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The purpose of this report is to develop water budgets for six areas of the refuge 

with different scales and mixes of water use. The data for the water budgets comes from 
several sources: flow and survey data collected during this study; flow data collected 
routinely by the Water Resources Branch (WRB) for the maintenance of water rights and 
instream flows; and water rights information on irrigated acreage and areas of open water 
ponds/wetlands. The development of water budgets will allow us to estimate consumptive 
use and water requirements for different habitats and during different times of the year. 
We can also use water budgets to calculate nutrient loads and evaluate downstream water 
quality impacts. All of this information will be very useful in managing habitat and water 
at Malheur NWR.   

 
BLITZEN VALLEY 
 
 The first water budget we developed is for the entire Blitzen Valley area of the 
refuge (Figure 1). This area includes all irrigated lands south of Sodhouse Lane and north 
of Page Springs, including the Krumbo Valley and the refuge lands in the Diamond 
Valley. 
 
Methods 

Total inflow and outflow for the Blitzen Valley area is based on the information 
submitted in the 2002 through 2005 annual Oregon Water Use Reports for Malheur 
NWR. We calculate total inflow to the Blitzen Valley as the sum of four gages: USGS 
Blitzen gage plus estimated Page Springs inflow upstream of Page Springs Dam; Bridge 
Creek above East Canal; total outflow from Krumbo reservoir; and McCoy Creek above 
Diamond Swamp. We estimate total outflow as the flow at the Blitzen below Sodhouse 
Dam. We are not accounting for inflow to this area from direct precipitation, other 
streams and springs (ex. Mud Creek, Web Creek, Boca Lake, Warm Springs, 5-Mile 
Springs), and subsurface inflow. There is unaccounted outflow to this area as well 
(several outflow channels under Sodhouse Lane to Malheur Lake, subsurface outflow).  

 
We define net inflow as the difference between inflow and outflow for the two 

periods considered: April-Sept and the Oct-Sept water year. Net inflow provides an 
estimate of consumptive use, or water loss to evapotranspiration (ET) and seepage, from 
various habitats on the refuge. This assumes that changes in storage over the period are 
negligible. Net inflow and consumptive use do not equate to the entire water need on the 
refuge. There is water use on the refuge that is non-consumptive too, such as water that 
flows through a wetland or field and then returns to the river or water that is held for a 
time in a wetland or field and then released later in the season. Such non-consumptive 
uses are not included in the calculation of net inflow.  
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Figure 1. Map of Blitzen River Valley showing rivers and creeks, study monitoring sites, and 
several major landmarks and geographic features.  
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We express the net inflow for the Blitzen Valley as a consumptive use rate in the 
tables. It is calculated here as the difference between inflow and outflow divided by the 
total irrigated acreage for the area of consideration. Minister and Glaser Surveying, acting 
as Oregon Certified Water Rights Examiners (CWREs), mapped irrigated areas and areas 
of open water for the WRB in 1994. We checked the delineated acreage using 2005 aerial 
photography. We also compiled surface area information on open water ponds/wetlands, 
generated by our CWRE for the Ponds Bill water right certificates. The estimates of 
irrigated areas are approximate and may slightly overestimate the amount of irrigated 
land in any one year as not all lands are irrigated and not all ponds are full every year.  

 
We present the percentile rank of the runoff for the period (Apr-Sept or water 

year) relative to all runoff totals for the same period in the 68-year record at the USGS 
Blitzen River gage. The percentile rank is a general indication of how wet or dry the year 
was, in terms of runoff. High percentile ranks mean wet years and low percentile ranks 
mean dry years. We also present Apr-Sept and Oct-Sept total precipitation at Burns, 
Oregon as a general indication of how wet or dry the year was in terms of direct 
precipitation input. 

 
Results 

The total irrigated area, including open water ponds, in the entire Blitzen Valley 
section of the refuge is about 36,000 acres. A maximum of 6,500 acres, or 18 % of this 
irrigated area is open water ponds and wetlands. However, most ponds are not filled to 
the maximum level every year or even throughout the season, and some may be dry all 
year, so this acreage number is likely high. The remaining 29,500 acres of irrigated area 
consist of wet meadows and fields. Some of these areas are hayed or grow grain for 
wildlife purposes.  

 
The period from 2002 to 2005 includes one wetter year, 2005, and three dry years, 

2002, 2003, and 2004 (Table 1). The estimated rates of consumptive use range from 1.3 
to 1.7 acre-ft/acre for the Apr-Sept season and 1.3 to 1.9 acre-ft/acre for the water year. 
These are gross consumptive use estimates for all the lands in the Blitzen Valley. 
Individual areas within the refuge will use more or less than this general rate. In 
particular, individual open water or seasonal wetlands appear to use two to three times 
this average rate, as described further below. Most of the habitat in the Blitzen Valley 
consists of wet meadows and fields. Cuenca (1992) gives irrigation requirements for 
alfalfa, spring grains, and winter grains in Harney Valley as about 1.6 to 1.7 acre-ft/acre. 
Consumptive use estimates developed here are close to these numbers.     

 
Most of the diversions in the Blitzen Valley occur in spring and summer, during 

the irrigation season. The volume of water diverted outside of the irrigation season is 
small. Diversions are highest in May, followed by April and June (Figure 2). The refuge 
diverts water into flooded fields and wetlands during the spring runoff period, when 
water is available, and then uses it consumptively, typically in place, throughout the 
summer. The refuge stops diverting water for the most part by the 3rd week of July and 
only a small volume of water is diverted in August and September.  
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The volume and timing of water used consumptively on the refuge is a function of 

water availability, water management, climate factors, and habitat management in a given 
year. The different habitats on the refuge require different amounts of water, as described 
further below. The average rates estimated here for the entire Blitzen Valley are 
collective averages of the individual rates for each habitat type, weighted by the size of 
that habitat throughout the area. Furthermore, climate factors such as precipitation, 
temperature, and wind can affect ET rates for all habitats. A hot, dry summer may result 
in more irrigation water being used consumptively in all habitats because of higher ET 
rates.  

 
Habitat management also affects the consumptive use rates on the refuge.  For 

example, in 2002, Boca Lake and Darnell Pond were left dry for construction projects 
and carp control. This resulted in about 1,000 acres of the total maximum 6,500 acres of 
open water ponds/wetlands being dry that year. In 2003, much of the area served by the 
East Canal was fallowed. Several of the ponds in that area were dry as well. These factors 
could be partially responsible for the lower consumptive use rates in 2002 and 2003.   

 
Water availability in dry years like 2002 and 2003 may affect consumptive use on 

the refuge too. The refuge may limit overall irrigated acreage overall in any year due to 
reduced water availability and the need to maintain Blitzen River flows. Water 
availability also affects the timing of diversions seasonally. Water is diverted most 
heavily in the spring runoff period, because this is when it is available and efficiently 
diverted. Finally, the refuge curtails irrigation around the 3rd week of July to dry some 
fields and meadows for haying, which reduces the amount of consumptive use and ET 
from much of the irrigated area on the refuge.        

 
Figure 2. Monthly net inflow for Blitzen Valley, 2002 to 2005. 
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Table 1. Runoff, precipitation, inflow, outflow and consumptive use rates for the entire 

Blitzen Valley area of the refuge, 2002 to 2005  
Units are acre-feet unless otherwise indicated. 

       Year  2002  2003  2004  2005  
Apr-Sept runoff 
percentile 

 30%  40%  29%  75%  

Apr-Sept pcp (in)  2.1  4.2  3.6  6.5  
          
Apr-Sept inflow  
 

 66754  84167  75196  117709  

Apr-Sept outflow  
 

 19837  32999  16758  55082  

Apr-Sept net 
inflow  
 

 46917  51168  58437  62628  

Apr-Sept CU rate 
(ac-ft/ac) 

 1.3  1.5  1.7  1.8  
 
 

 
Oct-Sept runoff 
percentile 

  
24% 

  
30% 

  
41% 

  
58% 

 

Oct-Sept pcp (in)  6.8  7.8  9.4  12.6  
          
Oct-Sept inflow  
 

 96312  108921  113980  142994  

Oct-Sept outflow  
 

 50499  55114  46412  78069  

Oct-Sept net 
inflow  
 

 45863  53807  67569  64926  

Oct-Sept CU rate 
(ac-ft/ac) 
 

 1.3  1.5  1.9  1.9  

 
FRENCHGLEN AND BUENA VISTA AREA 

 
The next water budget we developed is for the Frenchglen and Buena Vista area, 

a smaller subset of the lands described above (Figure 1).  It includes all irrigated lands 
north of Page Springs and south of Stubblefield Canal, excluding the Diamond Valley 
refuge lands east of the Blitzen River.  
 
Methods 

Total inflow for this area is based on the information submitted in the 2002 
through 2005 annual Oregon Water Use Reports for Malheur NWR. We calculate the 
total inflow to this area as the sum of three sites noted above: USGS Blitzen gage plus 
estimated Page Springs inflow upstream of Page Springs Dam; Bridge Creek above East 
Canal; and the total outflow from Krumbo reservoir. WRB measures the total outflow 
from the area as Blitzen River flow below Grain Camp Dam. This site is not reported to 
the state under the current Malheur measurement plan. The winter record is not complete 
for this site, so only the Apr-Sept period is considered here.   
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We present Apr-Sept percentile rank and Apr-Sept total precipitation at Burns, 
Oregon, as a general indication of how wet or dry the year was. As above, the acreage 
estimates are based on CWRE mapping of irrigated acreage and the Ponds Bill 
certificates. The difference between total inflow and outflow is the estimated net inflow 
for this area. Inflow and outflow for this area are not completely captured by these 
measurements. Additional inflow to the area occurs through direct precipitation, through 
the Stubblefield Canal, which irrigates a small portion of the lands (500 to 1000 ac) 
within the Buena Vista area, and through other unmeasured sources. Additional outflow 
occurs through a return flow pipe at the corner of Center Patrol Road and Buena Vista 
Road downstream of the gage below Grain Camp Dam, through East Grain Camp Canal, 
and other unmeasured losses. We express net inflow as a consumptive use rate, defined as 
discussed above. 
 
Results 

The total irrigated area in the Frenchglen and Buena Vista Area is about 22,000 
acres. This includes as much as 5,300 acres (24%) of open water ponds and wetlands. 
The estimated open water pond/wetland area is likely high for the same reasons as 
discussed above. The estimated consumptive use for this area ranges from 0.9 to 1.4 acre-
ft/acre for the Apr-Sept period (Table 2). Consumptive use estimates for this area appear 
to be fairly consistent and similar to those for the entire Blitzen Valley, with the 
exception of 2005. The lower rate in 2005 may have been due to the cool, wet spring that 
occurred that year. There was likely a considerable precipitation and runoff input to the 
area during that year that was not accounted for with the inflow measurements. As with 
the consumptive use estimates above for the entire Blitzen Valley, these are gross 
estimates that may not apply to all individual lands and habitats.    

 
 

Table 2. Runoff, precipitation, inflow, outflow and consumptive use rates for the entire 
Frenchglen and Buena Vista area of the refuge, 2002 to 2005.  

Units are acre-feet unless otherwise indicated. 
       Year  2002  2003  2004  2005  
Apr-Sept runoff 
percentile 

 30%  40%  29%  75%  

Apr-Sept pcp (in)  2.1  4.2  3.6  6.5  
          
Apr-Sept inflow  
 

 60334  70429  61816  85526  

Apr-Sept outflow  
 

 32142  42846  33217  68154  

Apr-Sept net 
inflow  
 

 28192  27583  28599  17372  

Apr-Sept CU rate 
(ac-ft/ac) 

 1.4  1.4  1.4  0.9  
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WESTSIDE P RANCH AREA  
  

This water budget is based on flow measurements we collected in 2002 as part of 
this study. The area is defined as all irrigated lands on the refuge south of 5-Mile Road, 
bounded to the south and west by West Canal and to the north and east by the Blitzen 
River (Figure 3).   
 
Methods 
 We calculate the total inflow into the area as the sum of flows at West Canal at 
Page Springs; Highline Flume where it crosses the Blitzen River; and diversions at New 
Buckaroo and Old Buckaroo Dams.  We calculate the total outflow from this area as the 
sum of flows at West Canal at 5-Mile Road; the diversion from Faye Pond into Jones 
Field at 5-Mile Road; and the return flow channel from Faye Pond that empties into the 
Blitzen River just upstream of 5-Mile Bridge. We monitored all of these sites from March 
through August of 2002, either continuously with Sigma flow meters or periodically with 
current meters. Sites that were monitored continuously were checked with independent 
measurements. For periodic flow measurements, we interpolated flows to get a daily 
record. We summed all daily inflows and outflows by month and only the monthly flows 
are presented here.  
 
 As above, the acreage estimates are based on the irrigated acreage and Ponds Bill 
certificates provided by our CWREs. There are three open water ponds in this area, 
Darnell Pond, Baker Pond, and Faye/5-Mile Pond. Faye/5-Mile Pond is south of and 
adjacent to 5-Mile Road. We monitored water levels in this pond by collecting readings 
of the staff gage.     
    
Results 
 The total irrigated acreage in this area, including open water ponds/wetlands, is 
about 4,000 acres, based on the 1994 and 2005 aerial photography. There is as much as 
220 acres, or 5%, of the total area in open water ponds and wetlands. This is a smaller 
proportion of open water area than for the entire Blitzen Valley. Moreover, the largest 
pond, Darnell Pond (109 acres), was dry in 2002. The consumptive use rate for the area 
was 1.5 acre-ft/acre, similar to the range for the entire Blitzen Valley. Most diversions 
occurred in April through June, during the spring runoff when flows are high and water is 
available to divert (Table 3 and Figure 4). Very little water was diverted after July and 
net inflow was actually slightly negative in August. A negative net inflow means that 
outflow was slightly greater than inflow for the period.    
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Figure 3. Map of Frenchglen area of the Blitzen Valley showing monitoring sites, springs, 
wetlands, and geographic features referred to in this study.
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Table 3. Inflows and outflows for Westside P Ranch Area, 2002. 

Units are acre-feet unless otherwise indicated. 
 Mar Apr May Jun Jul Aug Total 
W Canal at 
Page Sprs 462 2178 1698 1614 872 323 7147 

Highline 
Flume 0 536 592 439 0 0 1568 

New 
Buckaroo 208 1605 2050 1612 748 110 6334 

Total Inflow 670 4320 4340 3666 1620 433 15049 
Faye P return 
flow 0 71 682 351 135 135 1372 

Jones Field 
diversion 33 842 1790 1494 802 19 4981 

W Canal at 5-
Mile Rd 286 585 512 354 432 564 2733 

Total 
Outflow 

319 1497 2984 2199 1369 718 9087 

        
Net Inflow 351 2822 1356 1466 251 -285 5962 
        
CU Rate 
(ac-ft/ac) 

0.09 0.71 0.34 0.37 0.06 -0.07 1.5 

 
 

 
 
Figure 4. Monthly net inflow for Westside P Ranch, 2002 to 2005. 
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KRUMBO VALLEY  
 
This water budget is for the area that includes all irrigated lands within the 

Krumbo Valley, downstream of the Krumbo reservoir and east of the Blitzen River 
(Figure 3). The refuge stores water in the reservoir and uses it as needed downstream to 
irrigate lands in the Krumbo Valley.    
 
Methods 

Total inflow for this area is based on the information submitted in the 2002 
through 2005 annual Oregon Water Use Reports for Malheur NWR. WRB measures total 
inflow to the area using the flow at the Krumbo flume, located in the outlet channel 
downstream of the Krumbo reservoir. Total outflow from the area is not measured but is 
reasonably assumed to be zero. According to the refuge staff, flows are managed so that 
in most years, there is little or no outflow from the irrigated area. The exception is during 
years of really high spring runoff. The consequence of us underestimating outflow from 
the area would be an overestimate of consumptive use. We consider two periods:  Mar-
Sept and the Oct-Sept water year. We measured pond levels in Crane Pond in 2003 as 
part of this study, but they are not regularly monitored.  
 
Results 

The total irrigated area in Krumbo Valley is about 920 acres, based on the CWRE 
mapping and the 2005 aerial photography. There is a maximum of 400 acres, or 43%, 
open water ponds and wetlands (Crane Pond, at 335 acres, is the main pond in the area). 
This is a higher proportion of open water to irrigated land than in other areas. The 
consumptive use rate ranges from 1.3 to 1.7 acre-ft/acre for Mar-Sept and 1.6 to 2.8 acre-
ft/acre for the water year (Table 4). The Mar-Sept rates are about equal to the average 
rates estimated for the entire Blitzen Valley, but the rates during the water year are 
higher.  If outflow is underestimated, as discussed above, the rates may be overestimated. 
  

Considering the greater proportion of open water/emergent wetland areas in 
Krumbo Valley, it is surprising that the Mar-Sept water use is not higher than rates for 
the entire Blitzen Valley. The reason for this may be that part of the water used to meet 
ET during the Mar-Sept season probably comes from water stored in the valley wetlands, 
both during and outside of the irrigation season. In 2003, pond levels in Crane Pond 
decreased by more than 2.25 feet from mid-April to early July. A decrease of this 
magnitude represents a considerable volume of water, given a surface area of 335 acres, 
and means much of the summer ET demand at Crane Pond was met through water stored 
in the pond. This suggests that the 1.6 acre-ft/acre of net inflow for the valley in 2003 
was not adequate to sustain the pond levels and meet the total ET demand of the area.     

 
The greater extent of open water/emergent vegetation wetlands in this area as 

compared to the entire Blitzen Valley is a function of the storage capacity upstream in 
Krumbo reservoir. Water is available longer in the summer to maintain wetlands and 
open water areas. Because of this ability to store water, the timing of monthly flows is 
later than in other areas (Figure 5). Peak monthly net inflow is in June and July, which 
coincides more with actual ET demand.   
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Table 4. Inflow and consumptive use rates for Krumbo Valley, 2002 to 2005 
Units in acre-feet unless otherwise indicated.  

       Year  2002  2003  2004  2005 
Mar-Sept inflow  
 

 1567  1484  1165  1220 

Mar-Sept CU rate 
(ac-ft/ac) 

 1.7  1.6  1.3  1.3 

 
Oct-Sept inflow  
 

 2571  2030  1498  1535 

Oct-Sept CU rate 
(ac-ft/ac) 

 2.8  2.2  1.6  1.7 

 
 
 

 
 
 
Figure 5. Monthly net inflow for Krumbo Valley, 2002 to 2005.  
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COTTONWOOD POND (SEASONAL WETLAND) 

 
In contrast to the previous four water budgets, this water budget is for one 

individual wetland rather than an area combining wetlands, wet meadows and fields. 
Cottonwood Pond is located on the east side of the Frenchglen area, adjacent to the 
Blitzen River (Figure 3). It was managed as a spring seasonal wetland in 2002 and 2003. 
The refuge flooded the wetland in spring and allowed it to drain or evaporate by summer.  
 
Methods 

We measured pond levels, inflow, and outflow as part of this study in both 2002 
and 2003. We measured inflow using a Marsh McBirney Flo-Tote that recorded depth 
and velocity continuously at 15-min intervals. We recorded pond levels periodically 
using a staff gage in the pond. For this study, we outfitted the top board in the flash board 
outflow structure with a thin metal plate to function as a sharp-crested weir. We collected 
measurements of head at the outlet structure with a Water Stik and applied a weir 
equation to estimate surface outflows. In 2002, there was surface outflow over the flash 
board structure from Apr 26 to May 20, 2002. Because the pond level was fairly constant 
in that interval, there was little variation in outflow. We interpolated between periodic 
measurements to estimate the total outflow. In 2003, the pond level was lower than in 
2002 and the water level never reached the top of the flash boards at the outflow. There 
was zero surface outflow that year. We mapped the perimeter of the water surface 
contour with a GPS on May 1, 2002 at a staff gage level of 1.94. The perimeters of two 
small islands within the pond were also mapped. We calculated the surface area of the 
wetland using this GPS information.  

  
Results  

We determined that about 100 acres of the 160-acre unit is inundated at flood-up. 
This is equivalent to the estimated area of the pond, 102 acres, based on the Ponds Bill 
certificate.   

 
When a seasonal wetland is flooded, water is used to inundate the wetland, 

saturate the underlying soil, and meet ET demand (Mayer, 2004). We consider all of this 
water in the consumptive use estimate here although, in actuality, not all of this water is 
necessarily used “consumptively.” Additionally, the proportion of water used for these 
different components varies with the time of year that the wetland is filled. In this 
wetland, ground water depths at the time of flood-up were about the same in both years 
so it is likely that the volume of water needed to saturate the underlying soils did not vary 
between the two years. However, ET losses in this pond were likely much different 
because the timing of flood-up varied in the two years.  
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Figure 6 and Table 1 present the results of the monitoring. In 2002, the unit was 
flooded from the middle of April to the beginning of July. In 2003, the unit was flooded 
from the end of May through the end of August. The average rate of inflow to the 
wetland was 7.0 acre-ft/day in 2002 and 3.8 acre-ft/day in 2003. There was total net 
inflow of 204 acre-ft in 2002 and 342 acre-ft in 2003. The consumptive use rate was 2.0 
acre-ft/acre in 2002 and 3.4 acre-ft/acre in 2003. More water was required to fill and 
maintain the unit in 2003 and the pond levels were actually lower than in 2002. This is 
probably because the unit was flooded later, during the summer rather than in the spring, 
and at a slower inflow rate than in 2002. The evaporative loss is much higher in summer 
than in spring and it appears that the slower inflow rate in 2003 could not keep up with 
the greater ET demand in the summer. This can be seen in the 2003 water levels, which 
were dropping throughout the summer even while there was inflow. In 2002, by contrast, 
the pond remained inundated for at least a month after inflow ceased in May.  

 
The 2003 consumptive use rate for this pond is much higher than the average rates 

described above for the entire Blitzen Valley or the other smaller areas examined. Those 
average rates reflect the consumptive use requirements of all habitats on the refuge and, 
in general, there are few seasonal wetlands that are flooded in late spring and maintained 
through the summer. Most of the habitat in the Blitzen Valley is wet meadows and fields. 
The 2003 rate for Cottonwood Pond is similar to the rates reported for fall seasonal 
wetlands at Lower Klamath NWR (Mayer, 2004). In general, flooding seasonal wetlands 
in the late spring and summer will likely require more water than other habitats. Levels in 
seasonal or permanent wetlands in the summer will decrease rather quickly should the 
inflow be reduced or stopped at any time.    

 
 
 

Table 5. Water Budget for Cottonwood Pond for 2002 and 2003. Units are acre-feet unless otherwise 
indicated. 

Water Budget Component 2002 2003 
     Dates of flooding   4/15 to 7/1 5/27 to 8/25 
 
     Total inflow  

 
225 

 
342 

     Total outflow  31 0 
     Total net inflow   194 342 
   
   
     Estimated CU rate (ac-ft/ac) 1.9 3.4 
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Figure 6. Pond levels and net inflow for Cottonwood Pond in 2002 and 2003. 
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WEST KNOX POND (PERMANENT WETLAND) 
 
This water budget is also for an individual wetland, West Knox Pond, located on 

the east side of the Frenchglen area, adjacent to the Blitzen River and north of 
Cottonwood Pond (Figure 3). The refuge managed the area as a permanently flooded 
wetland in 2002 and 2003. The water budget for this area is more detailed than in the 
other areas because we tracked precipitation and changes in storage in the wetland in 
addition to measuring surface inflows and outflows. We used a water budget equation to 
estimate ET at the wetland. The water budget equation, formulated in simplified terms, 
describes the change in water stored in a water body over some period (∆V) as the total 
inflow minus the total outflow (∆V = total inflow – total outflow). For West Knox Pond, 
assuming no significant ground water inputs or losses, the total inflow includes surface 
water inflows and precipitation and the total outflow includes surface water outflows and 
ET. The water level in West Knox Pond indicates the change in storage. By measuring 
total inflows, total outflows, and changes in storage, one can solve the water balance to 
estimate ET losses from the pond. 
   
Methods 

We measured pond levels, inflows, and outflows for the period May 1 to 
September 30 in 2002 and 2003 as part of this study. We measured pond levels with a 
staff gage that was installed in the pond in May 2002. We recorded staff gage heights 
approximately every week in 2002 and then estimated daily pond levels by interpolating 
between observations. In 2003, we installed a Global Water pressure transducer and 
datalogger to record pond levels hourly. We averaged these hourly readings for daily 
means.   

 
We developed a capacity curve for the pond to determine changes in storage in 

the pond. We mapped the perimeter of the pond’s edge with a GPS at two water surface 
elevations spanning the range of pond levels. We determined the surface area of the pond 
at each mapped water level and developed a stage-area relationship, which allowed us to 
determine the wetted area of the pond for any given water level in the pond. We also 
developed a stage-volume  relationship as well, by interpolating the underlying slope 
related to the area change (Mayer, 2004), which allowed us to determine changes in 
volume with elevation. 

 
Total inflow to West Knox Pond includes diversions and precipitation; we 

assumed both ground water flow and overland flow were negligible. The source of 
surface water for West Knox Pond, Bridge Creek, is diverted through the K-2 Canal. In 
2002, we monitored depth and velocity continuously at the inflow at hourly intervals 
from Jun-21 to Sept-6, using a Sigma flow meter. We collected independent flow 
measurements periodically as a check on the automated equipment. We calculated 
average daily inflow using the hourly data. Prior to Jun-21, daily inflows were estimated 
by interpolating between periodic flow measurements. In 2003, we made independent 
inflow measurements almost weekly from 21-Apr to 30-September. We estimated total 
surface inflow by interpolating between the twenty independent flow measurements.      
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We determined the precipitation input to West Knox Pond by multiplying daily 

precipitation totals recorded at P-Ranch (station ID: 6853) by the area of the pond.  
Missing days were estimated, based on observations at nearby weather stations using the 
normal-ratio method (Dingman, 2002).  The nearby stations included OO-Ranch (station 
ID: 6302), Malheur refuge headquarters (station ID: 5162), Fields (station ID: 2876), and 
Burns Municipal Airport (station ID: 1175).  

 
The refuge regulates the pond level and surface water outflow by manipulating 

boards in a flash board structure at the north end of the pond. For this study, we outfitted 
the top board in the structure with a thin metal plate to function as a sharp-crested weir. 
We applied a weir equation to estimate surface outflows using the continuous record of 
pond level that we developed. We collected periodic measurements of head at the weir 
with a Water Stik, as an independent check on outflow estimates.    
 

The remaining terms not accounted for in the water balance equation are seepage 
and ET losses. Groundwater seepage out of the pond would be expected if the hydraulic 
gradient between the pond and the groundwater was downward toward groundwater. 
However, a standpipe piezometer installed in the west end of West Knox Pond, adjacent 
to the river, indicated a small hydraulic gradient (<0.07 ft/ft) into the pond. This was 
unexpected since the water surface elevation of the pond is higher than the water surface 
elevation of the adjacent river. However, several periodic flow measurements we 
collected concurrently in the river upstream and downstream of the pond (Station 13 and 
Station 9) indicated little or no seepage gain from the pond as well. Therefore, seepage 
loss from the pond was assumed to be negligible and all losses were assumed to be from 
ET. By designating total outflow as surface outflow from the pond plus ET, and 
accounting for changes in storage, the water-balance equation can be rearranged to solve 
for ET (ET = total inflow – surface water outflow – ∆V). To the extent that there is 
groundwater seepage into or out of the pond, we would underestimate or overestimate 
ET.  
 

ET estimates at West Knox Pond based on measurements were compared with 
theoretical calculations of potential ET rates. The purpose was to identify a theoretical ET 
method that could be used to examine the variability of ET over a longer period and to 
compare the 2002 and 2003 estimates with the range of estimates. A number of methods 
are available for estimating ET (Rosenberry et al., 2004) differing in terms of their input 
data requirements and time periods over which they are calculated (e.g. daily, weekly, 
monthly, etc.). Some methods require only air temperature, while others require 
measurement of numerous hydrological and/or meteorological conditions. The choice of 
any particular method is often limited by the availability of input data at a specific site. 
Rosenberry et al. (2004) reported that even some of the less rigorous methods give 
reasonable estimates of ET  
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Of the thirteen techniques compared by Rosenberry et al. (2004), the only 
methods applicable for estimates at West Knox Pond are those that use air temperature or 
both air temperature and incoming solar radiation as inputs, because these are the only 
data available West Knox Pond. A preliminary investigation of those methods at West 
Knox Pond revealed that the Jensen-Haise method compared best with the water-balance 
ET estimates in 2002 and 2003. Rosenberry et al. (2004) reported that this method is 
among the more favorable techniques when compared to energy-budget measurements of 
ET.   

 
The Jensen-Haise method requires air temperature and incoming solar radiation as 

input data. We used mean daily air temperatures recorded at P-Ranch (station ID: 6853). 
We found air temperatures at Burns Municipal Airport (station ID: 1175) to be very 
similar to those measured at P-Ranch between the months of May and October and we 
used these to replace missing values at P-Ranch (70% missing in 2002 and 20% in 2003). 
Total daily incoming solar radiation is recorded at the Eastern Oregon Agricultural 
Research Center in Burns, Oregon. We computed a daily average by dividing the total 
incoming solar radiation for the day by the number of sunlight hours. We calculated total 
hours of sunlight for each day using methods outlined in Dingman (2002) with 
information specific to the latitude of West Knox Pond. We estimated the total May 
through September ET at West Knox Pond for a 25-year period of record (1979 to 2003) 
using the Jensen-Haise equation.    

 
Results 

Figure 7 is a map of the surface area of the pond at two water levels: 1.84 ft and 
2.41 ft on the staff gage. These two water levels span the range of normal operating water 
levels at the pond. Surface areas are 207 acres and 226 acres at the two water levels, 
respectively. There is little increase in surface area at the higher water level; relatively 
steep levees on three sides retain water. The total area of the wetland unit is about 300 
acres.    

 
Figure 8 shows the pond levels and net inflow over time for both years. Pond 

levels were highest in the spring and lower in the summer and fall. The range of pond 
levels was about 0.7 feet in both years. Pond levels were about 0.2 feet lower in 2002 
compared with 2003. The pond level is regulated through flash boards at the outlet and 
the difference between years resulted from setting the crest of the boards at a lower 
elevation in 2002. The lower board height in 2002 also resulted in continuous surface 
outflow for the entire period.  In contrast, there was only a limited period with surface 
outflow over the flash boards in 2003.  

 
We estimated the decrease in storage over the season at 119 acre-ft in 2002 and 

123 acre-ft in 2003 (Table 6). Pond surface area was slightly smaller in 2002 as well, due 
to the lower levels. The range of surface area was 206 to 230 acres in 2002 and 212 to 
235 acres in 2003. The surface area is not very sensitive to changes in water level at the 
range of pond levels observed during these two years.        
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Figure 7. Surface area of West Knox Pond at staff gage levels of 1.84 ft (207 acres) and 
2.41 ft (226 acres).  
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Daily surface inflows averaged 9.9 acre-ft/day in 2002 and 5.4 acre-ft/day in 
2003. The volume of total inflow (surface inflow and precipitation) for the May through 
September period was 1556  acre-ft in 2002 and 888  acre-ft in 2003 (Table 6). The 
smaller rate and volume of inflow in 2003 probably resulted from adjustments in the 
diversion structure at Bridge Creek. Total precipitation in 2002 was 43 acre-ft (Table 1) 
or < 3% of the total inflow for the period.  In 2003, precipitation totaled 62 acre-ft, or 7% 
of the total inflow for the period.  

 
As discussed above, we assume that outflow from the pond is primarily through 

surface water flows and ET. Water levels remained above the height of the weir crest at 
the outflow structure for the entire period in 2002, in part because the flash boards were 
set at a lower elevation in 2002. In 2003, the water level of the pond receded below the 
height of the weir crest for several months, resulting in zero outflow from July through 
the September, primarily because the flash boards were set higher. Total volume of 
surface outflow was 614 acre-ft in 2002 and 128 acre-ft in 2003 (Table 6). Net inflow 
(total inflow minus outflow) was 942 acre-ft in 2002 and 760 acre-ft in 2003. We 
summed net inflow plus changes in storage to provide estimated consumptive use or ET 
in West Knox Pond for both years. 

 
Figure 9 presents monthly ET at West Knox Pond (ETwb) for the May through 

September period in 2002 and 2003. For both periods, ET shows the expected seasonal 
trend; lower in the spring and fall with a maximum in July. The estimated total ET 
requirement for the season was 1061 acre-ft, or 5.0 acre-ft/acre, in 2002 and 883 acre-ft, 
or 4.0 acre-ft/acre, in 2003 (Table 6). However, we believe that improved information on 
pond levels, pond volume, and surface outflows in 2003 allowed for a more accurate 
estimate of ET in our results and we have more confidence in the 2003 ET value of 4.0 
acre-ft/acre. The estimated ET losses are considerably greater than surface outflows, 
especially in 2003. This implies that most of the water requirement for the pond is used to 
meet ET demand.     

 

Table 6:  Water Budget for West Knox Pond for 2002 and 2003. Units are acre-feet unless otherwise 
indicated. 

Water Budget Component May-Sept 2002 May-Sept 2003 
     Total surface inflow  1513 826 
     Precipitation input 43 62 
     Total Inflow 
  

1556 888 

     Total Surface Outflow  614 128 
     Change in Storage 
  

119 123 

     Residual  1061 883 
     Estimated ET Rate (ac-ft/ac) 5.0 4.0 
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Figure 8: West Knox Pond levels and net inflow in 2002 (top) and 2003 (bottom). 
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Figure 9: West Knox Pond monthly ET requirement in 2002 and 2003. 

 
 
Measurements of ET from open water and bulrush marsh at Ruby Lake NWR in 

northeastern Nevada totaled 3.4 acre-ft/acre and 3.1 acre-ft/acre, respectively, for the 
May through September period in 2000 (Berger et al., 2001). The elevation of the valley 
floor at Ruby Lake NWR is about 6,000 ft, two thousand feet higher than Malheur NWR 
and this may be one reason for the higher ET rates at Malheur NWR. Dunne and Leopold 
(1996) report annual Class A pan evaporation rates of 4.5 to 5 feet in the area of Malheur 
NWR. Evaporation in natural water bodies is usually only 70 to 75% of Class A pan 
evaporation but the authors state that it can be as high as 90% or more in a shallow water 
body. The estimated evaporation rate derived using pan evaporation and pan coefficients 
in the 80-90% range is comparable to the 2003 ET rate estimated in the water budget. 
Higher pan coefficients may apply at West Knox Pond and other shallow, open water 
bodies at Malheur NWR.  
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Using the Jensen-Haise method, we estimated an ET rate for the May through 
September period of 4.1 acre-ft/acre in 2002 and 4.5 acre-ft/acre in 2003.  The theoretical 
potential ET is less than our 2002 estimate and greater than our 2003 estimate. Over the 
25-year period, the total May – Sept Jensen-Haise ET requirement ranged from a 
minimum of 3.3 ft in 1979 to a maximum of 4.5 ft in 2003 with a mean and median value 
of 3.8 ft. The interquartile range (25th to 75th percentile) for the 25-year record of Jensen-
Haise ET is 3.6 to 3.9 ft.  

 
For the 25-year period, the May-Sept Jensen-Haise predicted ET loss was the 

fourth highest in 2002 and the maximum in 2003. This is because of the high air 
temperature and solar radiation during those two years. The average July air temperature 
for 2002 and 2003 were warmer than 25-year average July air temperatures. Average 
May-Sept air temperatures were normal in 2002 and were the highest on record in 2003. 
A similar pattern exists for average monthly incoming solar radiation, which is expected 
because air temperatures are a thermal response to solar heating. Average May–Sept 
incoming solar radiation in 2003 and 2002 were the second and third highest on record.   
 
SUMMARY 
 
 The Blitzen Valley has about 36,000 acres of irrigated area, including as much as 
6,500 acres of open water ponds and wetlands. Aggregate consumptive use rates for the 
entire Blitzen Valley are between 1.3 and 1.7 acre-ft/acre for the irrigation season. 
Smaller areas within the Blitzen Valley generally have similar consumptive use rates. 
Actual irrigation diversion requirements might be somewhat higher than this because not 
all of the water diverted is used consumptively. The consumptive use rates are based on 
historical diversion, which are limited by water availability, refuge management, 
infrastructure constraints, and instream flow requirements. Diversions are greatest during 
the spring runoff period and are much reduced after July, when some fields are dried for 
haying and grazing. Seasonal and permanent wetlands that are maintained throughout the 
summer can have much higher consumptive use rates (as high as 4.0 acre-ft/acre or more) 
but the proportion of land in this kind of habitat in the Blitzen Valley is fairly small – less 
than 20%. One exception is in Krumbo Valley, where the ability to store and later divert 
water allows for a higher proportion of summer wetlands and ponds.      
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