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Executive Summary 
The Leavenworth National Fish Hatchery (Hatchery) depends on groundwater 
from 7 production wells that supplement the surface water supply from Icicle 
Creek.  Groundwater is also used to adjust the temperature of surface flows to 
meet fish production targets.  Extended production from the shallow wells is 
dependent on aquifer recharge that is sustained by diverting Icicle Creek flows 
into the man-made Hatchery channel.   
 
From 1940 to 2005, Hatchery operations directed most creek flows into the 
Hatchery channel, which helped recharge the aquifer but limited flow into the 
historic channel of Icicle Creek.  Since 2006, operations were changed to improve 
fish passage and habitat in the historic channel.  The gates at the control structure 
are currently open most of the year and the Hatchery channel usually remains dry.  
For two weeks at a time the gates are partially closed and water is diverted into 
the Hatchery channel.  Although these recharge periods help well production 
temporarily, a two week period has not been sufficient to significantly improve 
well capacity. 
 
A groundwater flow model was developed in the mid-1990’s by GeoEngineers 
using MODFLOW96 software.  The model simulates groundwater flow 
conditions in the shallow sand and gravel aquifer beneath the site.  At the time of 
model development, water was diverted to the Hatchery channel on a regular 
basis so the GeoEngineers model simulated this source of recharge to the aquifer.  
In order to update the model for current Hatchery operations, features within the 
model were changed to represent current conditions and the absence of 
continuous recharge from the Hatchery channel.   
 
In October 2009, Hatchery management adjusted the control structure gate and 
diverted water into the Hatchery channel to promote aquifer recharge.  During 
that two week period, water levels were measured in Hatchery wells to monitor 
the aquifer response to the induced recharge.  The test results were incorporated 
into the updated groundwater model and the model was recalibrated.  During 
calibration, the parameters of riverbed conductance, hydraulic conductivity and 
storativity of the aquifer were adjusted to match simulated observations to 
measured observations over time.  Following calibration, predictive simulations 
(scenarios) were run with the updated model to represent pumping conditions and 
the effect of induced aquifer recharge by diverting water into the Hatchery 
channel for various time durations.  The purpose of these simulations was to 
determine the aquifer response to various combinations and duration of recharge 
to help manage groundwater use at the Hatchery.   
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A total of 8 predictive scenarios were run with the updated model.  The pumping 
schedule for the production wells remained the same for all of the scenarios while 
the seasonal water level conditions and the presence or absence of water in the 
Hatchery channel were varied.  
 
Results from the scenario model runs show that the presence of water in the 
Hatchery channel is of primary importance to extended pumping from the 
Hatchery production wells.  Recharge from the canal raises aquifer water levels 
and maintains higher levels, even during well pumping.  Without that source of 
induced recharge, water levels quickly fall and some wells are forced to stop 
pumping as the water levels drop to the pump intake elevations.  A cycled 
diversion to the Hatchery channel, consisting of 15 days with water in the 
Hatchery channel followed by 15 days without water, allows full extended 
pumping from all of the production wells.  If water is diverted to the channel for 
only 15-days (then the channel is dry for the remaining 45 days of the 60-day 
simulation) the wells with relatively shallow pump settings are forced to shut-off 
after about 42 to 58 days of pumping, depending on the seasonal water level 
conditions.
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1 Introduction 

1.1 Purpose and Scope 

The purpose of this report is to: 
 

1)  Update the available groundwater information for the Hatchery with 
current data. 

2) Describe the changes made to a numerical groundwater flow model of the 
site. 

3) Document the modeling results in order to evaluate the groundwater 
supply capacity under various recharge conditions. 

1.2 Background 

The Hatchery has used groundwater as a supplemental source of water since about 
1940.  Groundwater is used periodically to enhance water quantities and adjust 
the temperature of surface flows to meet fish production targets (USFWS, 2009a).  
A flow control structure, known as “Structure No. 2”, is located at RM 3.8 on 
Icicle Creek, and was designed to divert flow into a man-made channel, called the 
“Hatchery channel” (Figure 1-1).  The Hatchery channel was built in the late 
1930’s so a portion of Icicle Creek could be used to accommodate Hatchery fish 
production.  Diverting flow into the Hatchery channel protected those in-creek 
Hatchery operations, particularly during high flow events.  The Hatchery channel 
is about 5 feet higher than the historic channel of Icicle Creek and parallels the 
historic channel for 1 mile, before rejoining the creek at RM 2.8.  Production 
wells for the Hatchery are located just west of the Hatchery channel and benefit 
from increased recharge provided by diverting water into the channel.  
 
From 1940 to 2005, Hatchery operations directed most creek flows into the 
Hatchery channel (the gates at Structure No. 2 were regularly closed), which 
limited flow into the historic channel of Icicle Creek.  Since 2006, operations 
were changed to improve fish passage and habitat in Icicle Creek.  The gates at 
Structure No. 2 are fully open most of the year and the Hatchery channel remains 
dry.  Since operation changes, the restriction of flow in the Hatchery channel 
reduces recharge to the shallow alluvial aquifer and reduces pumping capacity of 
the Hatchery’s production wells.   
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1.3 Use of Groundwater at the Hatchery 

The Hatchery needs between 1,060 gallons per minute (gpm) and 6,590 gpm of 
groundwater during its fish production cycle (Sverdrup 2000).  The largest 
demand is in June (6,590 gpm)1 to supply cool water to the holding adults and 
again in December (6,110 gpm), when young salmon fry begin to feed. 
Groundwater use continues throughout the winter months in order to temper cold 
surface water used on yearling salmon in outdoor ponds (USFWS, 2009a).  The 
groundwater is also used to cool surface water in the summer months as surface 
water temperatures begin to rise. 

 
Since 2006, the gates at Structure 2 are not closed for more than two weeks at a 
time in order to maintain higher flows in the historic channel of Icicle Creek.  
However, the two week period of diversion into the Hatchery channel has not 
been sufficient to significantly improve well capacity.  Without aquifer recharge 
from the Hatchery channel, well production is substantially reduced (USFWS, 
2009a).   
 
The timing and quantity of surface water needed to maintain recharge to the 
aquifer in order to support the production wells needs to be known to optimally 
manage the water supply at the Hatchery.   

                                                 
1 Quantities listed are from hatchery records from 10/1998 – 09/1999.  In 2008, pumping rates 
were less than 4,600 gpm all year (personal communication, F. Wurster) 
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   Figure 1-1:  Location of Hatchery features.  
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1.4  Water Rights 

Table 1-1 lists the water rights that have been issued by the State of Washington 
for the Hatchery. 
 
Table 1-1: Water rights for the Hatchery. 

Certificate 
Number 

Source Purpose of 
Use 

Priority Date Amount 

1824 Icicle Creek Fish 
Propagation 

3/26/42 42 cfs 

1825 Snow and 
Nada Lakes 

Fish 
Propagation 

3/26/42 16,000 AF 

3103-A 
(well 1) 

Groundwater Fish Culture 10/16/57 1200 gpm/ 
1120 AF 

Claim # 016379 
(well 2) 

Groundwater Fish Culture 6/1940 900 gpm/ 
730 AF 

Claim # 016378 
(well 3) 

Groundwater Fish Culture 8/1939 700 gpm/ 
570 AF 

G4-27115C 
(well 4: 800 
gpm, well 5: 

1500 gpm, well 
6: 1200 gpm, 
well 7: 400 

gpm) 

Groundwater Fish 
Propagation 

10/20/80 3900 gpm/ 
5257 AF 

 
A water right to divert water from the Wenatchee River to supplement Icicle 
Creek flow was abandoned in the 1980’s (personal communication, F. Wurster).
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2 Hydrogeologic Setting 
Unconsolidated sediments of glaciofluvial and river origin underlie the Hatchery 
site and consist of interbedded gravel, sand, silt and clay.  Granite bedrock 
underlies the sediments and forms a north-northeast trending trough beneath the 
site.  Bedrock is encountered at depths ranging from about 190 feet in the south to 
320 feet in the central part of the Hatchery.  The unconsolidated sediments are 
stratified (layered) and comprise two aquifers; a shallow unconfined aquifer of 
sand and gravel that extends over most of the valley and a deeper confined aquifer 
of more limited extent.   
 
The shallow aquifer has a maximum thickness of about 200 feet near well 4, in 
the central part of the site, but is typically 80 to 100 feet thick in other areas.  The 
deep aquifer is about 30 to 50 feet thick and is limited to the north-central part of 
the site, near wells 5 and 6.  The deep, sand and gravel aquifer is confined by 
overlying layers of silt and clay.  Since the clay layers are not continuous, the 
aquifer is likely semi-confined or leaky and is probably influenced by stresses 
(pumping) and recharge in the overlying unconfined aquifer.   
 
Drill logs for the Hatchery wells indicate that the shallow aquifer is stratified with 
layers and stringers of silt and clay interspersed with sand and gravel.  Several test 
wells have been drilled onsite that have not encountered productive aquifer 
materials or have limited exposures of the aquifer.  Hydraulic conductivity 
probably varies significantly in the horizontal and vertical directions due to the 
stratification of the aquifer.     

2.1 Aquifer Properties 

During 1994, constant rate pumping tests were conducted in each of the 7 
production wells and a 24-hour constant rate test was conducted with all 7 wells 
pumping simultaneously (GeoEngineers, 1995).  Transmissivity and hydraulic 
conductivity values for the shallow and deep aquifers were calculated using data 
obtained during the individual aquifer tests (GeoEngineers, 1995).  The 
transmissivity of the shallow aquifer ranged between 25,000 ft2/d (square feet per 
day) and 85,000 ft2/d.  The calculated transmissivity of the deeper aquifer was 
about 6,000 ft2/d.  Based on aquifer thicknesses of the shallow aquifer ranging 
from 80 to 200 feet and assuming homogeneous conditions in the aquifer, the 
hydraulic conductivity ranges from 283.5 ft/d (feet per day) to 425.2 ft/d.  The 
hydraulic conductivity of the deep aquifer is about 142 ft/d.   
 
The calculated storativity values determined from the aquifer test data ranged 
between 0.005 and 0.02 for the shallow aquifer and between 1 x 10-5 and 5 x 10-4 
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for the deep aquifer (GeoEngineers, 1995).  The storativity values for the shallow 
unconfined aquifer are lower than typical for sand and gravel aquifers, and may 
be related to the stratification of the glaciofluvial and alluvial aquifer materials.   
 
Well interference drawdown of as much as 3.5 feet (additional water level 
drawdown) was observed during the individual pumping tests in the shallow 
aquifer (GeoEngineers, 1995).  During the tests, water flowing in the Hatchery 
channel was actively recharging the shallow aquifer, which prevented excessive 
drawdown in the wells.  Current conditions of no water flowing in the Hatchery 
channel results in greater drawdown and more interference between the wells.   

2.2 Groundwater Temperature 

The Hatchery staff monitored well water temperature in selected wells during 
water year 2009 (USFWS, 2009b).  Water in the shallow aquifer averages about 
48◦ F to 49◦ F (degrees Fahrenheit) in wells 4a and 7, with a range from 43.2◦ F to 
53.4◦ F.  Water temperature in well 5, in the deep aquifer, averages 52.8◦ F.  Well 
6, completed in both aquifers, has a composite temperature averaging 50.1◦ F.   
 
The lowest water temperature recorded for well 7 (43.2◦ F) occurred in May, 2009 
and the highest water temperature (53.4◦ F) was recorded in November, 2008.  
Surface water temperatures are generally lowest in mid-winter and highest in the 
summer.  The lag time of several months between high and low temperatures in 
the surface water of Icicle Creek and the groundwater temperature in well 7 is 
probably a result of the travel time of groundwater flow through the aquifer.  
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3 Seepage Monitoring  
During September 2009, the Bureau of Reclamation (Reclamation) Pacific 
Northwest Regional drill crew was at the Hatchery to drill investigative boreholes 
to provide design level geologic information for repairs to various structures at the 
site.  During that time, water resource specialists from Reclamation and the U.S. 
Fish and Wildlife Service (USFWS) were discussing data needs to better monitor 
the hydrologic conditions and groundwater use at the Hatchery.  The Hatchery 
was planning to divert water into the Hatchery channel for a span of two weeks in 
early October to recharge the aquifer (and increase capacity of their production 
wells).  It was decided to have four shallow observation wells drilled by the 
Reclamation drill crew and use the wells to monitor water seepage from the 
Hatchery channel into the shallow aquifer.  Well data from the new observation 
wells are tabulated in Table 3-1.  All of the available well logs and well 
construction schematics from the Hatchery site are included in Appendix B.  The 
location of the wells and other features of the Hatchery site are shown on Figure 
1-1. 
 
The purpose of the seepage monitoring was to determine the temporal and spatial 
response within the shallow aquifer to the addition of water in the Hatchery 
channel.  This information was then used to update and adjust calibration 
parameters within an existing MODFLOW groundwater flow model, developed in 
1994 by GeoEngineers (1995).  It has long been understood that water-flow in the 
Hatchery channel provides recharge to the shallow aquifer and Hatchery 
production wells, but operations at the Hatchery have changed since the flow 
model was developed and the model needed to be updated to reflect current 
Hatchery operations prior to using the model to run new predictive scenarios. 
 
Table 3-1: Well data for new observation wells at the Hatchery 

Well 
Number 

Northing Easting Elevation of 
MP (top 

PVC) 

Depth of 
Completed 
Well (feet) 

OW-09-1 1678875.015 200668.731 1149.981 37.0 
OW-09-2 1679510.438 201404.146 1149.709 42.0 
OW-09-3 1679758.376 202309.673 1152.622 48.0 
OW-09-4 1679741.378 201341.592 1149.076 42.0 

Survey datum NAD83, projection State Plane Washington North, vertical datum NAVD88. 

 
Each of the new observation wells was completed with 2-inch diameter, Schedule 
40 PVC piezometer pipe that had a 5-foot length of slotted pipe (0.020-inch slot) 
at the bottom.  From September 29 to October 23, the wells were equipped with 
Instrumentation Northwest PT2X pressure transducers with dedicated data loggers 
for hourly monitoring of water levels.   
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In addition, two In-Situ Level Troll 500 transducers were placed in the Hatchery 
channel to monitor water levels.  Locations of the channel transducers are shown 
on Figure 1-1.  Hatchery personnel measured water levels daily in 5 of the 
production wells (wells 1, 2, 3a, 4a, and 7) and in wells 9, 10 and TW2.  Only 
production well 5 was pumped during the 2-week time period.  The hydrographs 
of the field data from each of the monitored wells are included in Appendix C.  
 
The flow control gate at Structure No. 2 was partially closed beginning September 
30 to divert a portion of the flow from Icicle Creek into the Hatchery channel.  
The gate was again adjusted to the full open position beginning on October 13.  
Observed flows and gate measurements are included in Appendix C.   

3.1 October 2009 Monitoring Results 

As shown in the graphs of the well response data (included in Appendix C), water 
levels in the shallow aquifer responded almost immediately to recharge from the 
Hatchery channel.  Aquifer water levels in the Hatchery area were raised about 6 
feet during the 2 week recharge period.  Accordingly, as the diversion of surface 
water to the channel ended, groundwater levels quickly declined (in OW-3 the 
water level declined about 4 feet in the first 4 days).  This response indicates high 
conductivity in the shallow aquifer.  It also indicates that temporarily recharging 
the aquifer by diverting water to the Hatchery channel has only short-term 
benefits to increasing well capacity.   
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4 Groundwater Modeling 
Groundwater modeling was used in this study to incorporate the new data 
acquired during the seepage monitoring and to evaluate possible Hatchery water 
management plans.   

4.1 Previous Modeling Work 

In the mid-1990’s, GeoEngineers developed a 3-dimensional, numerical 
groundwater flow model, utilizing the USGS MODFLOW96 software, to 
simulate groundwater conditions in the shallow aquifer beneath the site 
(GeoEngineers, 1995).  The shallow aquifer was simulated as a single, isotropic, 
unconfined layer.  The model did not include the deeper, confined aquifer. The 
model consists of a 45 by 45 cell grid (2,025 cells total) that are 100 feet on each 
side.   
 
Hydrologic features, such as production wells and streams (represented by 
MODFLOW river features) were included in the model.  Production wells 1, 2, 
3A, 4, 6, and 7 each occupy a separate cell; well 5 was not simulated because it is 
completed in the deeper confined aquifer.  The Hatchery channel, Icicle Creek, 
and two ditches (Wenatchee Channel2, a.k.a. onsite ditch, and the Icicle Irrigation 
District canal) were included, as well as areas that receive surface irrigation 
within the model domain.   
 
Model input parameters, such as hydraulic conductivity and storativity, were 
determined from the pump testing program that GeoEngineers conducted during 
1994.  The measured parameters were used as starting points and then were 
manually adjusted during calibration of the model to match observed water level 
conditions.  Following calibration of the steady state simulations, transient 
conditions were simulated to calibrate to the pumping test data and to run 
predictive scenarios for various pumping operations.  In each case, and under high 
and low water conditions, the model simulated water flowing in the Hatchery 
channel.  The results of the scenarios and a full description of the model 
development are included in Appendix E of the GeoEngineers (1995) report.   
 

                                                 
2 During the 1990’s, water in the Wenatchee channel was excess spill from a mixing chamber in 
the Hatchery pipeline.   
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4.2 Current Model Updates 

Adjustments were made to the GeoEngineers model (Version 1) to incorporate 
new data from the seepage monitoring and to represent current water operations 
and management practices.  When the original model was developed, surface 
water was regularly diverted to the Hatchery channel and the onsite ditch 
(Wenatchee Channel), so these features were incorporated as sources of recharge.  
Since operations of Structure No. 2 were modified, both channels are dry except 
during periods of high flows and during 2-week periods when water from Icicle 
Creek is temporarily diverted to the Hatchery channel.  The more recent activity 
was incorporated into a new version (Version 2) of the GeoEngineers model.  The 
Version 2 model also used an updated version of the modeling software, 
MODFLOW2000. 
 
High resolution LiDAR data (2006) were incorporated to improve the accuracy of 
ground surface and channel bottom elevations.  The results of HEC-RAS 
modeling (Knutson, 2009) were used to provide river stage and bottom elevations 
at various locations along Icicle Creek using the flow rates observed during the 
October 2009 seepage monitoring.  Water depths for the Hatchery channel were 
stage values recorded by pressure transducers.  Since the seepage monitoring 
occurred during the non-irrigation season, areal recharge due to irrigation was not 
included during the recalibration.  In addition, no precipitation occurred during 
the monitoring period, so areal recharge due to precipitation was not included.   
 
Hydraulic conductivity, storativity, river conductance, and general head boundary 
conductance values were adjusted during the recalibration of the model.  The 
calibration model was a time-dependent simulation with a 12-hour stress period, 
meaning that the water levels in the Hatchery channel and Icicle Creek were 
adjusted every 12 hours.  Water level observations were recorded in wells 1, 2, 3a, 
4a3, and 7 during the seepage monitoring and were used during the calibration 
process.  The parameters were adjusted to also calibrate the model to the observed 
water level response in the 4 new observation wells (OW-1 through OW-4) 
monitored during the seepage monitoring.  The model matched the observed 
water levels to within 10 percent of the total change in head, 13.5 feet, which is 
generally considered well calibrated.  Figure A-6 in Appendix A shows the 
modeled versus observed head values.  A perfect match between modeled and 
observed would graph along a straight line, with an R-squared value of 1.  The 
modeled versus observed values in this model plot along a line with an R-squared 
value of 0.78, which is considered good.  A detailed description of the model 
development and calibration is included in Appendix A. 
  

                                                 
3 A new pump well, well 4a, was drilled near original pump well 4 in January 2009 but well 4a has 
a lower well yield (about 500 vs 850 gpm) and the pump intake is at a higher elevation, which 
limits the available drawdown.   The model uses well 4a in the pumping scenarios. 
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4.3 Scenarios 

Predictive simulations were run with the Version 2 model to represent pumping 
conditions and the effect of induced aquifer recharge by diverting water into the 
Hatchery channel for various time durations.  The purpose of these simulations 
was to determine the aquifer response to various combinations and duration of 
recharge to help manage groundwater use at the Hatchery.  
 
Previous studies at the Hatchery (GeoEngineers, 1995) recommended a pumping 
schedule based on the well characteristics such as specific capacity, available 
drawdown and well interference effects observed during the pumping tests.  Their 
schedule was developed under the condition of full Hatchery channel flow, so it 
reflected a different recharge condition than what exists currently.  The 
recommended schedule was modified slightly to compensate for the changed 
condition and is shown in Table 4-1. 
 
Table 4-1:  Recommended schedule for production well pumping (modified from 
GeoEngineers, 1995) 

Discharge (gpm) Constant Pump Wells  Cycled Pump Wells 1 
Up to 3,000 Wells 1, 4a and 6 Wells 2, 3A, and 7 

  4,000 2 Wells 1, 4a, 5, and 6 Wells 2, 3A and 7 
1. Pumping cycle of 15 days on, 15 days off is intended to allow water levels to recover 

after extended periods of pumping. 
2. Maximum sustainable flow rate from the existing production wells in late summer and 

fall was estimated in 1995 to be about 6,000 gpm.  Without artificial recharge from the 
Hatchery channel, those rates are significantly decreased.  This combination of wells 
(including well 5) was not modeled because well 5 is completed in the deeper aquifer. 

 
Each of the scenarios was run under simulated high water level conditions (to 
represent late spring and early summer) and low water level conditions (to 
represent late summer through winter).  The high water level condition was 
represented by increasing the general head boundary (GHB) elevation to 1147.0 
feet (from 1140.0 feet) and by simulating a high flow rate in Icicle Creek (2100 
cfs).  The low water level condition matched the calibrated, non-irrigation season 
condition.   
 
The simulated pumping rates for wells 1, 2, 3A, 4A, 6, and 7 are 800, 600, 400, 
500, 4004, and 300 gpm, respectively.  These rates were common discharge rates 
for the wells during 2008 and 2009.  Well 5, which is capable of producing up to 
1100 gpm, but is normally pumped at about 900 gpm, was not included in the 
model simulations since it is completed in the deeper, confined aquifer.  During 
periods of high demand, the combination of well 5 with the other production wells 
would produce more than 4,000 gpm.   
 

                                                 
4 Well 6 pumps about 700 to 800 gpm but draws from both the shallow and deep aquifer. A 
reduced amount of discharge was simulated in the model scenarios to represent only that portion 
that is from the shallow aquifer. 
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Distributed recharge (from precipitation and applied on-farm irrigation) was not 
included in the model.  The water level conditions (high or low) and Hatchery 
channel conditions for the model scenarios are listed in Table 4-2.   
 
Table 4-2:  Conditions for Model Scenarios  
Scenario High or 

Low Water 
Conditions 

Full or Dry 
Hatchery 
Channel 

Wells 
Pumping 
for full 60-
day 
duration 

Wells 
Pumping 
for 15-day 
alternate 
cycles1  

1 High Dry 1, 4A, 6 2, 3A, 7 
2 Low Dry 1, 4A, 6 2, 3A, 7 
3 High Full 1, 4A, 6 2, 3A, 7 
4 Low Full 1, 4A, 6 2, 3A, 7 
5 High Cycle: Full – 

15 days, Dry 
– 15 days 

1, 4A, 6 2, 3A, 7 

6 Low Cycle: Full – 
15 days, Dry 
– 15 days 

1, 4A, 6 2, 3A, 7 

7 High Cycle: Full - 
15 days, Dry 
-  45 days 

1, 4A, 6 2, 3A, 7 

8  Low  Cycle: Full - 
15 days, Dry 
- 45 days 

1, 4A, 6 2, 3A, 7 

1 – well 2 pumps for 15 days while wells 3 and 7 are allowed to recover, then wells 3 and 7 pump 
for 15 days while well 2 recovers.  
 
During the 60 day model simulation, it was possible for the water levels to drop 
below the pump intake elevation because MODFLOW does not account for the 
intake depth.  When this occurred, a second version of the scenario was run with 
the well turned off when the water level in the well reached 5 feet above the 
intake depth.  Only the second version of the scenario is shown in the results 
below; however, the times (in days) at which the water level elevations dropped 
below the water level cut-off elevation (WLCO) are noted.  Table 4-3 lists the 
pump intake elevations used to control the pumping of wells in the model 
scenarios. 
 
Table 4-3:  Pump intake elevations used in model scenarios  
Well 
Number 

Intake 
Depth 

Pump 
Intake 
Elevation 

Water Level Cut-off 
Elevation (pump intake + 
5 ft) 

1 70 1078 1083  
2 70 1078 1083  
3a 55 1096.3 1101.3  
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4a 60 1091.3 1096.3  
6 103 1048.3 1053.3  
7 75 1073.7 1078.7  
 

4.3.1 Scenario 1 results 
Figure 4-1 shows a plot of the water level elevation in the pumping wells under 
the conditions described for scenario 1 (high water levels, dry channel).  Arrows 
on the data line for well 3a explain the water level fluctuations seen on the 
scenario graphs; they are due to the 15-day cycling on/off of wells 2, 3a, and 7.  In 
scenario 1, the water level in well 3a dropped below the WLCO elevation after 36 
days.   
 

 
Figure 4-1: Plot of water level elevation in pumping wells under scenario 1 conditions. 
 
With the channel dry, the overall water surface elevation declines under pumping 
conditions.     
 

4.3.2 Scenario 2 results 
Figure 4-2 shows a plot of the water level elevation in the pumping wells under 
the conditions described for scenario 2 (low water levels, dry channel).  In 
scenario 2, the water level in well 3a reached the WLCO elevation after 30 days 
and in well 4a after 37 days.  Extended pumping from these wells is limited by 
water supply and by the shallow placement depth of the pump in well 4a.  The 
available drawdown in original well 4 is significantly greater, since the pump 
intake is about 30 feet lower in well 4 than in well 4a. 
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Figure 4-2: Plot of water level elevation in pumping wells under scenario 2 conditions. 
 
The water surface elevation declines overall as a result of the pumping conditions 
and it has not yet reached an equilibrium condition at day 60.  The water surface 
declines faster in the low water condition than in the high water condition 
(scenario 2 vs. scenario 1).  The pumps have a similar localized effect on the 
water surface elevation near the pumping wells.  Without the addition of recharge 
from the Hatchery channel to maintain a higher water level in the aquifer, the 
pumping wells with shallow pump settings are not sustainable for extended 
pumping periods. 
 

4.3.3 Scenario 3 results 
Figure 4-3 shows a plot of the water level elevation in the pumping wells under 
the conditions described for scenario 3 (high water levels, full channel).  In 
scenario 3, the water level elevations remained above the WLCO elevations for 
all wells. 
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Figure 4-3: Plot of water level elevation in pumping wells under scenario 3 conditions. 
 
With a full channel, the overall water level in the shallow aquifer increases.  After 
about 50 days, the water surface elevation in the pumped wells nearly reaches 
equilibrium, indicating that pumping can continue for extended periods.   
 

4.3.4 Scenario 4 results 
Figure 4-4 shows a plot of the water level elevation in the pumping wells under 
the conditions described for scenario 4 (low water levels, full channel).  In 
scenario 4, the water level elevations remained above the pump intake elevations 
for all wells. 
 

 
Figure 4-4: Plot of water level elevation in pumping wells under scenario 4 conditions. 
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As in scenario 3, the full channel provides recharge to the shallow aquifer and the 
overall water level increases.  After about 50 days, the water surface elevation in 
the pumped wells nearly reaches equilibrium.  The addition of recharge from the 
Hatchery channel is much more important than seasonal water level conditions in 
determining the ability to pump from the shallow aquifer. 
 

4.3.5 Scenario 5 results 
Figure 4-5 shows a plot of the water level elevation in the pumping wells under 
the conditions described for scenario 5 (high water levels, cycling water into the 
Hatchery channel every 15 days).  In scenario 5, the water level elevations 
remained above the WLCO elevations for all wells. 
 

 
Figure 4-5: Plot of water level elevation in pumping wells under scenario 5 conditions. 
 
When water is diverted to the channel, the overall water surface elevation 
increases, even during well pumping, but the water level declines sharply when 
the channel is empty.  The amount of water in the channel has a larger impact on 
the aquifer water level than the drawdown effects from pumping the wells.   
 

4.3.6 Scenario 6 results 
Figure 4-6 shows a plot of the water level elevation in the pumping wells under 
the conditions described for scenario 6 (low water levels, cycling water into 
Hatchery channel every 15 days).  In scenario 6, the water level elevations 
remained above the WLCO elevations for all wells. 
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Figure 4-6: Plot of water level elevation in pumping wells under scenario 6 conditions. 
 
When the channel is full, the overall water surface elevation increases and it 
declines sharply when the channel is empty.  The amount of water in the channel 
has a larger impact on the aquifer water level than the pumping effects from the 
wells.  These periodic recharge events allow pumping from the wells during the 
entire simulation period. 
 

4.3.7 Scenario 7 results 
Figure 4-7 shows a plot of the water level elevation in the pumping wells under 
the conditions described for scenario 7 (high water levels, water in Hatchery 
channel for only 15 days).  In scenario 7, the water level in well 3a reached the 
WLCO elevation after 51 days and in well 4a after 58 days. 
 

 
Figure 4-7: Plot of water level elevation in pumping wells under scenario 7 conditions. 
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Water diverted to the Hatchery channel for the first 15 days of this scenario 
supports a raised water level in the aquifer.  When water is no longer diverted to 
the channel, the water level drops steeply and the final water levels (at 60 days) 
are similar to those in scenario 1 that diverts no water to the channel.  
 

4.3.8 Scenario 8 results 
Figure 4-8 shows a plot of the water level elevation in the pumping wells under 
the conditions described for scenario 8 (low water levels, water in Hatchery 
channel for only 15 days).  In scenario 8, the water level in well 3a reached the 
WLCO elevation after 42 days and in well 4a after 55 days.  The low seasonal 
water conditions reduced the time available to pump wells 3a and 4a, as compared 
to scenario 7 with high water level conditions.  As in the other scenarios in which 
water is not diverted to the Hatchery channel, the aquifer cannot support extended 
pumping of the production wells without the addition of recharge from the 
Hatchery channel. 
 

 
Figure 4-8: Plot of water level elevation in pumping wells under scenario 8 conditions. 
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Table 4-4: Summary of Scenario Results 
Scenario High or 

Low Water 
Conditions 

Full or 
Dry 
Hatchery 
Channel 

Number of days wells can pump 
during 60-day model simulation1  
Well 3a Well 4a Wells 1, 2, 6, 7 

1 High Dry 36 C C 
2 Low Dry 30 37 C 
3 High Full C C C 
4 Low Full C C C 
5 High Cycle: Full 

– 15 days, 
Dry – 15 
days 

C C C 

6 Low Cycle: Full 
– 15 days, 
Dry – 15 
days 

C C C 

7 High Cycle: Full 
- 15 days, 
Dry -  45 
days 

51 58 C 

8  Low  Cycle: Full 
- 15 days, 
Dry - 45 
days 

42 55 C 

1 – At the day listed, the modeled water level elevation drops to 5 feet above the pump intake 
elevation (see table 4-3) and the pump is turned off for the remainder of the simulation period. 
C = continuous pumping (wells 2 and 7 cycle on/off every 15 days during simulation period) 
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5 Conclusions and Recommendations 
The Hatchery depends on groundwater from 7 production wells that supplement 
the surface water supply from Icicle Creek.  Groundwater is also used to adjust 
the temperature of surface flows to meet fish production targets.   
 
Unconsolidated sediments of glaciofluvial and river origin underlie the Hatchery 
site and consist of interbedded gravel, sand, silt and clay.  The unconsolidated 
sediments are stratified (layered) and comprise two aquifers; a shallow 
unconfined aquifer that extends over most of the valley and a deeper confined 
aquifer of more limited extent.  All but one of the Hatchery’s production wells 
pump from the shallow unconfined aquifer.  Well 5 is completed in the deeper 
aquifer and well 6 is screened in both aquifers. 
 
From 1940 to 2005, Hatchery operations directed most creek flows into the 
Hatchery channel, a man-made channel built in the late 1930’s so that a portion of 
Icicle Creek could be used to accommodate Hatchery fish production.  It has long 
been understood that water flow in the Hatchery channel provides recharge to the 
shallow aquifer.  Since 2006, operations were changed to improve fish passage in 
Icicle Creek.  The gates at the diversion control structure are kept open most of 
the year and the Hatchery channel is usually kept dry.  Under current operations, 
the gates are partially closed at the control structure for two weeks at a time, 
allowing water into the Hatchery channel.  Although these recharge periods help 
well production temporarily, a two week period has not been sufficient to 
significantly improve well capacity. 
 
Groundwater monitoring during October 2009 helped quantify the aquifer 
response to induced recharge by diverting water into the Hatchery channel.  The 
purpose of the monitoring was to determine the temporal and spatial response 
within the shallow aquifer to the addition of water in the Hatchery channel.  The 
test results were used to update and adjust calibration parameters within an 
existing MODFLOW groundwater flow model that was developed by 
GeoEngineers (1995).  Other updates to the model were also completed to better 
represent current Hatchery conditions. 
 
Following calibration, predictive simulations were run with the updated model to 
represent pumping conditions and the effect of induced aquifer recharge by 
diverting water into the Hatchery channel for various time durations.  The purpose 
of these simulations was to determine the aquifer response to various 
combinations and duration of recharge to help manage groundwater use at the 
Hatchery.  Each simulation was run for 60-days. 
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A total of eight predictive scenarios were run with the updated (Version 2) model.  
The pumping schedule for the production wells remained the same for all of the 
scenarios while the seasonal water level conditions and the presence or absence of 
water in the Hatchery channel was varied.     
 
Results from the scenario runs show that the presence of water in the Hatchery 
channel is of primary importance to extended pumping from the Hatchery 
production wells.  Recharge from the channel raises aquifer water levels and 
maintains higher levels, even during well pumping.  Without recharge from the 
channel, water levels quickly fall and some wells are forced to stop pumping as 
the water levels drop to the pump intake elevations.  A cycled diversion of 15 
days of water in the channel followed by 15 days without water, allows pumping 
from all of the production wells for the 60 day simulation.  If water is diverted to 
the channel for only 15 days, and the channel is dry the remaining 45 days, the 
wells with relatively shallow pump settings are forced to shut off after 42 to 58 
days of pumping, depending on the seasonal water level conditions.   
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Appendix A 
 

 

Appendix A:  Version 2 Model and 
Scenario Development 
 
The Version 2 groundwater model of the Hatchery used the GeoEngineers model 
(Version 1 model) as a starting point to develop an upgraded model of the system.  
The cell size, number of cells, and location of the boundary conditions remained 
the same. Recharge and stream conditions were changed to represent the current 
conditions at the Hatchery.  The model was recalibrated to develop refined 
hydraulic conductivity and storativity distributions, which was recommended by 
GeoEngineers (1995). 

A.1  Model Parameters 

LiDAR elevation data (Watershed Sciences, 2007) with an accuracy of +/- 0.04 
meters (1.6 inches) was incorporated into Version 2 because it provides a more 
accurate representation of the top elevation of the model.  Figure A-1 shows the 
new elevations that are used in the model. 
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Figure A-1: Map of ground surface elevations used in model extracted from LiDAR. 
 
 
Version 2 was calibrated using a time-dependent model that simulated the 
seepage monitoring performed in October 2009.  Since the monitoring was 
performed during the non-irrigation season, the off-site irrigation ditch (Icicle 
Canal) was removed from the model and no recharge from the application of 
irrigation water or precipitation was simulated.  The GeoEngineers model 
simulated the on-site ditch (Wenatchee Channel) but that feature was removed 
from the version 2 model since water was not flowing in the ditch during the 
calibration time period.  The effect of calibrating the model to a period without 
recharge from precipitation or irrigation represents a “worst-case” groundwater 
condition; when there is additional recharge from precipitation or irrigation, the 
results from pumping would be less severe and there would be less water level 
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drawdown.   The general head boundary locations were left the same as those in 
the GeoEngineers model.  Figure A-2 shows the location of the surface features 
that were used in the calibration process.   
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Figure A-2: Map of general head and river MODFLOW boundary conditions. 

A.2  Model Calibration 

The model was calibrated to match observations that were recorded during the 
2009 seepage monitoring using PEST (Doherty, 2008), an automated parameter 
estimation software.  GeoEngineers (1995) suggested, in the recommendations 
section of their report, that an automated calibration procedure be attempted to 
better refine the hydraulic conductivity distribution in the model.   
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Pilot points and Tikhonov regularization (Tikhonov 1963a, 1963b) were applied 
to the PEST calibration scheme.  Pilot points are a way to characterize the spatial 
distribution of parameters (such as hydraulic conductivity) within the grid that 
eliminates the need for lumping the parameter into piecewise homogeneous 
zones.  Parameters are estimated at the pilot points and are then interpolated to the 
remaining cells (in this case, the pilot points are interpolated using kriging).  
Since the pilot points are at discreet locations, PEST has the ability to make large 
changes at each point to best match an observation, which can lead to large 
variations in a parameter over short distances.  Tikhonov regularization constrains 
the PEST calibration process so that PEST does not calculate unrealistic 
parameters simply to meet the observations.  It has been argued that using pilot 
points with Tikhonov regularization calculates the most unique parameter 
distribution possible and reduces uncertainty in the model results (Fienen and 
others, 2009). 
 
The locations of the pilot points were selected based on the criteria that at least 
one pilot point should be between any two observations.  The remaining pilot 
points were placed to minimize the number, but to evenly cover the remaining 
area.  Pilot points were used for both horizontal hydraulic conductivity and 
storativity.  In addition to pilot points, hydraulic conductivity targets were used to 
assist the PEST calibration.  The targets were measured values in wells 1, 2, 3A, 
4A, and 6. 
 
Figure A-3 shows the hydraulic conductivity distribution calculated during the 
calibration process. 
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Figure A-3: Hydraulic conductivity distribution calculated during calibration process. 
 
 
Figure A-4 shows the storativity distribution calculated during the calibration 
process. 
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Figure A-4: Storativity calculated during the calibration process. 
 
 
The model calibrated conductances for four separate river reaches: Icicle Creek 
upstream of Structure No. 2, Icicle Creek between Structure No. 2 and the 
confluence of Icicle Creek and Hatchery Channel, Icicle creek downstream of the 
confluence, and the Hatchery Channel.  The conductance values are shown in 
Table A-1. 
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Table A-1: Table of calibrated conductances for river reaches in model. 
River Reach Conductance (ft2/d) 
Icicle Creek u/s of Structure No. 2 500 
Icicle Creek between Structure No. 2 and Channel 
confluence  

500 

Icicle Creek d/s of confluence 1290 
Hatchery Channel 8203 
 
 
Figure A-5 shows the hydrographs of the observed versus the simulated water 
levels. 
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Figure A-5: Plots of observed versus simulated water levels. 
 
The model was calibrated to within 10% of the total change in observed water 
levels within the model domain.  A model is considered well calibrated if it is 
within 10%.  Figure A-6 shows a plot of the simulated versus observed values 
with an R-squared value of 0.78.   
 

 
Figure A-6: Observed versus simulated values. 
 

A.2.1  Calibration Uniqueness   
Models are simplified representations of complex natural systems that can never 
match reality perfectly.  In any modeling endeavor, it is important to examine the 
uncertainty related to the model and its calibration so as to understand the 
applicability and limitations of the model. 
 
In the case of the Version 2 LNFH groundwater model, utilizing pilot points and 
Tichonov regularization provides a unique solution with reduced uncertainty. 
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A.3  Scenarios 

Six scenarios were run to show the consequences of proposed operations at 
LNFH.  The scenarios are described in the main text of this report.  All of the 
scenarios used the same pumping schedule (Section 4, Table 4-1).  The seasonal 
water conditions (high or low) and Hatchery channel operations were varied.  
Each scenario was run for 75 days: 15 days to allow the water levels to adjust to 
the water condition type and 60 days applying the well pumping schedule. 
 
Scenario 1 – High water conditions with dry channel 
This scenario represented high water conditions (such as during spring and early 
summer) with no water flowing in the Hatchery channel through the entire 75 day 
simulation.  To simulate high water conditions, the calibrated model simulated a 
general head boundary elevation at 1147 feet.  In addition, Icicle Creek was 
simulated with high flow of 2100 cfs.  The HEC-RAS model was used to develop 
water surface elevations at the 2100 cfs flow rate, which were then fed into the 
MODFLOW model.  The wells begin pumping at day 15 of the simulation to 
allow the system to equilibrate with respect to the high water conditions before 
applying the pumping stress.  Scenario results are shown in Section 4-3. 
 
Scenario 2 – Low water conditions with dry channel 
This scenario represented low water conditions (such as late summer through 
winter) with no water flowing in the Hatchery channel through the entire 75 day 
simulation.  The general head boundary elevation was set at 1140 feet to simulate 
low water conditions.  Icicle Creek had a minimum flow of 50cfs. 
 
Scenario 3 – High water conditions with full channel 
This scenario is similar to Scenario 1, except that the Hatchery channel is 
simulated to have three feet of water in it, simulating full conditions. 
 
Scenario 4 – Low water conditions with full channel 
This scenario is similar to Scenario 2, except that the Hatchery channel is 
simulated to have three feet of water in it. 
 
Scenario 5 – High water conditions with 15 day cycle of water in Hatchery 
channel 
The scenario is similar to Scenarios 1 and 3 except the water in the Hatchery 
channel is cycled full for 15 days, then empty 15 days.  The cycle repeats twice in 
the 75 day simulation period. 
 
Scenario 6 – High water conditions with 15 day cycle of water in Hatchery 
channel 
The scenario is similar to Scenarios 2 and 4 except the water in the Hatchery 
channel is cycled full for 15 days, then empty 15 days.  The cycle repeats twice in 
the 75 day simulation period. 
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Scenario 7 – High water conditions with 15 day full channel 
The scenario is similar to Scenarios 1 and 3 except the water in the Hatchery 
channel is cycled full for 15 days, then empty 45 days. 
 
Scenario 8 – High water conditions with 15 day full channel 
The scenario is similar to Scenarios 2 and 4 except the water in the Hatchery 
channel is cycled full for 15 days, then empty 45 days. 
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Appendix B:  Well logs and construction schematics for wells at 
Leavenworth National Fish Hatchery  

Table B-1:  Summary of Well Information for Hatchery Wells 

Well 
Number 

 Well Construction Details 

Source 
Aquifer 

Status of well 

Static Water Level 

Date 
Drilled 

Drilled 
Depth 

(ft) 

Completion 
Depth (ft) 

Diameter 
(inches) 

Perforated 
Casing or 
Screened 
Depth (ft) 

Pump 
Inlet 

Depth 
(ft) 

Date 
Depth 

(ft) 

1 (04/58)? 80 80 12 40-80 70 Shallow Active 28.5 5/5/09 
2 1940 94 94 12.5 20-90 77 Shallow Replaced by 2A -- -- 

2A 07/91 206 203 20 70-90 -- Shallow Active 24.0 5/5/09 
3 -- 103 103 12 20-925 75 Shallow Replaced by 3A 25.8 5/5/09 

3A 06/91 120 98 16 63-98 556 Shallow Active 30.8 9/30/09 

4 10/76 324 237 16 
60-69 

95-2257 
92 Shallow Active 38.75 8/25/09 

4A 10/08 333 105 16 64-94 60 Shallow Active 29.04 7/8/09 
5 07/79 290 279 14 249-279 120 Deep Active 17.0 5/5/09 

5A 02/78 300 300 14 250-300  Deep 
Collapsed during 

pumping test 
-- -- 

5B 10/76 286 280 16   Deep 

Pumped 
excessive sand 

during pumping 
test 

-- -- 

                                                 
5 Screen is filled with sand to a depth of 92 ft. 
6 Pump inlet depth is estimated 
7 Screen is filled with sand to a depth of 101 ft. 
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6 12/76 195 170 14 
102-112 
150-170 

103 
Shallow 

and Deep
Active 35.44 7/8/09 

7 11/76 192 110 14 
72-82 
92-110 

75 Shallow Active 24.5 5/5/09 

8 10/76 278 2788 1.5 -- --  Obser. Well -- -- 

9 11/76 213 205 16 
80-105 
115-136 
180-200 

-- Shallow 

Collapsed during 
pumping test, 
used as obser. 

well 

17.7 9/30/09 

10 2/95 110 104 12 75-100 -- Shallow Not Pumped 38.15 9/30/09 
11 2/95 278 278 16 -- -- Shallow Decommissioned -- -- 

TW-1 9/94 276 -- -- -- -- -- Abandoned -- -- 

TW-2 11/94 150 -- -- -- -- Shallow 
Used as obser. 

well 
34.75 9/30/09 

TW-3 1/95 145 -- -- -- -- Shallow 
Cased well near 

well 10 
-- -- 

                                                 
8 Collapsed or filled with sand to a depth of 56 ft. 
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Appendix C:  Seepage Monitoring Data 
 

 
Figure C-1:  Hydrograph of water level response in OW-1 and upstream transducer in hatchery 
channel  
 
 

 
Figure C-2:  Hydrograph of water level response in OW-2 and upstream transducer in Hatchery 
channel  
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Figure C-3:  Hydrograph of water level response in OW-3 and downstream transducer in hatchery 
channel  
 
 

 
Figure C-4:  Hydrograph of water level response in OW-4 and upstream transducer in Hatchery 
channel  
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Figure C-5:  Hydrograph of water level response in monitoring wells and downstream transducer in 
Hatchery channel  
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Table C-1: Gate and flow measurements at Structure No. 2 during Oct. 2009 seepage monitoring 
(personal communication, F. Wurster)  

Date/Time 
Structure No. 2 
Gate Opening (ft) 

Flow in Icicle Crk. 
Historic Channel 
(cfs) 

Water Elev. u/s of 
Structure No. 2 

9/29/09 17:00 5 47 1128.6
9/30/09 8:45 5 52 1128.6
9/30/09 9:45 5 52 1128.6

9/30/09 10:37 0.3 46 1129.3
9/30/09 15:03 0.3 53 1129.8
10/1/09 7:20 0.3 54 1129.9

10/1/09 10:37 0.3 54 1129.9
10/1/09 12:40 0.3 55 1129.9
10/1/09 14:40 0.3 55 1129.9
10/2/09 8:40 0.3 54 1129.9

10/2/09 11:50 0.3 64 1130.7
10/2/09 15:10 0.3 69 1131.1
10/3/09 9:10 0.3 87 1133.0

10/3/09 16:00 0.4 108 1132.4
10/4/09 9:30 0.4 99 1131.6

10/4/09 15:20 0.3 78 1132.0
10/5/09 7:50 0.3 79 1132.1

10/5/09 11:50 0.23 64 1132.6
10/5/09 14:00 0.23 64 1132.6
10/6/09 9:30 0.26 90 1132.5

10/6/09 13:00 0.26 90 1132.5
10/7/09 10:20 0.26 60 1130.0
10/7/09 10:45 0.26 59 1129.9
10/7/09 12:10 0.26 58 1129.8
10/7/09 13:20 0.26 56 1129.7
10/7/09 16:20 0.06 14 1131.0
10/8/09 8:10 0.06 18 1133.1

10/8/09 12:30 0.06 18 1133.1
10/8/09 13:00 0.06 18 1133.1
10/8/09 15:45 0.16 47 1133.0
10/9/09 12:10 0.16 40 1131.7
10/9/09 13:20 0.16 40 1131.7
10/9/09 14:30 0.16 40 1131.7

10/10/09 15:20 0.16 35 1130.8
10/11/09 16:25 0.16 38 1131.3
10/12/09 16:00 0.16 39 1131.4
10/13/09 11:00 0.16 39 1131.5
10/13/09 13:35 0.31 70 1131.0
10/13/09 14:00 0.31 68 1130.8
10/13/09 14:40 0.46 95 1130.5
10/14/09 11:20 0.46 50 1128.6
10/14/09 12:20 0.46 51 1128.7
10/14/09 14:30 0.46 49 1128.6

10/15/09 9:40 3 98 1129.0
10/16/09 8:00 3 75 1128.8
10/17/09 7:20 3 92 1128.9
10/18/09 7:25 3 75 1128.8
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10/19/09 9:00 3 197 1129.6
10/20/09 9:08 3 139 1129.2
10/22/09 8:50 3 116 1129.1

10/22/09 15:30 3 124 1129.1
Note: Values in red are estimated 
 
 


