












c The fifth row in Table 4 is similar to the fourth row except that 
the same dates for planting and harvest of crops were applied 
each year, based on averages for the 7 year period. In this appli­
cation, the mean ratios of ETc Kc to ETc WB did not change, but 
SEE increased slightly, especially for annual totals (from 3.4 to 
4.0%). The increase in error was due to the lower precision in 
specifying beginning and termination of growing periods. It is 
important to point out that nearly 40% of the acreage in TID was 
alfalfa during 1990-1996. Alfalfa is a perennial crop having year­
round growth, so that knowledge of local cropping dates was 
relatively unimportant for it. 

As a final sensitivity analysis, standard values for lengths of 
growing periods from Table 11 of FAO-56 were used to describe 
planting and harvest dates for annual crops each year (row six of 
Table 2). Ratios of ETc Kc to ETc WB for this application did not 
deviate much from 1.00, indicating relatively small impact on a 
project scale by this relaxation in data requirements. Values for 
SEE after regression increased by a small amount for monthly 
values (from 16.3 to 18.1 %) and SEE increased by about 50% for 
annual values (from 3.4 to 4.8%), which could be considered to 
be significant. 

The results of the sensitivity analyses indicate that using dates 
for planting and harvest specific to the local area and year do 
improve estimates when predicting ETc for a large irrigation 
project. However, the increase in accuracy in this application was 
not large due to the mostly random distribution of planting dates 
coupled with the large population of fields. In addition, the dates 
used from FAO-56 (for "California desert") agreed closely with 
llD averages. Similarly, using K c mean where effects of K c are 
implicit did not substantially degrade predictions. However, use 
of K c mean did reduce the absolute magnitudes of predicted ETc by 
5% for monthly estimates and by 8% on an annual basis. About 
one-half of this reduction was due to the lack of accounting for 
off-season evaporation from preplant and leaching irrigations. 

Impact ofAdjusting FAO-56 Kc to California 
Publications and Using CIMIS Reference Evapotranspi­
ration Rather than FAO-56 Penman-Monteith-Based 
Reference Evapotranspiration 

Annual ETo computed by the FAO-56 Penman-Monteith (PM) 
method (applied daily) averaged only 2% lower than ETo used in 
the analyses reported in this paper, which represented CIMIS 
Penman-based ETo with net radiation by the method of FAO-56. 
Therefore, the impact of using ETo computed by the FAO-56 PM 
rather than ET0 used in this study would have been small, and 
would have reduced prediction of ETc Kc by only about 2%. 

Some FAO-56 Kcb values were adjusted, as summarized in 
Table 1, to reflect K c values common to California literature. Ad­
justments were small and impacted predicted annual ET from the 
study area by less than a few percent. It is noted that FAO-56 Kcs 
have been recommended by ASCE (2002) for application with 
both the FAO-56 PM ETo and CIMIS ETo methods with no ad­
justment. A priori adjustments to FAO-56 K were made in thisc 

study to better test accuracy of California-based Kcs, but using the 
FAO-56 dual K c procedure. 

Conclusions 

When applied to a large 200,000 ha irrigation project in southern 
California, the FAO-56 based dual crop coefficient method pro­
duced relatively accurate estimates of projectwide ET on a 

monthly time step. The potential ET predicted by the K method 
averaged 8% higher than ET determined by a water balance, but 
trends from month to month and year to year were very similar. 
Applications with a more simple "mean" crop coefficient pre­
dicted about 5% lower than did the dual crop coefficient method, 
indicating that predictions of evaporation by the dual method 
were greater than those implied in the mean K values. Over all, c 

the Kc-based ET method proved to provide consistent and rela­
tively accurate predictions of crop ET on a project-wide basis. 
However, perceived error in monthly ET predicted by the 
Kc-based method would limit its usefulness as the primary vari­
able in predicting reservoir releases. It may, however, be useful in 
adjusting release requests that are based primarily on needs or 
usage of prior years. 

The findings of this study provide some indication of expected 
performance of the Kc-based method elsewhere. However, K c and 
ET are substantially impacted by water availability, water and 
crop management, climate, salinity and drainage control, and soil. 
Thus, one must exercise caution in transferring these results and 
prediction accuracies to other studies. 

The results of the sensitivity analyses indicate that using dates 
for planting and harvest specific to the local area and year do 
improve estimates when predicting ETc for a large irrigation 
project. However, the increase in accuracy for large areas is not 
substantial due to the mostly random distribution of planting dates 
coupled with large population of fields. 

Acknowledgments 

The Imperial Irrigation District (TID) of southern California pro­
vided financial and technical support for this study in addition to 
vast amounts of cropping and water use data. The project is com­
mended for its long-standing program of water measurement and 
data reporting. 

References 

Allen, R. G. (1996). "Assessing integrity of weather data for use in ref­
erence evapotranspiration estimation." J. Irrig. Drain. Eng., 122(2), 
97-106. 

Allen, R. G., Pereira L. S., Raes, D., and Smith, M. (1998). "Crop evapo­
transpiration: Guidelines for computing crop water requirements." 
United Nations Food and Agriculture Organization, Irrigation and 
Drainage Paper 56, Rome. 

Allen, R. G., Pereira, L. S., Smith, M., Raes, D., and Wright, J. L. (2005). 
"The FAO-56 dual crop coefficient method for predicting evaporation 
from soil and application extensions." J. Irrig. Drain. Eng., 131 (I), 
2-13. 

American Society of Civil Engineers (ASCE). (2002). The ASCE stan­
dardized equation for calculating reference evapotranspiration, Envi­
ronment and Water Resources Institute of ASCE, New York. 

Burt, C. M., et al. (1997). "Irrigation performance measures: Efficiency 
and uniformity." J. Irrig. Drain. Eng., 123(6), 423-442. 

Clemmens, A. J., and Burt, C. M. (1997). "Accuracy of irrigation effi­
ciency estimates." J. Irrig. Drain. Eng., 123(6), 443-453. 

Doorenbos, 1., and Kassam, A. H. (1979). "Yield response to water." 
United Nations Food and Agriculture Organization Irrigation and 
Drainage Paper No. 33, Rome. 

Doorenbos, J., and Pruitt, W. O. (1977). "Crop water requirements." 
United Nations FAD Irrigation and Drainage Paper No. 24, (revised), 
Rome. 

Droogers, P., and Bastiaanssen, W. (2002). "Irrigation performance using 
hydrological and remote sensing modeling." J. Irrig. Drain. Eng., 



128(1),11-18. 
Gochis, D. J., and Cuenca, R. H. (2000). "Plant water use and crop curves 

for hybrid poplars." 1. Irrig. Drain. Eng., 126(4),206-214. 
Hawkins, R. H., Hjelmfelt, A. T., and Zevenbergen, A. W. (1985). "Run­

off probability, storm depth, and curve numbers." 1. Irrig. Drain. 
Eng., 111(4),330-340. 

Imperial Irrigation District (lID). (2002). Imperial Irrigation District 
Conservation and Transfer Project Final Environmental Impact Rep. 
and Habitat Conservation Plan; State Clearing House No. 9091142, 
Sacramento, Calif. 

Imperial Irrigation District (110). (2003). "Description of the project." 
(http://www.iid.com/water/works-delivery.html. accessed March, 
2004.) 

Jensen, M. E., Burman, R. D., and Allen, R. G., eds. (1990). "Evapotrans­

piration and irrigation water requirements." ASCE manuals and re­

ports on engineering practice No. 70, New York, 360 pp. 
Loeltz, O. J., Irelan, B., Robison, J. H., and Olmsted, F. H. (1975). "Geo­

hydrologic reconnaissance of the Imperial Valley, California." Us. 
Geol. Surv. Prof Pap., 486-K, I-54. 

Molden, D., and Sakthivadivel, R. (1999). "Water accounting to assess 
use and productivity of water." Water Res. Dev., 15,55-71. 

Pruitt, W.O., Swan, B. D., Held, A., Sutton, B., Matista, A., and Hsiao, 
T. C. (1987). "Bowen ratio and Penman: Australian-California tests." 

Irrig. Systems for the 21 st Century, Proc. Irrig. and Drain. Specialist 
Con/, ASCE, Portland, Ore., 149-158. 

Setmire,1. G., Schroder, R. A., Densmore, 1. N., Goodbred, S. L., Audet, 
D. J., and Radke, W. R. (1993). "Detailed study of water quality, 
bottom sediment and biota associated with irrigation drainage in the 

Salton Sea area, California, 1988-1990." Us. Geological Survey 
Water Resources Investigation Rep. No. 93-4014, Washington, D.C. 

Snyder, R. L., Lanini, B. J., Shaw, D. A., and Pruitt, W. O. (I 989a). 
"Using reference evapotranspiration (ETo) and crop coefficients to 
estimate crop evapotranspiration (ETc) for agronomic crops, grasses, 
and vegetable crops." Leaflet No. 21427, Cooperative Extension, 
Univ. of California, Berkeley, Calif. 

Snyder, R. L., Lanini, B. J., Shaw, D. A., and Pruitt, W. O. (I 989b). 
"Using reference evapotranspiration (ETo) and crop coefficients to 
estimate crop evapotranspiration (ETc) for trees and vines." Leaflet 
No. 21428, Cooperative Extension, Univ. of California, Berkeley, 
Calif. 

Soil Conservation Service (SCS). (1972). National engineering hand­

book, Sec. 4, Chaps. 7-10, Washington, D.C. 
Szilagyi, J., Katul, G. G., and Parlange, M. B. (2001). "Evapotranspira­

tion Intensifies over the Conterminous United States." 1. Water Re­
sour. Plan. Manage., 127(6), 354-362. 

Wahlin, B. T., Replogle, J. A., and Clemmens, A. 1. (1997). "Measure­
ment accuracy for major surface-water flows entering and leaving the 
Imperial Valley." WCL Rep. No. 23, Prepared for Us. Water Conser­
vation Laboratory, Phoenix, Water Resources Publications, LLC., 
(http://www.wrpllc.com) 

Water Study Team (WST). (1998). Imperial Irrigation District water use 

assessment for the years 1987-1996, Imperial1rrigation District, Im­
perial, Calif. 

Zimmerman, R. P. (1981). Soil survey of Imperial County, California, 
Imperial Valley area, U.S. Dept. of Agriculture, Soil Conservation 
Service, Washington, D.C. 




