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Abstract 
 

The purpose of this study is to analyze trends and changes in hydroclimatology 
during the past 100 years in the Klamath Basin. This information will help the U.S. Fish 
and Wildlife Service prepare the Biological Opinion on the operation of Reclamation’s 
Klamath Irrigation Project for the period 2008 to 2018. Past trends or variations may help 
indicate the response of the system to future operations or perturbations, either natural or 
anthropogenic.  

 
In this study, I first characterize the timing, magnitude, and distribution of net 

inflows into the lake. I then examine long-term trends in net inflows and tributary inflows 
to Upper Klamath Lake and relate these to other factors such as climate, Project 
operations and diversions, and ground water development. Inflows to the lake ultimately 
affect lake elevations, lake outflows, and water availability so it is important to 
understand any trends in inflows and the underlying factors responsible for them.  

 
Analysis of UKL net inflows shows that baseflows have declined significantly 

(p=0.003) during the period 1961 to 2006. The decline equates to a total reduction of 63 
taf, or roughly 50%, in Jul-Sept net inflows to the lake over the 46-year period. While the 
reduction in baseflow is only observed statistically in the Jul-Sept period, it is likely that 
a similar reduction in baseflows has occurred over the entire water year.  

 
Tributary inflows to the lake from sites with longer period of records show a 

similar decline in baseflows over the period. Part of this decline is undoubtedly explained 
by decreasing precipitation and warmer temperatures. However, it is possible that 
changes in land use, increasing consumptive use and surface diversions, or increasing 
ground water pumping may have also affected baseflows to the lake. The decline in UKL 
net inflows and tributary inflows from 1961 to the present has important implications for 
the appropriateness of using these flows as model input to represent future hydrologic 
conditions.  

 
Analysis of historical UKL lake elevations indicate that minimum lake elevations 

were generally higher and maximum lake elevations lower pre-Project. The maximum 
lake elevations appear to occur later in spring post-Project as well. This is due to the 
construction of Link River Dam, the reduction in lake storage resulting from the loss of 
adjacent wetlands, and the management of lake storage for maximum water supply in the 
summer.   
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Project diversions from UKL are inversely correlated with precipitation, with 
greater diversions in drier years. They increased over the period 1961 to 2002 but have 
decreased since then, probably because of the implementation of the Water Bank. Net 
diversions (total diversions minus total return flows) are lowest and most variable in 
April. They increase and become more consistent and less variable throughout the season. 
Maximum net diversions occur in July, with June close behind. July is also the month of 
lowest net inflow to the lake.    

 
UKL Apr-Sept outflows, measured at Link River and Keno, are strongly 

correlated with UKL Apr-Sept net inflows. Analysis of the Water Bank years of 2003 to 
2007 indicates that river flows were higher in those years as compared to other years and 
that the volume of increased flow was about equal with the estimated volume supplied by 
the Water Bank.  

 
Flows at Link River and Keno over the entire period of record from 1904 to 2006 

reflect the combined effects of climate variability and the development of the Project. As 
a group, the early pre-Project years from 1904 to 1917 plot higher against winter 
precipitation than the post-Project years, suggesting that UKL outflows were higher in 
pre-Project years for a given amount of precipitation. Declining outflows may be due to 
increasing diversions, decreasing net inflows, or some other factor. I have noted declines 
in winter precipitation and UKL net inflow and tributary inflow, particularly baseflows. I 
have also noted higher agricultural diversions from the lake over the 1961 to 2000 period, 
particularly in dry years (except for the recent years when the water bank was 
functioning). Finally, ground water pumping in the area upstream of the lake over the last 
40 to 50 years has increased, as noted by USGS. All of these factors may be responsible 
for declines in Link River flows and Klamath at Keno flows in the last 40 to 50 years, 
particularly during the baseflow season.  
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Introduction 
 

The U.S. Fish and Wildlife Service is currently preparing a Biological Opinion on 
the operation of Reclamation’s Klamath Irrigation Project for the period 2008 to 2018. In 
attempting to predict what will happen over the next 10-year period, it is useful examine 
what has occurred in the past and why. Past trends or variations may help indicate the 
response of the system to future operations or perturbations, either natural or 
anthropogenic. This study will examine trends in climate, river flows, and project 
diversions for the entire history of the project. Comparing pre-Project (before 1918) and 
post-Project data (after 1918) gives a picture of the changes that have occurred to the 
system during the development of the Project. More recent Project data, including the 
1961 to 2006 period of record are examined here as well because I assume that this 
period or even more recent periods will be most representative of future trends and 
responses in the system. 
 
Methods 
 
 For this study, climatological and hydrological data were compiled from a number 
of different sources. Climatological data included monthly precipitation and temperature 
for Oregon Climate Divisions 5 and 7 (1895-2007) (available from the Western Regional 
Climate Center at http://www.wrcc.dri.edu/spi/divplot2map.html); monthly temperature 
and precipitation data from Crater Lake NP (1919-2005) (available from the U.S. 
Historical Climatology Network at http://cdiac.ornl.gov/epubs/ndp019/ndp019.html); 
monthly precipitation at Crater Lake NP Headquarters (1931-2007), Tule Lake (1933-
2007), and Klamath Falls (1928-2007) (available from the Western Regional Climate 
Center at http://www.wrcc.dri.edu/Climsum.html); April 1st snow water equivalent at 
Annie Springs (1929-32 and 1935-2006) and Diamond Lake (1937-2006) (available from 
the Natural Resources Conservation Service at 
http://www.wcc.nrcs.usda.gov/snow/snotel-wedata.html) and monthly precipitation data 
for coordinates corresponding to Crater Lake National Park from the PRISM data set 
(available from Oregon State University at http://prism.oregonstate.edu/).  
 

Hydrological data included monthly Upper Klamath Lake (UKL) net inflow 
(1961-2007) and monthly Project diversions (1951-2007) (available from BOR in 
Klamath Falls, OR); daily and monthly flow data for Williamson River nr Klamath 
Agency, OR (1955-1995 and 1998-2007); Williamson River blw Sprague nr Chiloquin, 
OR (1912-2007); Sprague River nr Chiloquin, OR (1912-1917 and 1922-2007); Link 
River at Klamath Falls, OR (1961-2007); Link River blw Keno Canal nr Klamath Falls, 
OR (1904-1983); Klamath River at Keno, OR (1904-1913 and 1930-2007); and daily 
water surface elevation data for UKL (1904-2007) (available from USGS at 
http://waterdata.usgs.gov/or/nwis/sw/ or in USGS Water Supply Paper 290, 361, 370, 
391, 411, 441, 461).   
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Some of the climatological and hydrological data extend back to the turn of the 
century. These data are useful for examining pre-Project conditions and responses. Sites 
with pre-Project climate data include the divisional precipitation and temperature data 
and the PRISM precipitation data (Daly, 2002). Sites with pre-Project hydrological data 
include the Williamson River, the Sprague River, the Link River, the Klamath River, and 
UKL lake elevations. Generally, the Project-specific data, such as UKL net inflows and 
Project diversions, do not extend back as far in time. However, these data are probably 
more representative of future operations and trends during the next 10-year period.  

 
The USHCN is a high-quality, station-specific data set of monthly averaged 

maximum, minimum, and mean temperature and total monthly precipitation (Williams et 
al., 2007). The USHCN data have been corrected to remove biases or inhomogeneities 
from nonclimatic effects such as urbanization, station moves, instrument and time of 
observation changes. The data are developed and maintained by the National Climate 
Data Center and the Carbon Dioxide Information and Analysis Center. I consider these 
data to be the most reliable climatic data available for the basin. The disadvantages in 
using this data set are that the records do not always extend back as far, that the stations 
represent a point value rather than a regional value, and that there are sometimes missing 
data in the records.  

 
The UKL lake elevation data are available from the USGS. Before 1974, the 

elevation data are from a single staff gage reading in the lake. After 1974, the lake 
elevation is computed as a weighted mean of several gage readings. The averaging can 
account for wind effects on lake elevation. Wind will influence daily or instantaneous 
readings but the effects are probably smoothed out by monthly averages, which is what I 
used here. Not every day has data in the pre-Project record; there are many missing days. 
When using the incomplete record to compute monthly averages, I first calculated an 
average from all available daily data for each month of each year, then I averaged the 
monthly values for all years to get a monthly average for the pre-Project period. In this 
way the averages wouldn’t be skewed by months with complete data. This wasn’t an 
issue for the post-Project data since there are far fewer missing days of data. 

 
I used several methods to analyze variability, trends, and responses in the system 

at the daily, seasonal, annual, or multi-year scale. These include graphical analyses and 
lowess smooths (lowess stands for LOcally WEeighted Scatterplot Smoothing – there is 
no model or statistical significance implied with a lowess smooth, it is simply a tool to 
discern the relationship between x and y in a scatterplot), and statistical methods 
including parametric and non-parametric summary statistics (non-parametric methods are 
more appropriate for characterizing data that are not normally distributed), the Mann-
Kendall trend test (this trend test is a non-parametric procedure that is based on 
correlation of the ranks of the datasets rather than the actual values. It has the advantage 
of not requiring linearity or homoscedasticity and is not as sensitive to extreme values as 
linear regression. The test is for a monotonic or unidirectional trend), and multiple linear 
regression analysis. All of the graphical and statistical methods are described in Helsel 
and Hirsch (1992).  
 



 5

Results and Discussion 
 
Upper Klamath Lake Net Inflows 
 

Data for UKL net inflows are available from 1961 to 2007. The median Apr-Sept 
net inflow for all years is 500 taf, with a range from 155 taf in 1992 to 876 taf in 1983. 
Figure 1 shows the distribution of Apr-Sept and Jul-Sept UKL net inflow for the period 
1961 to 2007 for all years and for dry years only within the same period (dry years are 
defined as years with Apr-Sept UKL net inflow total less than the median value of 500 taf 
for all years). The boxplots show that the range of Apr-Sept net inflows is much smaller 
for the dry years than for wet years. The interquartile range (25th to 75th percentile) for 
wet years is 563 to 740 taf but for dry years, it is 290 to 370 taf. Most of the variability in 
net inflows occurs in wetter years. UKL net inflows show some positive skewness, 
although not as much as in many hydrologic basins in the western U.S., probably because 
of the substantial ground water input in the basin, which tends to attenuate climatic 
variability (Gannett et al., 2007). In contrast to total net inflow for Apr-Sept, there is 
much less of a difference between all years and dry years for Jul-Sept. The Jul-Sept 
period represents a period of mostly baseflows and these flows are characteristically 
much less variable than flows during the runoff period. 

 
Figure 2 presents the distribution of Apr-Sept net inflow by month. The maximum 

monthly net inflow occurs in April (median 170 taf), although March is not far behind 
(median 157 taf). July has the minimum monthly net inflow (median 30 taf). Most of the 
variability in Apr-Sept flow occurs during the runoff period in Apr-Jun (especially Apr 
and May). These are also the three months when surface runoff is greatest and most of 
the net inflow occurs (median is 75% of the total Apr-Sept net inflow for all years and 
72% for just the 23 dry years). In general, about two-thirds to three-quarters of the total 
Apr-Sept net inflow occurs in the first three months of the Apr-Sept season. The 
minimum net inflow occurs in July, probably because July is the month of maximum 
temperature and maximum ET loss from the lake. August net inflow is fairly similar to 
July.  

 
Figure 3 shows that the variation in net inflow for each month, expressed as a 

percentage of the total, is fairly narrow, especially in dry years. If the total Apr-Sept net 
inflow can be forecast, the timing of the runoff appears fairly predictable within a range, 
especially in dry years. The exception is when dry winters are followed by cool, wet 
springs (such as in 2005). The greatest variability generally occurs in April and May. 
There is little variability in the range of inflows or the percentage of net inflow later in 
summer in July, August, and September. This makes sense as much of the flow during 
these later months likely consists of baseflow and ground water systems tend to attenuate 
the climatic response and be less variable than surface water flows.    

 
UKL net inflow can be fairly well predicted using winter precipitation at Crater 

Lake from the current year and the previous two years (Fig 4). Apr-Sept net inflow is a 
function of winter precipitation only. Jul-Sept net inflow is a function of time and winter 
precipitation at Crater Lake. The equations for both quantities are shown below:      
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Apr-Sept UKL net inflow (taf) = 10.77*O-M pcp + 2.98*O-M pcpyear-1 +  
2.82*O-M pcpyear-2   
 
Jul-Sept UKL net inflow (taf)  =  -0.83*time + 1.94*O-M pcp +  
1.05*O-M pcpyear-1 + 0.71*O-M pcpyear-2    
 
Where pcp is Oct-Mar precipitation at Crater Lake in inches and time is years  

 
The purpose in presenting these equations is not to predict net inflow but to 

illustrate that the system is responding to accumulated precipitation from several years, 
rather than just a single year. A single wet or dry year does not have the influence of 
several wet or dry years. The current year is weighted most heavily in the regression.  

 
Time was not a statistically significant explanatory variable in the regression for 

Apr-Sept net inflow but it was for Jul-Sept net inflow. Residuals from the regression of 
Jul-Sept net inflow and winter precipitation alone showed a negative trend in time. This 
means that Jul-Sept net inflows declined over the period of record above and beyond any 
trend explained by declining winter precipitation. This will be discussed further in the 
section on trends in net inflow.  
 

Interestingly, adding Apr-Jun net inflow as an explanatory variable in the multiple 
regression to predict Jul-Sept net inflow did not improve the fit and the term was not 
statistically significant. The relationship between Apr-Jun net inflow and Jul-Sept net 
inflow is positive but noisy and appears non-linear. Apparently, the more variable inflows 
of spring and early summer do a poor job of predicting the steadier baseflows of later 
summer and fall.        
 
Trends in UKL Net Inflows and Tributary Inflows  

 
Figure 5 consists of two time series plots of Apr-Sept UKL net inflows and Jul-

Sept UKL net inflows from 1961 to 2007. A lowess smooth has been applied to the data 
and plotted as well. Both datasets appear to decline over the period. A Mann-Kendall 
trend test was used to evaluate the statistical significance of the apparent declines. The 
decline in Apr-Sept net inflows over the period is small and not statistically significant 
(p=0.178). However, the decline in Jul-Sept net inflows (baseflows) over the period is 
more substantial and strongly statistically significant (p=0.003). A separate test of net 
inflows during runoff (Apr-Jun) showed that there was no statistically significant trend 
for these months. The results indicate that there has been a statistically significant decline 
in Jul-Sept net inflows to the lake during summer and early fall over the 1961 to 2007 
period. The slope of the decline is -1.36 taf/yr, equating to a total reduction of 62 taf in 
Jul-Sept net inflows for the 1961 to 2006 period.  
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Figure 1 

Total Apr-Sept UKL Net Inflow
All Years and Dry Years only (up to 50th percentile) 
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Figure 2

UKL Monthly Net Inflow  
Apr to Sept 1961 to 2007
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Figure 3

Monthly Net Inflow as a Percent of 
Total Apr-Sept UKL Net Inflow

1961 to 2007
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 Figure 4

Predicted versus Actual Jul-Sept UKL Net Inflow 1961-2005
Predicted based on a multiple regression 

with time and O-M pcp at Crater Lake
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  These trend results are corroborated by the multiple regression of Jul-Sep net 
inflows with winter precipitation and time described previously. I needed to add time as 
an explanatory variable to the regression because there was a decline in Jul-Sep net 
inflow beyond that explained by winter precipitation. While the decline is only apparent 
in the Jul-Sept net inflows, it likely represents a decline in baseflows throughout the 
irrigation season or even the entire water year. The higher and more variable flows during 
runoff may obscure the decline.  

 
The coefficient for time in the multiple regression equation converts to an annual 

decrease of about 1.6 taf/yr for the Apr-Sep season or 3.2 taf/yr for the entire year. This 
leads to a total reduction of about 75 taf in Apr-Sept net inflows over the 46-year record 
that is not accounted for by decreasing precipitation. The factors responsible for this 
decline may include increasing consumptive use, surface water diversion, or ground 
water pumping upstream of the lake; an increasing trend in air temperatures; or errors in 
gage measurements over the 1961 to 2007 period. Alternatively, the response of baseflow 
to declining precipitation could be non-linear. If baseflows are really declining, this has 
significant implications for the reliability of historic net inflows from the 1961 to 2006 
period of record to represent future net inflows.   

 
The USGS reported several problems and inconsistencies with the gage at Link 

River which could affect the accuracy of UKL net inflow calculations (Risley et al., 
2006). Until recently, the Westside canal flows were estimated on a real-time basis by 
Reclamation and PacifiCorp for power production and lake management. The combined 
Link River/Westside power canal flows are also used by BOR to compute the UKL net 
inflow. The USGS reports that in the first 22-year period of the record, (1961 to 1982), 
the river portion of the Reclamation-PacifiCorp Link River flow record probably 
overestimated the actual flow by about 25 taf/yr. For the second 22-year period of the 
record (1983 to 2004), the river portion of the Reclamation-PacifiCorp Link River flow 
record probably underestimated flows by about 7 taf/yr. Also, the Westside Power Canal 
portion of the Reclamation-PacifiCorp Link River flow record probably underestimated 
flows in the canal by about 11 taf/yr. 
 

Since these flows are used in the UKL net inflow computation, errors in the Link 
River gage are propagated to the UKL net inflow record. Overestimating the Link River 
outflows will result in an overestimation of UKL net inflow. Underestimating the 
outflows will have the opposite effect. So the declining trend in the UKL net inflows over 
the 1961 to 2004 period could be a result of the error. However, the error is small in 
comparison to the total UKL net inflow, which ranges from 600 taf to 2100 taf for the 
water year. Moreover, other independent measurements correlated with UKL net inflow, 
like precipitation data and Sprague and Williamson River flow data, show a declining 
trend as well for the same period, as discussed below. This helps confirm that the 
reduction in UKL net inflow is real and not just a result of errors in the Link River 
record.     
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Flows records at some of the other sites in the basin are available for much longer 
periods. Figure 6 includes three time series plots of water year and Apr-Sept flows (upper 
graph), and Jul-Sept flows (lower graph) in the Williamson River blw Sprague nr 
Chiloquin, OR for the period 1912 to 2006. Water year flows decrease from 1912 until 
the 1930s, increase in the 1950s, and then decline until the present, although the recent 
decrease is not statistically significant (p=0.094). This is similar to the precipitation 
trends for the area, as discussed below. The Apr-Sept flows are similar to the water year 
totals, decreasing slightly in the last half of the record.  

 
The Jul-Sept flows decline significantly since 1961 (p = 0.005). The decline may 

have accelerated during the 1980s. Baseflows at this site are generally lower now than at 
any other time in the 90-year record. Residuals from a multiple regression of baseflow 
and winter precipitation decline with time from the 1950s to 2005. This is similar to Jul-
Sep UKL net inflows and indicates that there is a decrease in baseflow attributable to 
some other factor other than decreasing precipitation. The coefficient for time in the 
regression equation for the Williamson River equates to an annual decrease of about 1 
taf/yr over the Apr-Sept season, or a total reduction of about 50 taf in Apr-Sept flows 
over the 46-year period of record. While the Williamson River is tributary to UKL, direct 
flow measurements of Williamson River flows are not included in UKL net inflow 
calculations. The two measurements are independent and the fact that both show a 
decrease in baseflows is important.  

 
Examination of flows from the Sprague River near Chiloquin, just upstream of the 

Williamson River blw Sprague, from 1922 to 2006 indicated there was a statistically 
significant decline since 1961 in the Jul-Sept summer baseflows. Net ground water 
contributions to the Williamson River between Kirk Reef and the confluence with the 
Sprague River can be calculated from 1955 on by difference (Gannett et al., 2007). These 
flows declined significantly over the period during both the Apr-Sept period (p=0.000) 
and the Jul-Sept period (p=0.000). Flows at both of these sites are included in the 
measurements at the Williamson River blw Sprague nr Chiloquin, OR.  

 
Mayer et al. (2007) showed statistically significant declines from the 1950s in the 

outflow from Klamath Marsh, a major ground water discharge area above the lake, and in 
the Fall River, an unregulated, spring-fed river in the southern Deschutes Basin. 
Regressions with Crater Lake winter precipitation explained 66% and 76% of the 
variance in Klamath Marsh outflow and Fall River water year totals, respectively, for the 
period 1955 to 2005. Neither set of residuals from the regressions had a significant trend 
in time, suggesting that decreasing precipitation explained most of the trends. Both sites 
are upgradient of the bulk of the ground water pumping and surface water diversion 
above the lake.    
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Figure 5 

Apr-Sept UKL Net Inflow with lowess smooth in red  
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Figure 6 
 
 

Water Year and Apr-Sept Totals for the Williamson River blw Sprague 
with lowess smooth in red 
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Almost all of these sites show statistically significant declines over the last 40 to 
60 years. Baseflows in average and dry years at some of these sites are lower now than at 
any other time during the last 100 years. This is undoubtedly due, in part, to decreasing 
precipitation in the last half of the century, as discussed below. However, additional 
factors seem to be involved at some of the sites as well. These factors may include 
warmer temperatures, increasing consumptive use or surface water diversion, or 
increasing ground water pumping upstream of the lake. All of these factors are examined 
further in the next section.  
 
Trends in Regional Climate and Ground Water Pumping 
 

Net inflow to UKL is strongly dependent on climate, particularly precipitation, as 
demonstrated in Figure 4 and the discussion above. Some of the variance in net inflow 
can be explained with a weighted 3-year average of winter precipitation at Crater Lake. 
This is not surprising - winter precipitation and snowpack have been shown to be strongly 
correlated with streamflow in the Pacific Northwest (Leung and Wigmosta, 1999). 
Precipitation records are available for several sites or areas around the Klamath Basin but 
trends in these data are not consistent and are often contradictory. Because of the 
assumed importance of snowmelt and high elevation precipitation to the Klamath, I focus 
here on data from Crater Lake or the Cascades.  

 
Winter precipitation (Oct-Mar) in Oregon Climate Division 5 from 1901 to 2007 

is plotted in Figure 7. Division 5 is the small climate division that encompasses Crater 
Lake, Klamath Marsh, and the southern Deschutes Basin. Winter precipitation shows a 
slight increase during the 1940s and 1950s followed by a marked decline since that time. 
A Kendall’s trend test indicated that the decline over the entire period of record and since 
the 1950s are both statistically significant (p=0.000; p=0.012). Winter precipitation is 
much lower in the past 20 to 30 years than at any other time during the period of record. 
 

Winter precipitation from the PRISM dataset obtained for Crater Lake NP shows 
slightly different trends over the period of record (Fig 7). (PRISM is a grid-based dataset 
with precipitation records available from any point or set of coordinates). The PRISM 
dataset shows a decline since the 1950s that is marginally significant (p=0.063) but 
winter precipitation during the last 50 years is comparable or even a little higher than in 
the 1910s to 1930s. Winter precipitation at Crater Lake NP using a third dataset, the 
USHCN dataset (Fig 7), shows a decrease since about the 1940s and 1950s. The decrease 
is not statistically significant from 1961 to the present (p=0.226) but if the wet cycle in 
the 1950s is included, it is statistically significant (p=0.029). The USHCN dataset is 
probably the most reliable, if not the most complete, dataset available. Data are only 
available back to 1920. The correlation between the USHCN dataset and the PRISM 
dataset for Crater Lake, which extends back earlier, is very high (r2=0.981). This is not 
surprising since the approximately 1,200 USHCN stations were a subset of the 12,000 
stations used to derive the PRISM dataset. The slope between the two datasets is not 
unity (PRISM precipitation data are less than the USHCN data but they represent a value 
from a 4-km grid rather than an individual point) but trends tracked by both datasets are 
almost exactly the same, suggesting that both of these datasets are consistent and reliable.    
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Oregon Climate Division 7 data (the division south and also east of Division 5) 
shows no overall decline, although this climate division is large and extends into much of 
eastern Oregon and so it might not reflect Klamath-specific trends. Klamath Falls COOP 
station winter precipitation shows a decrease until the 1930s, an increase from the 1930s 
to the 1950s and a slight decrease since then. Tule Lake COOP station winter 
precipitation appears to increase from 1933 to 2006.  

  
At most snowcourse locations in the western U.S., Apr 1st snow water equivalent 

(SWE) has been found to be the maximum annual value of snowpack and is highly 
correlated with streamflow (MaCabe and Dettinger, 2002). Figure 8 presents time series 
plots of Apr 1st SWE from two snowcourse sites in the Klamath Basin, Annie Springs and 
Diamond Lake, with long records. Apr 1st SWE at both sites shows a decline over the 
entire period of record, possibly with a step trend decline after 1976. This is noteworthy 
because the Pacific Decadal Oscillation (PDO) switched from a cool phase extending 
from 1945 to 1976 to a warm phase extending from 1977 to the present. The PDO is 
positively correlated with temperature and negatively correlated with streamflow in the 
Pacific Northwest (BeeBee and Manga, 2004).  

 
There are three low values for Apr 1st SWE at the beginning of the Annie Springs 

record (1930-1932). Comparing these years to the USHCN Oct-Mar precipitation totals 
for Crater Lake, 1930 and 1931 had low winter precipitation too but 1932 was quite wet. 
It’s possible that the low value in 1932 is in error. 1996 Apr 1st SWE at Annie Springs is 
also very low when compared to the precipitation data, although Apr 1st SWE at 
Diamond Lake is also quite low this same year so this value may be valid.   

 
A decline in Apr 1st SWE over the period of record might also be responsible for 

the decline in baseflows observed in the basin. Apr 1st SWE appears to be related to both 
winter precipitation and temperature. A regression using USHCN Oct-Mar precipitation 
and Jan-Mar temperature explained 71% of the variance in Apr 1st SWE for the period 
1931 to 2006 and both explanatory variables were statistically significant. Both the 
Oregon Climate Division 5 Jan-Mar temperature and the USHCN Crater Lake Jan-Mar 
temperature show an increasing trend since the 1970s (Fig 8) and the USHCN data seem 
to show some relation to the PDO phases, with generally cooler temperature during the 
1945 to 1976 cool phase and warmer temperatures during the two warm phases. Trends 
in the Apr 1st SWE at the two sites discussed above may be related to trends in winter 
temperature. Present-day temperatures in both datasets appear to be as warm or even 
warmer than at any other time during the period of record. 

 
One of the most intriguing studies on long-term climate trends in the basin is the 

study by Petersen et al. (1999) correlating tree-ring growth with annual precipitation and 
lake levels at Crater Lake. In the paper, the authors view Crater Lake as the “world’s 
largest rain gage” and they create a surrogate record of precipitation and lake levels based 
on tree-ring growth over the last three hundred years or more. Their results suggest that 
both precipitation and lake levels have been in a multi-century decline since about 1700. 
This does not portend favorably for future hydrologic conditions in the Klamath Basin.            
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Figure 7 

USHCN Crater Lake NP Oct-Mar Precipitation Data
1919 to 2005
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Figure 8 

Apr 1st SWE at Annie Springs and Diamond Lake
1929 to 2006
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One other factor that could be influential in the decline in UKL net inflows and 
tributary flows in the last 50 years is increased ground water development above the lake. 
Gannett et al. (2007) reports that pumping in the Klamath Basin began in the late 1940s 
and early 1950s (Fig. 19 of their report). They estimated about 17 taf was pumped from 
the Upper Williamson River, Sprague River, and Wood River Valleys in 2000 (Table 4 of 
their report). The timing of ground water development coincides with the decreasing 
trend in baseflows in UKL net inflows and the Williamson River. This could be the factor 
represented by the explanatory variable time in the multiple regression of net inflows 
with winter precipitation and time that was described earlier.    

 
In conclusion, it seems likely that winter precipitation has declined since the 

1950s, at least in the Cascades, and that it may be as low or lower than at any other time 
in the last 100 years. Apr 1st SWE appears to have decreased and average winter 
temperature appears to have increased over the same period. Some of these trends may be 
related to teleconnection with the multi-decadal PDO. Much of the decline in UKL net 
inflows and tributary flows is certainly due to associated trends in climate. Other factors 
such as ground water pumping above the lake may contribute to the decline too.  
 
UKL Lake Elevations 
 

Figure 9 is the Apr-Sept monthly average UKL water surface elevations for the 
period 1904-1917 (considered Pre-Project), 1918-2006 and 1961-2006 (post-Project). 
The plot suggests that minimum lake elevations were generally higher and maximum lake 
elevations lower pre-Project. The maximum lake elevations appear to occur later in 
spring post-Project as well. In recent years (1961-2006), the Project has maintained 
slightly higher lake levels all year as compared to earlier years (1918-2006) of the 
Project. These changes are not unexpected and are explained by several reasons.  

 
The Link River Dam that was constructed from 1918 to 1922 actually allows the 

lake level to be drawn down lower than it could be naturally. This means lake levels are 
lower now than they were historically. Furthermore, the lake was originally surrounded 
by wetlands but many of those have been diked, drained, and developed in the last 100 
years. Reclamation estimates that about 30% of the original wetlands have been lost 
(BOR, 2008). A consequence of developing these wetlands is that the lake has less 
storage capacity. The lake elevations following this reduction of storage capacity are 
higher now than they used to be naturally. Additionally, the lake is managed to retain as 
much water as possible in the winter and spring to ensure supplies for the summer 
irrigation season. This also increases the lake elevation and probably results in the change 
in timing observed in the lake hydrograph. The higher lake elevations during the 1961-
2006 period may be a combined result of relaxed flood control rules and ESA minimum 
lake levels.   

 
Figure 9 also includes a time series plot of April and Sept monthly lake elevations 

for the entire period of record. The approximate date of construction of the Link River 
Dam is shown as well. April elevations (representing annual highs) have increased 
slightly since the Link River Dam was constructed. As stated above, this could be due to 
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increased storage of water during the spring and the loss of storage capacity around the 
lake. There is much more variability in September elevations, which represent annual 
minimums, than in the April elevations, which represent annual maximums. Generally, 
the September elevations decreased considerably just after the Link River Dam was 
constructed, increased from the 1930s to the 1970s, and have decreased since that time. 
The decrease in Sept lake elevations since the 1970s parallels the decrease in net inflows 
and the increase in Project diversions from the lake that began about the same time.        
 

As can be observed from Figure 9, the seasonal difference in lake levels from 
April to September has increased over the period of record. Pre-project, there was a small 
seasonal difference (1.5 to 2 ft) in lake elevations. With the construction of the Link 
River Dam, the seasonal difference increased considerably (2 to 4 ft), decreasing slightly 
from the 1940s through the 1960s and then increasing after that. The seasonal difference 
now is the highest it has been at any time during the record. Of course, the greater the 
seasonal difference in lake elevations, the faster the rate of drawdown over the summer.    
 
Project Diversions 
 

Figure 10 shows the distribution of monthly net diversions over the 1961 to 2006 
period. (Net diversions are calculated from total diversions minus return flows. The 
numbers represent water diverted and used consumptively rather than returned to the 
river. If return flows are greater than total diversions, net diversions will be negative). 
Net diversions are lowest and most variable in April. They increase and become more 
consistent and less variable throughout the season. Maximum net diversions occur in 
July, with June close behind. Recall that monthly UKL net inflows (Fig 2) reach a 
maximum in the spring and a minimum in July, when diversions are greatest. A 
comparison of the timing of net diversions and net inflows shows the potential conflict in 
demand versus supply and the importance of storage to Project operations.     

 
The project net diversions are quite variable over the 1961 to 2006 period, in 

response to changing agricultural and refuge management practices and, mostly, climate 
variability. Net diversions and consumptive use increased in the late 1980s and early 
1990s but have decreased since that time, possibly because of a series of wet years in the 
late 1990s and the implementation of the Water Bank from 2002-2007. Prior to the Water 
Bank, there was a trend toward increasing diversions and greater consumptive use. The 
average Apr-Sept agricultural net diversions are 217 taf for the period 1962 to 1984 and 
269 taf for the period 1985 to 2002 (excluding 2001). A t-test of the means showed that 
the difference is significant (p=0.015). The increase in demand could be due to changes 
in irrigation and cropping patterns, increasing temperatures, or a long-term decrease in 
precipitation.  
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Figure 9

Monthly Average UKL Elevations 
for Water Years 1904-1917 (pre-Project), 

1918-2006 (post-Project) and 1961-2006 (post-Project)
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It is fairly well known that Project demand increases in dry years. The reasons for 

the increase in water use with decreasing precipitation include lower antecedent soil 
moisture, less precipitation during the growing season, lower water table levels, higher 
canal and seepage losses, and warmer temperatures resulting in greater ET losses. As a 
result, the Project diverts more water during dry years as compared to wet years. This is 
apparent in the Figure 10, which shows the Apr-Sept total net Project diversions, net 
agricultural diversions, and net refuge diversions as a function of Apr-Sept UKL net 
inflow for 1985 to 2002 and 2003 to 2007. Total diversions, as opposed to net diversions, 
show the same relationship with Apr-Sept UKL net inflow, but to a lesser degree. It is the 
consumptive use of water that is strongly a function of how wet or dry the year is.  

 
The graphs show total net diversions for the Project as well as separate net 

diversion for agriculture and LKNWR refuge. (Consumptive use on the sumps at Tule 
Lake NWR is not measured independently so only LKNWR is shown here). What is 
obvious is that consumptive use by agricultural lands constitutes the bulk of the total Apr-
Sept consumptive use by the Project and this consumptive use is strongly dependent on 
how wet or dry a year it is. The range extends from about 350 taf or more in the driest 
years to about 200 taf in the wettest years. Of course, the trend of increasing demand with 
decreasing water availability presents a big problem. Agricultural uses require more 
water at a time when there is less water available for all uses and interests. 

 
Consumptive use on LKNWR is small by comparison, ranging from about 25 to 

50 taf. Unlike the agricultural consumptive use, consumptive use on LKNWR appears 
fairly constant and inelastic, with little or no relationship to how wet or dry a year it is. 
However, this may not be entirely true for several reasons. First, LKNWR refuge demand 
in October and the winter months is not depicted in this graph so the total LKNWR 
demand is not shown here. More importantly, the refuge diversions are measured at the 
point of delivery whereas the agricultural diversions are measured at the point of 
diversion. This means that seepage and transit losses associated with delivery of the water 
are reflected in the agricultural diversions but not in the refuge diversions. It is these 
losses that are responsible for part of the response to climatic variability.  
 

One other point on Figure 10 is that several of the Water Bank years (2003 to 
2007) show lower diversions for a range of net inflow in comparison to the other years. I 
have excluded 2002 in the Water Bank years. The USGS (2005) produced a similar graph 
analyzing the effects of the Water Bank in 2003 and 2004. They also noted that 2003 and 
2004 plotted below the rest of the data. They reported that there are reasons why 2002 
may not be expected to show any kind of reduced diversions. First, while the Water Bank 
existed in 2002, it was fairly small (BOR estimates there was about 20,000 af of ground 
water pumping to augment diversions). Furthermore, USGS notes that diversions in 2002 
needed to compensate for the lack of diversions in 2001, which resulted in canal beds that 
were cracked and dry and a shallow water table deficit that needed to be made up.  
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The years 2003, 2004, 2005, and 2006 appear to have been most effective in 
reducing diversions to the Project. All four of these years plot below the bulk of the data 
on the net diversion versus UKL net inflow plot (Fig 10). 2003 to 2005 were the years 
with the highest Water Bank (see Table 1, data from BOR). The estimates of water 
supplied to the Project in Table 1 appear to be similar to the reductions in diversions for 
the corresponding years (Fig 10). The Water Bank was effective, at least in reducing 
agricultural diversions and consumptive use from the lake in these years. In their analysis 
of 2002-2004, the USGS (2005) could not say for certain whether there was any increase 
in river flows or lake levels due to the reduced diversions but they only had two years of 
data for the Water Bank (2003 and 2004). I examined lake levels and did not see any 
increase but I do observe greater river flows for the Water Bank years, as discussed 
below. Eliminating the Water Bank in the future will likely result in greater agricultural 
diversions and decreasing river flows, something that should probably be acknowledged 
and addressed in the BO. 

 
 

Table 1. BOR Estimates of Water Supplied From Within the Project (taf) 
Year Dryland Idling GW 

Substitution 
GW Pumping Total 

2002 0 0 20,000 20,000 
2003 35,389 23,192 0 58,581 
2004 9,670 13,715 42,223 65,608 
2005 24,809 33,875 32,412 91,096 
2006 9,182 7,188 30,000 46,270 
2007 6,525 4,104 33,442 44,071 

 
 
UKL Outflows 

 
Plots of Apr-Sept Link River totals and Klamath River at Keno totals versus Apr-

Sept UKL net inflow totals show that there is a fairly good relationship between the net 
inflow to the lake and the outflow from the lake, as measured at the two sites (Fig 11). 
2001 is excluded from the plots. Both relationships are fairly linear with higher Apr-Sept 
UKL net inflow (wet years) resulting in more outflow from UKL Lake at Link River and 
more discharge in the Klamath River at Keno. The close relationship between Link River 
outflow and UKL net inflow is partly a result of the fact that Link River outflow is used 
in the computation of UKL net inflows. However, a close relationship is observed at the 
downstream Keno site as well, which is independent of the computation.  

 
From 1961 to 1983, the flow record at the Link River site included flows in the 

Westside power canal. For 1984 and thereafter, these flows were not included. For 1962 
to 1983, USGS data are available for Link River flows only (without the Westside power 
canal) and this is what I plotted here. 
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Figure 10  

Apr-Sept Net Diversions versus Apr-Sept UKL Net Inflow
1985-2002 (no Water Bank) and 2003-2007 (Water Bank)

Total Project (circles), Ag use only (squares), LKNWR only (diamonds) 
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The years 2003, 2004, 2005, 2006, and 2007 plot well above the rest of the data 
(Fig 11), indicating that in these five years, there was greater outflow from UKL lake and 
greater river flow at Keno than would have been expected based on the historic 
relationship. These are years when the Water Bank was functioning and the group of 
Water Bank years plots higher than the remaining non-Water Bank years at both sites. I 
noted above that 2003 through 2006 were years when Project diversions seemed to be 
less than normal, given the precipitation and UKL net inflows for these years. (2007 did 
not show any apparent decrease in diversions). The increase in Apr-Sept flows appears to 
be of the same magnitude as the estimated water supplied by the Water Bank from within 
the Project (Table 1). The effect is more noticeable in the Link River flows, as would be 
expected. Klamath River at Keno flows are affected by gains and losses through the Lost 
River Diversion Channel as well as Link River flows.  

 
  Figure 12 is a time series plot of water year totals for Link River and Klamath 

River at Keno for the period 1905 to 2006. Measurements at the Link River site represent 
different quantities over the period (Risley et al., 2006). From 1904 to 1983, the 
measurements represent the combined flow from Link River and Keno Canal. After 1983, 
the measurements represent Link River only, without the Keno Canal. Separate USGS 
measurements of Keno Canal from 1967 to 1983 show that water year totals for this site 
average about 140 taf/yr, which is a small fraction of the water year total for Link River, 
so the inclusion or omission of this flow from 1984 on probably does not make too much 
difference. The trends observed at Link River are similar to the trends at Klamath River 
at Keno (which includes the Keno Canal flow throughout the record), confirming that the 
inclusion or omission of Keno Canal flows does not make a difference overall. A portion 
of the outflow from the lake is diverted through the A Canal too. I have plotted Link 
River + A Canal totals for the water year as well, when data are available.    
 

Much of the variability in the time series data for Link River and Klamath at 
Keno is related to climate variability. The 20-year period from 1912 to 1932 was a period 
of declining precipitation. The later period from the 1930s to the 1950s was quite wet. 
Since the 1950s, there has been a general decline in winter precipitation. River flows 
declined in the 1920s and 1930s, increased in the 1950s, and have been generally 
decreasing since that time. Precipitation trends explain part, but not all, of the trends in 
the river flow data.   

 
Superimposed over the climate forcings is the hydrologic response of the river to 

the Project, which was slowly being developed over the same time. The power plant 
diversions through the Keno Canal began in 1908, although these were measured and 
accounted for in the Link River flow record. Measurements of A Canal diversions began 
in 1913, although small quantities were diverted prior to this year. The Link River Dam 
at the outlet of Upper Klamath Lake was constructed in 1918, permitting the lake to be 
drawn down lower and increasing releases at Link River. After completion of the dam, 
diversions through the A Canal increased as well, decreasing releases at Link River. I 
have only found records of A Canal diversion from 1913 to 1917 and 1951 to the present 
so I don’t know the complete history of diversions. 
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Figure 11

Apr-Sept Link River totals versus Apr-Sept UKL Net Inflow totals 
1962 to 2007 (excluding 2001) 
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Figure 12.   
 
 
Downstream at the Keno gage, the gates to the Klamath Straits Drain were 

permanently shut in 1917, limiting the ability of the Klamath River to overflow into 
Lower Klamath Lake. This may have had the effect of increasing peak flows in the spring 
at Keno but reducing baseflows in the summer at the same site, if the lake functioned as 
we think it did. The Lost River Dam and Diversion Canal were constructed in 1912 to 
move more water from the Lost River to the Klamath River during the winter and spring 
and divert Upper Klamath Lake water to Tule Lake in the summer. These two events 
would have affected flows at Keno but not at Link River. Finally, the D Plant and Sheepy 
Ridge tunnel, which moves water from Tule Lake to Lower Klamath and the Klamath 
River, was constructed in 1941 and enlarged in 1949. Again, this would have affected 
flows at Keno only.          
 

Pre- and post-Project flows for the Apr-Sept season are plotted against winter 
precipitation at Crater Lake using PRISM data (Fig 13). Even considering the variability 
of precipitation, it appears that the pre-Project Apr-Sept flows (1905 to 1918 at Link 
River + A Canal and 1904 to 1913 at Keno) were higher than post-Project Apr-Sept flows 
(1951 to 2006 at Link River + A Canal and 1930 to 2006 at Keno). The same effect is 
observed to a lesser degree when plotting water year totals versus winter precipitation at 
Crater Lake (data not shown). The early years of record likely represent unimpeded 
outflows from the lake. As a group, the pre-Project flows appear higher than the post-
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Project flows when plotted against winter precipitation, suggesting that outflows at Link 
River were higher in pre-Project years than post-Project years with similar precipitation 
amounts. This is particularly true for the Apr-Sept flows, when the impacts of the Project 
would be greatest. The Project effect appears greater for the Link River flows than the 
Keno flows. This is expected since the Project effect at Keno results from the combined 
(and often contradictory) effects of UKL outflows, flows through the Lost River 
Diversion Channel, and (most likely) decreased losses due to the separation of the 
Klamath River from Lower Klamath Lake.  

 
The recent decline in UKL outflows since the 1960s may be due to increasing 

diversions, decreasing net inflows, or some other factor. I have noted declines in winter 
precipitation and UKL net inflow and tributary inflow, particularly baseflows. I have also 
noted higher agricultural diversions from the lake over the 1961 to 2007 period, 
particularly in dry years (except for the recent years when the Water Bank was 
functioning). The declines in Link River flows and Klamath at Keno flows in the last 40 
to 50 years are greatest during the baseflow season.  
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Figure 13

Link River Apr-Sept Total versus Crater Lake Winter Precipitation 
1905 to 1917 (pre-Link River Dam) and 1918 to 2006 (post-Link River Dam)
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