 

C
an

yo
n 

 

Squash 1.83 1.58 1.83 1.58
Corn 3.07 2.36 1.39 0.81
Beans (dry) 2.24 1.91 1.19 0.96
Trees (orchard) 3.66 3.11 2.49 2.11
Melon 2.20 1.88 2.20 1.88Tu

ba
 C

ity
 

Squash 1.97 1.68 1.97 1.68
 
 



 
 
 
 
 
 
 
 
Table 2.12: Average ETc for Crops on Hopi Reservation 
 

Combined ETc for Crops on Hopi Reservation 
NDI DRY 

Crop ETc Upper (ft/yr) ETc Lower (ft/yr) ETc Upper (ft/yr) ETc Lower (ft/yr) 
Corn 3.13 2.29 1.35 0.79
Beans (dry) 2.15 1.85 1.16 0.94
Trees (orchard) 3.50 2.99 2.38 2.03
Melon 2.12 1.81 2.12 1.82
Squash 1.90 1.63 1.90 1.63
 



 
 
 
 
 
 
 
Table 2.13: Composite Hopi Agiculture ETc Values 
 

Composite ETc for Crops on Hopi Reservation* 
NDI DRY 

Crop ETc Upper (ft/yr) ETc Lower (ft/yr) ETc Upper (ft/yr) ETc Lower (ft/yr) 
Corn 2.54 1.86 1.10 0.64 
Beans (dry) 0.17 0.15 0.09 0.08 
Trees (orchard) 0.23 0.20 0.16 0.14 
Melon 0.05 0.04 0.05 0.04 
Squash 0.03 0.03 0.03 0.03 

Total ETc 3.03 2.29 1.43 0.92 
*Table based on average ETc Values (see Table 2.12) weighted to account for expected crop mix on the Reservation (see Table 1.1) 



Table 2.14: Supplemental Irrigation Demand Estimates for Agriculture on the Hopi Indian 
Reservation 
 
 

Average Maximum
0.61 0.99

Lower Limit Upper Limit
NDI 1.72 2.46
DRY 0.35 0.86

(Based on irrigation depletion estimates and irrigated acreages from the Hopi Tribe’s 
Statement of Claim, see Appendix A, this report)

Hopi Supplemental Irrigation Demand for Agriculture on 
the Hopi Indian Reservation

ADWR Supplemental Irrigation Demand for Agriculture on 
the Hopi Indian Reservation

 



 
 
 
 
 
 
 
 
 
 
 

Figures 



 
Figure 1.1 Corn Field in Moenkopi Wash 
Photograph by Tad Nichols 1954. Northern Arizona University Neg. No. PH.99.3.6.35 
(Ferguson, 2004). 
 
 
  



 
Figure 1.2: Corn Field in Pasture Canyon 
Photo by ADWR 3/2007. 



 
Figure 1.3: Hopi Corn and Bean Fields near Moenkopi 
Photo by ADWR 10/2005. 



 
Figure 1.4: Hopi Corn Field near Kykotsmovi 
Photo by ADWR 9/2005 



 
Figure 1.5: Hopi Bean Field near Hotevilla 
Photo by ADWR 9/2005. 



 
Figure 1.6: Hopi Garden near Hotevilla 
Photo by ADWR 9/2005. 
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Figure 2.1 Meteorological Stations on and Adjacent to the Hopi Indian Reservation. (Data Sources: HWRP, 2007; WRCC, 2007)

0 5 10 15 202.5
Miles

Meteorological Stations

11/14/2008, \\adwrsas1-phx01.azwater.gov\gis-vns, u:\workspaces\statewideplanning\adjudications\projects\hopi_hsr_adjud\maps\climate\mxd\fig2.1_metstations.mxd

#* National Weather Service
Hopi Reservation
Stream

Road

Hopi Tribe#*



Figure 2.2 Keams Canyon 
ETo Models for Hopi CU
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Figure 2.3 Tuba City 
ETo Models for Hopi CU
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Figure 2.4: Tuba City ETo NDI Model Comparison
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Figure 2.5: Keams Canyon ETo NDI Model Comparison
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Figure 2.6: Tuba City ETo DRY Model Comparison

0.0

0.5

1.0

1.5

2.0

2.5

3.0

3.5

4.0

4.5

5.0

FAO-56 Penman-Monteith FAO-24 Blaney-Criddle Hargreaves-Samani

ET Model

ET
o 

(ft
/y

r) Upper Limit
Lower Limit

 



Figure 2.7: Keams Canyon ETo DRY Model Comparison

0.0

0.5

1.0

1.5

2.0

2.5

3.0

3.5

4.0

4.5

FAO-56 Penman-Monteith FAO-24 Blaney-Criddle Hargreaves-Samani

ET Model

ET
o 

(ft
/y

r) Upper Limit
Lower Limit

 



Figure 2.8: GDD Curve for Hopi Corn
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Figure 2.9: Cumulative GDD for Hopi Reservation
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Figure 2.10 Keams Canyon Kc for Corn on the Hopi 
Reservation
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Figure 2.11 Tuba City Kc for Corn on the Hopi Reservation
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Figure 2.12 Keams Canyon ETc for Corn on the Hopi 
Reservation
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Figure 2.13 Tuba City ETc for Corn on the Hopi Reservation
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Figure 2.14 Keams Canyon ETc for Hopi Beans

0.00

1.00

2.00

3.00

4.00

5.00

6.00

7.00

8.00

9.00

10.00

15
-M

ay

30
-M

ay

14
-Ju

n

29
-Ju

n

14
-Ju

l

29
-Ju

l

13
-A

ug

28
-A

ug

Date

ET
c 

(m
m

/d
ay

)

NDI Upper
NDI Lower
DRY Upper
DRY Lower

 



Figure 2.15: Tuba City ETc for Hopi Beans
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Figure 2.14 Tuba City ETc for Hopi Orchards
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Figure 2.17: Keams Canyon ETc for Hopi Orchards
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Figure 2.18: Keams Canyon ETc for Hopi Melons
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Figure 2.19: Tuba City ETc for Hopi Melons
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Keams Canyon ETc for Hopi Squash
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Tuba City ETc for Hopi Squash
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