











Figure 2 Location of monitoring stations in or near Beaver Lake subbasin.

Generation of 2006 Land Use, Land Cover

Land use/ land cover data were developed from ortho-rectified aerial photography
obtained from City of Sammamish. Photography was taken in May 2006, creating digital
images at a resolution of 0.25-ft pixels. Given this available high resolution imagery, land
use was delineated at a scale of 1” = 200" (or 1:2400) by manually planimetering the
areas covered by various types of land use. This level of mapping provides the ability to
define accurately the land cover within the subbasin. Previous efforts of land use
mapping were set at the parcel scale. Regardless of parcel size, one classification of land
use was assigned to each parcel. This method loses accuracy of land cover interpretation
as the size of the parcel increases, land cover typically become more variable, reflecting
varied usage.
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For example, in the Figure 3 below (May 2006 imagery), the highlighted parcels in blue
were classified as urban residential with land cover of either impervious surfaces or grass
for the 2000 update. There was no assumed forest land cover. The 2006 land cover
classification would interpret this as a mixture of impervious surfaces, forest, and grass.

Figure 3 Example of delineation at a scale of 1:2400

To elucidate even further the level of interpretation difference between the two analyses,
Figure 4 depicts the land cover interpretation for the same area and scale as in the
previous figure with the 2006 classification applied. Note that classification of the photo
does not necessarily follow parcel boundaries.
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Figure 4 Example of Land Use interpretation for 2006 for same area as shown in previous figure.

Given that the land use delineation in 2006 was done at a scale finer than the parcel level,
the categories used for defining land use are not necessarily based on dwelling units per
acre. Rather, they are more a function of landscaping practices and development
densities. This does not preclude the comparative analyses of land use progression in the
subbasin, but it does complicate the process.

There were eleven categories used to classify 2006 land use. The below list provides
further details describing what each category represents in physical terms.

1.

2.

High Density- Dense levels of development, generally greater than 4 dwelling
units per acre, where land use composites include impervious surfaces and grass.
Commercial/Parking- Only one segment of land use is classified as commercial
in this subbasin: the parking lot for the Beaver Lake Park.

Medium Density- Densities of development greater than rural designations but
less than the high density, with similar composites of land cover.

Low Density Grass- Densities of development similar to rural areas, in which
predominant practices of landscaping include herbaceous vegetation and minimal
amounts of forest.



5. Low Density Forest- Rural residential areas with similar quantities of forest and

grass, with a small amount of impervious surface.

Scrub/shrub- Mixture of woody and herbaceous vegetation.

7. Grass- Large open areas, mostly manifested by the golf course and part of the
Beaver Lake park landscape in the Beaver Lake watershed.

8. Wetland- Based on the National Wetland Inventory, but augmented with areas of
wetland vegetation observed in aerial photos. This may not include additional
wetland areas with woody over-story vegetation.

9. Forest- Larger areas covered in various types of trees.

10. Open Water- Bodies of water in GIS inventory, but probably missing constructed
open water, such as stormwater retention ponds.

11. Roads- roads coverage was created by buffering center-line coverage based on
road classification. Two lane rural roads were assumed to be 20-feet in width.

S

As previously mentioned, the categories used for the 2006 update do not directly relate to
the categories used in the 2000 update. The following table clarifies how categories used
in these two reports relate to each other. These defined relationships are not absolute;
there are crossovers between the respective categories, but in general these relationships
are valid.

Table 1 Translation of 2000 Land Use and 2006 Land Use Categories

2006 Categories 2000 Equivalent

High Density Urban 4-12
Commercial Urban 4-12
Grass Golf Course
Water Water
Forest Forest
Wetland Wetland
Scrub Grass, Forest, & Wetlands
Medium Urban 1-3
Low Den Grass Urban 1-3/2.5
Low Den Forest Urban1/2.5

Using the defined 2006 categories, a list of assumptions is necessary to convert the land
use categories into their respective land cover units needed for evaluating their
hydrologic responses. As previously mentioned and highlighted in orange below are two
key assumptions that differ from the 2000 Land Cover assumptions. The amount of
forest land cover within a rural residential classification is assumed to be zero in the 2000
land use classification whereas there are significant amounts for the land density forest
categories and a small amount in the low density grass category.

Table 2 Land Cover Assumptions (2006) for Various types of Development in Beaver Lake Subbasin.

Land Use Co_nversion Effect?ve Grass Forest
Assumptions Impervious
Low Density Forest 4% 51% 45%
Low Density Grass 7% 90% 3%
Medium Density 10% 90%
High Density 25% 75%
Commercial/Parking 85% 15%

Roads 90% 10%



Using the assumptions outlined in Table 2, estimated land cover based on the 2006 land
use update are summarized below in Table 3. Again, given the difference in a few
assumptions used for the 2000 update versus the 2006 update, forest cover is shown to
increase in acres over land use analyzed in 2000. This is not impossible: other rural areas
have shown increases in forest cover resulting from re-planting of trees. However, this is
unlikely to have occurred in this study area. The primary reason for the apparent reverse
trend of tree cover is directly related to the key assumption in the 2000 update which
assumed complete deforestation of any residentially developed parcels. As previously
shown, this is clearly not the case.

Table 3 Beaver Lake Subbasin Summarized Land Cover Change

2006 Change from
Update 2000

Till Forest 219 278 59
Till Grass 235 181 -54
Outwash Forest 236 268 32
Outwash Grass 254 220 -34
Wetlands 92 67 -25
EIA 81 89 8
Open Water 67 81 14
Total 1184 1183 -1

The amount of land use change in the basin between the 2000 update and this update
(2006) are the high density residential developments that occurred in the lower catchment
(BL4) directly draining to Beaver Lake (Lake 2) and the apparent loss of wetlands. As
shown in Figure 5 in yellow highlights, there are 55 acres of high density residential
development emerging from what was previously forested landscape identified in the
2000 update. Thus, if using the same assumptions as in the 2000 update, the core change
in land cover would be the loss of 55 acres of forest, and the addition of 14 acres of
impervious surface and 41 acres of grass. The loss of wetlands is another artifact of
differences in available data. For this current update, wetland vegetation was derived
from the National Wetland Inventory updated in 2004 and augmented with visual
interpretation of other obvious wetland vegetation in the 2006 photography, however it is
apparent that further local wetland delineation work was used in the 2000 update to more
accurately define the extents of the existing wetlands. With the large amounts of natural
active surface storage in the wetland, this disparity in wetland acreages likely will have
minimal affect to the hydrology of the system, and even less so when evaluating the lake,
since the misrepresentation of wetland vegetation in the 2006 update is classified as
forest.
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Figure 5 Key differences in development between 2000 and 2006 highlighted in yellow

Model Calibration

Updating the HSPF model for the 2006 study mostly included updating the pervious and
impervious acreages. Modifying the model parameters were kept to a minimum to
preserve as much as possible the consistency between the 2000 calibration and the
current 2006 calibration. Conceptually, if a model is well calibrated and robust, updating
the model for 2006 conditions should be restricted to updating HRU (hydrologic response
units) acreages only and not adjusting any of the parameters. However using 2000 Update
parameters and hydraulics, accuracy of the model comparing to water year 2005-2006
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observations was less than ideal. After subsequent refinements in calibrating the model,

the marginal gain in accuracy was not significant enough to warrant deviating from the
previous HSPF model parameters defined for the 2000 Update. Consequently, land
segment model parameters for both the 2000 update and the 2006 update are the same,
and explanation of calibrated parameters can be referenced in the 2000 Update.
Refinements to the 2006 model were constrained to adjusting stage-discharge estimates
for the two wetlands and two lakes. Each of the four hydraulic routing reaches are
defined with two outflow paths. Primary outflows are via surface flow paths, while the
second outflow is an estimated sub-surface flow path not measured at the stream gauges.
Given how the secondary flow path characteristics are generally unknown, this was the
one most modified. The objective of the modifications was to perfect mass balance using
various lake and wetland storages and their infiltration estimates compared to observed
values. The next two sets of figures illustrate 2000 Update hydraulics and final 2006

Update hydraulics.
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Figure 6 Beaver Lake 1 & 2 Hydraulics
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North Wetland - Primary Outflow North Wetland - Secondary Outflow
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Figure 7 North Wetland & Saddle Swamp Hydraulics

Summarized in the table below are accuracy assessments of the model at the various
monitoring stations. Again for comparative analyses, the same statistics were used as was
done in the 2000 update, except for the daily error. Since the model was run at hourly
time steps and similarly observed data were recorded at 15-minute increments. An
hourly error analysis was used instead of daily. However, lake stage data are still based
on daily values. Additionally, to make the lake stage analysis more relevant, the daily
error in lake stage simulations were normalized to the range of observed values and not
the daily stage (see equation “mean daily error” below).

i=1

i Sisim _ Siobs
obsy  a% obs
mean daily error = = MEX(S™) ~min(S™)

n

Table 4 Summary of Error Analysis for 2006 Update
Assessment for 2006 HSPF Model Calibration

Station Total Volume RMSE Mean Hourly
Error Error

BLTRI1 (cfs) 4% 0.39 26%
BLTRI2 (cfs) -7% 1.11 46%
BL4- outlet (cfs) -6% 1.33 -13%
Lake Stage (feet) 0.17 -1%*

* data are daily and see equation above for description
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Calibration Results

Improving the 2006 calibration above the 2000 study presented several challenges. After
a few iterations of parameter adjustments, improvements in accuracy were minor. Given
that one of the primary goals of this study was the comparative analysis between 1993,
2000, 2006, and probable future conditions, the parameter manipulations were restored to
2000 conditions, and further refinements to the 2000 model were focused on channel
hydraulics for the two lakes and wetlands. As a result, hourly residuals were less than the
daily residuals estimated in previous modeling, and total volumes were marginally larger.
However, stream flow measurements are commonly accepted with +/- 5% error for well
defined locations. Root mean square error for lake stage was improved by 30+% over the
2000 model (0.17 vs 0.25).

Typical Year Analysis

The “typical year” analysis was kept consistent with the previous 2000 study. The same
precipitation station was used—Mystic Lake (MLU), and May 1995 precipitation was
scaled up 50% to mimic the historical monthly volume based on long-term NOAA
records.

Weekly Water Budget

The weekly inflows and outflows of Beaver Lake are based on simulated data during the
“typical year”, and are located at the end of this memorandum (see
Table).

More Calibration Results

The following next four sets of calibration plots (Figure 8 through Figure 11) evaluate
model accuracy at each of the monitoring stations within the subbasin. In each figure are
five charts, each one is meant to provide a different perspective of accuracy in the model.
This memorandum by no means is exhaustive in its error analysis illustrating these few
key concepts, however they are adequate to evaluate reasonableness and to proceed
further with the nutrient loadings model update. The five elements include time-series
plots of precipitation, flow rates, residual flow rates, simulated flow rates plotted against
observed, and a cumulative distribution function (CDF). The CDF is instructional to see
how the distributions of observed data compare to simulated. CDF’s for the flow rates are
based on the Log of the hourly flow rates, while the stage simulations are not
transformed.
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Calibration Plots - Beaver Lake 1
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Calibration Plots - Beaver Lake 2
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Calibration Plots - Beaver Lake 4
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Addendum A

To further the compatibility of the analysis between evaluating conditions from 2000 and
2006, the 2000 land use/cover was re-analyzed using the same methodology that was
done for the 2006 data. Comparisons of the Revised 2000 land use and the 2006 land use
are shown below. Additionally, field wetland delineation collected in 2000 was
integrated into the revised 2000 land use GIS coverage.

Beaver Lake Watershed Land Use Beaver Lake Watershed Land Use
(2000 Revisited) (May 2006)

Legend
LU_2005
Id

High Dersity

ommercial

v %0 1,900 3,800 5,700 7,600 Mote: Land Covers were digitized from a map scale of 1.2400 W @ £
™ | Feet 2006 Orthographic Photography Obtained from City of Sammarnish.

Figure 12 Revised 2000 Land Use/Chover

Using all the same assumptions defined previously, 2000 land use/cover is summarized in
the table below. This table supersedes Table 3 for this Addendum.

Table 6 Revised 2000 Land Cover using 2006 methodology

2000 2006 Change from
HRU Update Update 2000
(acres)

EIA 63 89 26
Forest 288 278 -10
Till Grass 172 181 9
Outwash Forest 345 268 =77
Outwash Grass 153 220 67
Wetland 83 67 -16
Open Water 80 81 1

Total 1183 1183 0
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Table 5 Simulated Weekl

10/06/1994
10/13/1994
10/20/1994
10/27/1994
11/03/1994
11/10/1994
11/17/1994
11/24/1994
12/01/1994
12/08/1994
12/15/1994
12/22/1994
12/29/1994
01/05/1995
01/12/1995
01/19/1995
01/26/1995
02/02/1995
02/09/1995
02/16/1995
02/23/1995
03/02/1995
03/09/1995
03/16/1995
03/23/1995
03/30/1995
04/06/1995
04/13/1995
04/20/1995
04/27/1995
05/04/1995
05/11/1995
05/18/1995
05/25/1995
06/01/1995
06/08/1995
06/15/1995
06/22/1995
06/29/1995
07/06/1995
07/13/1995
07/20/1995
07/27/1995
08/03/1995
08/10/1995
08/17/1995
08/24/1995
08/31/1995
09/07/1995
09/14/1995
09/21/1995

09/28/1995

Precip

0.24
0.31
0.34
2.45
0.89
1.37
1.64
0.69
2.18
0.34
0.77
4.19
2.70
0.01
1.46
1.30
0.01
3.36
0.10
0.90
3.44
0.17
1.33
1.72
1.44
0.31
0.71
2.21
1.41
0.01
253
1.76
0.36
0.00
0.00
1.40
0.91
0.49
0.00
0.21
0.47
0.00
0.64
0.00
0.77
0.80
0.04
0.01
0.56
0.03
0.00

0.59

Lake Boundary Conditions

Tributary

0.69
0.63
0.69
1.52
2.43
2.58
3.17
3.78
4.64
7.04
4.03
25.13
26.65
11.05
6.77
11.89
6.74
17.70
13.70
5.54
32.45
9.59
5.27
20.03
13.20
10.73
5.92
12.38
20.04
7.56
19.44
9.51
10.95
3.36
1.16
2.48
2.32
2.10
0.97
0.85
0.97
0.90
0.86
0.88
0.92
123
111
0.83
0.81
0.84
0.77

0.74

Surface

0.05
0.07
0.02
1.01
0.29
0.55
0.68
0.25
1.23
0.10
0.28
254
1.86
0.00
0.53
0.57
0.00
4.39
0.01
0.31
6.77
0.03
1.00
1.51
1.01
0.41
0.28
3.96
2.61
0.00
7.97
2.67
0.08
0.00
0.00
0.44
0.25
0.08
0.00
0.00
0.18
0.00
0.25
0.00
0.23
0.24
0.00
0.00
0.16
0.00
0.00

0.18

Inflow (acre*feet)

Interflow

0.00
0.00
0.00
0.00
0.01
0.13
0.50
0.56
0.79
0.71
0.28
3.59
3.00
0.81
0.65
1.27
0.36
1.69
1.06
0.31
2.98
0.61
0.38
2.27
131
0.87
0.34
112
1.48
0.41
0.72
0.60
0.67
0.07
0.01
0.12
0.07
0.06
0.01
0.00
0.01
0.00
0.01
0.01
0.00
0.00
0.00
0.00
0.00
0.00
0.00

0.00

Ground

1.13
1.09
1.06
1.05
1.12
1.22
1.37
1.58
1.78
2.15
2.06
3.17
421
4.19
3.84
4.11
3.84
3.98
4.43
3.94
4.92
4.81
4.28
5.05
5.13
5.06
451
4.49
487
458
4.24
4.16
4.09
3.62
3.20
3.14
3.11
2.91
2.66
2.43
2.30
2.16
2.04
1.96
1.87
1.81
1.75
1.66
1.59
1.53
1.47
1.42

Beaver Lake 1 (BL3)

Subtotal

211
211
211
6.04
4.74
5.85
7.37
6.86
10.63
10.34
7.43
38.62
38.42
16.07
13.24
19.14
10.95
31.12
19.30
10.99
50.57
15.21
12.26
30.57
22.08
17.37
11.77
24.16
30.39
12.56
34.90
18.72
16.15
7.05
4.37
7.58
6.65
5.63
3.64
3.50
3.93
3.06
3.79
2.84
3.80
4.08
2.90
2.50
3.12
2.40
2.24

2.93

Outflow

0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
18.08
28.79
8.17
2.64
8.84
3.58
18.14
11.29
2.30
38.49
7.14
1.87
20.06
12.21
8.97
2.93
10.84
21.96
4.75
22.75
7.24
8.66
0.43
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00

0.00

Outflow (acre*feet)

Evap

0.72
0.68
0.50
0.55
0.31
0.27
0.25
0.21
0.21
0.11
0.16
0.26
0.24
0.18
0.20
0.15
0.22
0.18
0.19
0.19
0.15
0.12
0.12
0.13
0.13
0.20
0.24
0.17
0.22
0.37
0.39
0.60
1.06
1.56
154
1.10
0.80
0.74
1.53
1.08
1.03
113
0.99
1.14
0.73
0.66
0.88
0.84
0.65
0.60
0.61

0.50

Percolation

1.44
1.26
1.48
2.13
3.92
4.59
5.16
6.30
6.48
7.94
7.95
9.02
9.58
9.58
9.58
9.58
9.58
9.58
9.58
9.58
9.58
9.58
9.58
9.58
9.58
9.58
9.58
9.58
9.58
9.58
9.58
9.58
9.58
9.39
8.32
7.56
7.30
6.90
5.22
3.76
331
2.86
2.50
2.45
2.45
2.74
2.84
231
217
2.19
1.96

1.86

Subtotal ‘ Difference ‘ Precip

2.16 -0.05 1.16
1.94 0.17 151
197 0.14 1.65
2.69 3.35 11.97
4.23 0.52 4.36
4.86 0.99 6.67
5.40 1.96 8.01
6.51 0.35 3.38
6.68 3.94 10.54
8.06 2.28 1.47
8.11 -0.68 3.39
27.35 11.27 20.98
38.61 -0.19 13.82
177 -1.86 0.06
12.42 0.82 7.32
18.57 0.57 6.52
13.39 -2.44 0.06
27.90 321 16.92
21.05 -1.76 0.49
12.06 -1.07 4.53
48.22 2.35 17.40
16.84 -1.63 0.85
11.57 0.69 6.66
29.77 0.80 8.69
21.93 0.16 7.31
18.75 -1.38 1.57
12.75 -0.99 3.57
20.59 3.56 11.13
31.76 -1.36 7.18
14.70 -2.14 0.06
32.72 2.18 12.69
17.41 1.30 8.94
19.30 -3.15 1.80
11.38 -4.33 0.00
9.86 -5.50 0.00
8.66 -1.08 8.55
8.10 -1.45 5.70
7.64 -2.01 3.15
6.75 -3.11 0.00
4.83 -1.33 1.06
4.34 -0.41 231
3.99 -0.92 0.00
3.49 0.30 3.11
3.59 -0.75 0.00
3.18 0.62 3.78
3.39 0.69 3.91
3.72 -0.82 0.18
3.15 -0.65 0.04
281 0.31 271
2,79 -0.39 0.13
257 -0.33 0.00
2.36 0.56 2.89

Lake

0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
18.08
28.79
8.17
2.64
8.84
3.58
18.14
11.29
2.30
38.49
7.14
1.87
20.06
12.21
8.97
2.93
10.84
21.96
4.75
22.75
7.24
8.66
0.43
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00

0.00

Tributary

0.54
0.35
0.57
1.28
2.69
3.25
4.15
5.92
8.00
11.62
7.19
40.16
39.65
15.24
11.52
18.62
10.55
33.00
18.10
9.09
56.26
14.40
10.09
32.92
21.42
18.06
10.85
23.42
33.20
11.89
39.00
16.04
17.39
7.35
5.53
5.13
5.26
5.02
3.96
2.97
2.73
231
1.95
191
1.88
2.06
2,01
1.48
1.35
1.37
1.08

0.97

Inflow (acre*feet)

Surface

0.66
091
0.24
12.47
3.55
6.75
8.26
2.90
12.84
1.22
3.34
26.81
18.77
0.00
5.99
6.32
0.01
32.13
0.11
321
43.45
0.30
8.66
13.42
9.20
291
2.60
23.57
15.01
0.01
37.64
15.70
0.96
0.00
0.00
541
3.03
0.93
0.00
0.01
217
0.00
3.09
0.00
2.79
291
0.02
0.00
2.03
0.00
0.00
2.24

Interflow

0.00
0.00
0.00
0.01
0.04
0.47
1.76
194
291
2.66
1.04
13.32
11.19
3.01
241
4.70
1.33
6.31
3.96
113
11.05
2.27
1.39
8.31
4.78
3.17
1.25
4.12
5.49
151
2.70
2.24
2.48
0.25
0.02
0.41
0.24
0.19
0.03
0.00
0.03
0.01
0.02
0.02
0.01
0.01
0.01
0.00
0.01
0.00
0.00

0.00

Beaver Lake 2 (BL4)

Ground

3.37
3.26
3.18
3.26
3.82
4.38
4.98
5.71
6.22
7.32
6.95
10.24
13.18
13.04
11.90
12.59
11.75
11.83
12.69
11.34
13.34
12.95
11.61
13.44
13.70
13.54
12.19
12.08
12.87
12.16
11.24
10.97
10.71
9.58
8.57
8.32
8.25
7.86
7.23
6.66
6.41
6.09
5.81
5.73
5.60
5.53
5.45
5.12
4.91
4.76
4.52

4.34

Subtotal

5.73
6.02
5.63
28.98
14.46
21.52
27.15
19.85
40.51
24.29
21.91
129.59
125.39
39.53
41.78
57.60
27.28
118.34
46.64
31.59
180.00
37.93
40.29
96.83
68.63
48.22
33.39
85.16
95.72
30.40
126.03
61.12
41.99
17.61
14.12
27.82
22.48
17.15
11.22
10.71
13.65
8.41
13.98
7.66
14.06
14.41
7.67
6.64
11.01
6.26
5159
10.44

Outflow

0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
21.16
92.86
56.68
26.44
33.97
26.01
46.90
65.79
25.77
117.66
54.64
23.58
59.14
54.92
46.16
25.34
32.99
77.95
40.97
65.37
53.17
46.21
17.10
5.59
2.77
2.24
1.27
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00

0.00

Evap

3.50
3.30
2.44
2.70
1.50
1.30
1.20
1.03
1.00
0.50
0.70
1.29
1.24
0.91
0.98
0.76
1.12
0.90
0.96
0.94
0.78
0.59
0.58
0.68
0.68
0.99
1.21
0.85
1.14
1.84
1.95
3.04
5.38
7.94
8.64
6.65
4.99
481
9.14
5.48
5.03
5.52
485
5.56
3.56
3.20
431
4.09
3.16
2.94
2.98

2.45

Outflow (acre*feet)

Percolation

6.83

6.79

6.77

6.79

6.90

7.99

9.46
10.11
11.10
13.11
13.60
16.37
17.39
16.94
16.94
16.94
16.94
17.08
16.95
16.94
18.64
16.94
16.94
16.94
16.94
16.94
16.94
16.94
16.94
16.94
17.57
16.94
16.94
16.94
16.94
16.94
16.94
16.94
15.88
14.16
13.55
12.95
12.28
11.89
11.48
11.34
11.12
10.50
10.05

9.77

9.58

9.44

Subtotal

10.34
10.09
9.21
9.50
8.41
@28
10.66
11.15
12.10
13.61
14.30
38.83
111.49
74.53
44.36
51.67
44.07
64.89
83.69
43.64
137.08
72.17
41.10
76.76
72.54
64.09
43.48
50.78
96.03
59.75
84.89
73.15
68.52
41.98
31.17
26.36
24.17
23.02
25.03
19.64
18.57
18.46
17.13
17.45
15.04
14.54
15.44
14.59
13.21
12.71
12.56
11.89

Difference

-4.61
-4.07
-3.57
19.48
6.05
12.23
16.49
8.70
28.41
10.68
7.60
90.76
13.90
-35.00
-2.58
5.93
-16.78
53.45
-37.05
-12.05
42.92
-34.24
-0.81
20.07
-3.91
-15.87
-10.09
34.38
-0.32
-29.35
41.14
-12.02
-26.53
-24.37
-17.05
1.46
-1.69
-5.87
-13.81
-8.93
-4.92
-10.06
-3.15
-9.78
-0.97
-0.12
-1.77
-7.95
-2.20
-6.45
-6.97

-1.45
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Table 5 Revised Beaver Lake 2000 Land Use
Revised Beaver Lake 2000 Land Use \

Land Use/Cover $

BL1 | BL2 BL3 BL4 | Sub Total

High Density 0.0 0.0 0.0 0.0 0
Commercial / Parking 3.7 9.1 40 3038 48
Grass 10.8 635 120 11.1 97
Natural Open Water 0.0 0.0 121 615 74
Forest 154.7 199.1 67.8 166.4 588
Wetland 16.7 374 0.0 7.8 62
Scrub 0.0 51 0.0 3.4 8
Medium Density 152 115 53 477 80
Low Den Grass 0.0 534 0.0 459 99
Low Den Forest 0.8 47 148 101.6 122
R/D Pond 0.8 40 1.2 0.0 6
Sub-Total 203 388 117 476 1184
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1 Background

Tetra Tech reviewed and ran phosphors models for Beaver Lake 1 (BL1) and Beaver Lake 2 (BL2) in
support of efforts by King County and the City of Sammamish to investigate water quality response to
changed land cover in the Beaver Lake watershed. In 2000, Tetra Tech calibrated a two-layer mass
balance model for total phosphorus (TP) for the land cover and climatic conditions in the Beaver Lake
watershed during the 2000 water year (October 1, 1999 — September 30, 2000). Since this period, land
cover conditions have changed as a result of development. The objective of the follow-up effort is two-
fold:

1) To quantify the land cover changes in terms of TP loss and transport to the lakes, and

2) To use the previously calibrated TP models to determine if predictions of lake water quality (i.e.,
phosphorus concentrations) are consistent with observed lake conditions.

These objectives support the greater goal of using the land cover based TP loss coefficients (e.g., in units
of kilograms per hectare per year) and the calibrated lake models to predict how the lakes respond to
increases in external phosphorus loads due to projected increases in watershed development. In this
manner, the coefficients and models will facilitate an understanding of the Beaver Lake watershed
required to protect water quality.

1.1 EXISTING BEAVER LAKE MODEL

The total phosphorus mass balance models developed for the Beaver Lake Management Plan Update
(King County 2000) for BL1 and BL2 represent dynamic, mechanistic processes of phosphorus
movement into, within, and from the lakes. Parameters in the models were largely quantified using
monitoring data, and variables were calibrated so that model output was representative of observed
conditions.

Two-layered, non-steady state mass balance models for TP were developed, similar to those for Lake
Sammamish (King County, 1995; Perkins et al. 1997) and Lake Onondaga (Auer et al. 1997). The effect
of excessive phosphorus loading from the watershed during the high precipitation winter months on the
lake phosphorus concentrations during summer months would tend to be overestimated in a steady state
model. Also, the effect of internal phosphorus loading from lake sediments would be underestimated if
spread evenly throughout the year as would occur in a steady state model. For these reasons, the non-
steady state modeling approach was implemented. Including two lake layers in the model allows for
better representation of the effects of phosphorus loading during the critical summer months. The
phosphorus generated from lake sediments would overestimate phosphorus concentrations in the
epilimnion with a single layer model; with the two-layer approach this loading is mostly unavailable
(excepting diffusion) until mixing occurs in the fall.

The mass balance models were developed to operate at a one-week timestep to allow resolution of
seasonal changes in TP concentrations within the lakes using the following equation to represent changes
in TP mass:

d('jl'_tP =W, +W,, —-W, =W, Equation (1)
where:
dTP/dt = change in total phosphors mass [kg/week]
Wee = external phosphorus loading (e.g., runoff, groundwater, precipitation) [kg/week]
Wi = internal phosphorus loading from lake bottom sediments [kg/week]
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W; = sedimentation of phosphorus to lake bottom sediments [kg/week]
Woe = phosphorus losses (e.g., outflow channels and percolation) [kg/week]

Using the volume of the epilimnion and hypolimnion, or the entire lake volume during the mixed period,
the weekly phosphorus masses were readily converted to concentrations.

Despite the advantages of the non-steady state, two-layer modeling approach, there are still
simplifications that need to be considered. For example, a fundamental assumption of these models is
that the lakes behave as continuously stirred tank reactors, which are segmented into the epilimnion and
hypolimnion during the stratified period. Total phosphorus concentrations are assumed to be constant in
the horizontal direction within these layers and when the lakes are mixed. A vertical TP concentration
gradient is simulated during the stratified period between the epilimnion and hypolimnion but not within
either of these two layers.

1.2 APPLICATION OF EXISTING MODEL TO WATER YEAR 2006 CONDITIONS

As a component of the Beaver Lake Management Plan Update (King County 2000) the TP mass balance
models for BL1 and BL2 were calibrated to data collected during water year 2000. The following model
input was provided to Tetra Tech by staff at the King County Lake Stewardship Program:

e The distribution of land cover (i.e., acreage by cover class) representing development during
water year 2000 in each of the four subwatersheds within the Beaver Lakes watershed

o Weekly water volumes for the hydrologic balance in the Beaver Lake watershed and between the
lakes for the 2000 water year (e.g., precipitation, tributary flow, interflow, direct overland runoff,
groundwater inflow, outflows, and percolation)

o Water year 2000 water quality monitoring data within BL1 and BL2 (e.g., temperature, dissolved
oxygen, TP concentration, soluble reactive phosphorus (SRP) concentration) and for tributaries to
the lakes (e.g., baseflow TP and SRP concentrations and stormflow TP and SRP concentrations)

Due to development in the Beaver Lake watershed between 2000 and 2006, the land cover distributions
for water years 2000 and 2006 should reflect these changes. It is expected that the watershed hydrology
and the phosphorus loading to the lakes will also respond to this development. Further, the climatic
conditions that drive the water balance vary from year to year. For these reasons, King County Lake
Stewardship Program staff provided both updated and new data for water year 2006, including:

e Updated acreages of land cover classes to reflect development within the Beaver Lake watershed

o New weekly water volumes generated using actual climatic monitoring data input to a calibrated
hydrologic model of the watershed

e Additional water quality monitoring data within BL1 and BL2 and for the tributaries to the lakes

The new and updated land cover, climatic, and water quality data were processed as input to the water
year 2000 TP mass balance models for each lake. The purpose of this effort was to compare the model
output to the observed conditions. A memorandum from D. Pizzi to S. Abella and J. Burkey titled Beaver
Lake Phosphorus Model (December 19, 2006) provides a summary of the initial effort to use the water
year 2000 TP mass balance models to predict TP concentrations in each lake for the 2006 water year.
This memorandum is included as Appendix A.

1.3 ISSUES TO BE ADDRESSED

After the initial model runs for water year 2006 were completed and significant discrepancies were noted
between the predicted and observed conditions, the new and updated input data was carefully reviewed.
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For example, the land cover and water quality monitoring data from the 2006 water year were compiled
and initially compared to the data from the 2000 water year. These comparisons revealed a few issues to
be addressed to remove potential sources of error that could confound meaningful comparisons of the
model output and observed conditions. The issues are summarized in the following subsections.

1.3.1 Land Cover

e The total acreages of the four subwatersheds within the Beaver Lake watershed, as well as
individual land cover class acreages, were inconsistent between the two water years. For
example, the combined acreage of the two subwatersheds contributing to BL1 appeared to
decrease by approximately 20 percent of the 2000 acreage whereas the 2006 acreage of the two
subwatersheds contributing to BL2 appeared to increase by approximately 10 percent of the 2000
acreage.

e The land cover classes, while similar, were not consistent between the two periods

e An apparent decrease in the acreage of developed acreage from water year 2000 to water year
2006

1.3.2 Lake Monitoring Data

e Monitoring data from water year 2000 and water year 2006 clearly show that both BL1 and BL2
stratify through the spring and summer, and fully mix in the fall and winter. However, given
varying climatic conditions (e.g., precipitation, wind direction, wind speed) the dates
corresponding to the onset of stratification and mixing are not the same year to year. For
example, the onset of stratification in BL2 occurs in early March in water year 2000; the date of
onset does not occur until early April in water year 2006.

e The lake and tributary monitoring data collected in both water years is likely underreporting total
phosphorus concentrations due to a change in the analytical technique at the laboratory used to
measure TP.

1.3.3 Tributary Monitoring Data

e The tributaries to the lakes (e.g., Beaver Lake Tributary 1 (BLTR1) to BL1 and Beaver Lake
Tributary 2 (BLTR2) to BL2) provide a majority of the water and phosphorus to the annual
balances. It is important to separate the baseflow and stormflow contributions as the phosphorus
loadings are different. Therefore, typical thresholds for each tributary are needed to separate the
volume of baseflow and stormflow.

e Due to the limited availability of stormflow TP monitoring in the tributaries, typical stormflow
concentrations need to be established so that TP loads can be quantified where no monitoring data
are available.

Before moving forward with the calibration of the lake models and the development of the TP loss
coefficients by land cover class, it was clear that these identified issues needed to be addressed. The
methods used to resolve these issues are documented in Section 2.
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2 Updates to the Beaver Lake Phosphorus
Models

In order to pursue the objectives outlined in Section 1, the issues presented in Section 1.3 first had to be
addressed. The approaches used to update land cover and monitoring data are described in the following
sections.

2.1 LAND COVER

One of the first issues addressed in the update of the Beaver Lake TP mass balance models was the
representation of changes in land cover between water years 2000 and 2006. Development in the Beaver
Lake watershed occurred over this six-year period, primarily to the northwest and south of Beaver Lake 2.
As a result of this development, grass, scrub, and forest covers were replaced with various density
residential development, commercial areas, and roads and parking areas. The initial comparison of the
land cover distribution from 2000 to the 2006 distribution revealed the issues identified in Section 1.3.1.

To address these issues, King County staff revisited the 2000 land cover distribution. As more precise
land cover data and classification techniques were employed for water year 2006, these were applied to
the 2000 data. For example, the subwatersheds delineated from finer resolution topographic data in 2006
were applied to the 2000 data — thus ensuring consistency in subwatershed acreage between years.
Additionally, the revised land cover classes used for the 2006 classification were applied to the 2000 data
(as indicated in Table 2-1).

The details of the updated land cover comparison are included in a memorandum dated February 28, 2007
from D. Pizzi to J. Burkey. In combination, the effects of the consistent subwatershed delineations and
consistent land cover classes show that phosphorus loss from the watershed to Beaver Lake is expected to

increase over 2000 levels. The acreages are provided in Table 2-1.
Table 2-1. Comparison of Beaver Lake Watershed Land Cover (Water Years 2000 and 2006)

Catchment Land Cover® 2000 Acreage 2006 Acreage Acreage Acreage Trend
Change

BL1 H.D. Residential 0 0 -

BL1 Comm./Parking/Road 3.7 3.7

BL1 Grass 10.8 8.8 -2.0 Decreasing
BL1 Water 0.8 0.6 -0.2 Decreasing
BL1 Forest 154.7 163.8 9.1 Increasing
BL1 Wetland 16.7 10.3 -6.4 Decreasing
BL1 Scrub 0 0 -

BL1 M.D. Residential 15.2 15.0 -0.2 Decreasing
BL1 L.D. Grass Resident. 0 0.4 0.4 Increasing
BL1 L.D. Forest Resident. 0.8 0 -0.8 Decreasing
BL1 TOTAL 202.7 202.6 -0.1 Decreasing
BL2 H.D. Residential 0 0 -

n | TETRATECH, INC.

2-1




Update of Beaver Lake Phosphorus Model

June 29, 2007

Catchment Land Cover® 2000 Acreage 2006 Acreage Acreage Acreage Trend
Change

BL2 Comm./Parking/Road 9.1 9.1 -- -

BL2 Grass 63.5 61.3 -2.2 Decreasing
BL2 Water 4.0 2.7 -1.3 Decreasing
BL2 Forest 199.1 204.8 5.7 Increasing
BL2 Wetland 37.4 18.3 -19.1 Decreasing
BL2 Scrub 5.1 7.7 2.6 Increasing
BL2 M.D. Residential 115 13.6 2.1 Increasing
BL2 L.D. Grass Resident. 53.4 54.2 0.8 Increasing
BL2 L.D. Forest Resident. 4.7 155 10.8 Increasing
BL2 TOTAL 387.8 387.1 -0.7 Decreasing

P —

BL3 H.D. Residential 0 0 - --

BL3 Comm./Parking/Road 4.0 4.0 - -

BL3 Grass 12.0 11.0 -1.0 Decreasing
BL3 Water 13.3 12.3 -1.0 Decreasing
BL3 Forest 67.8 67.1 -0.7 Decreasing
BL3 Wetland 0 14 14 Increasing
BL3 Scrub 0 0 - --

BL3 M.D. Residential 5.3 5.5 0.2 Increasing
BL3 L.D. Grass Resident. 0 15.8 15.8 Increasing
BL3 L.D. Forest Resident. 14.8 0 -14.8 Decreasing
BL3 TOTAL 117.2 117.1 -0.1 Decreasing

S ————————

BL4 H.D. Residential 0 46.1 46.1 Increasing
BL4 Comm./Parking/Road 30.8 42.8 12.0 Increasing
BL4 Grass 11.1 8.0 -3.1 Decreasing
BL4 Water 61.5 65.4 3.9 Increasing
BL4 Forest 166.4 97.4 -69.0 Decreasing
BL4 Wetland 7.8 1.6 -6.2 Decreasing
BL4 Scrub 3.4 1.6 -1.8 Decreasing
BL4 M.D. Residential 47.7 50.6 29 Increasing
BL4 L.D. Grass Resident. 45.9 113.1 67.2 Increasing
BL4 L.D. Forest Resident. 101.6 49.4 -52.2 Decreasing
BL4 TOTAL 476.2 475.8 -04 Decreasing
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Catchment Land Cover® 2000 Acreage 2006 Acreage Acreage Acreage Trend
Change
ALL TOTAL 1,183.9 1,182.6 -1.3 Decreasing

! H.D. Residential = high density residential; Comm/Parking/Roads = Commercial development, parking areas, and
roadways; M.D. Res. = medium density residential; L.D. Grass Resident. = low density residential with area
not built upon primarily grass; L.D. Forest Resident. = low density residential with area not built upon
primarily forest

As a result of the revised and updated land cover distributions, changes in acreages are more likely to
reflect actual changes in development rather than apparent changes due to differences in classification
techniques, data types, and subwatershed delineations.

2.2 LAKE MONITORING DATA

Where monitoring data was available, processes represented in the TP mass balance models can be
compared to observed conditions to assess the accuracy of the model. Thus, the movement of TP mass
into, within, and out of the lakes for water years 2000 and 2006 can be modeled and compared to
monitoring data. However, the case is not so simple when the model is to be used in a predictive fashion
where monitoring data cannot be collected. This issue was most pronounced with respect to varying dates
of stratification and mixing between years. The models can be calibrated to match conditions observed in
the two water years, but when used for predictive purposes, the models are most useful when representing
typical conditions. Therefore, monitoring data from both water years were evaluated to establish typical
dates for mixing and stratifying in both lakes, as illustrated in Table 2-2.

Table 2-2. Typical Mixing and Stratification Dates

Date of Mixing/Turnover Date of Onset of Stratification
Beaver Lake 1 End of November (use 11/30) Mid March (use 3/15)
Beaver Lake 2 End of November (use 11/30) Beginning of April (use 4/1)

The other primary issue related to the monitoring data collected in the lakes is the reported concentrations
of total phosphorus. Due to a change in the analytical technique employed at the laboratory TP
concentrations reported are biased low. This bias was not recognized at the time when the TP mass
balance models were calibrated for the Beaver Lake Management Plan Update in 2000. To account for
the bias, King County Lakes Monitoring Program provides the following equation to adjust TP
concentrations:

[Historical TP _Data] =1.262*[TP _ Data _ Following _7/1/98] Equation (2)

Equation (2) indicates that TP data collected in water years 2000 and 2006 needs to be increased by 26.2
percent.

2.3 WATER QUALITY COMPONENTS

The inflow to the lakes from the tributaries is the primary source of water in the hydrologic balance. For
example, approximately two-thirds of the annual volume of water into BL1 enters through BLTR1; in
BL2, the contribution from BLTR2 is approximately 40 percent of the annual water volume.
Consequently, the mass of TP from the tributaries is expected to be the primary external load. However,
it is important to separate the contribution of TP from baseflow and stormflow because previous studies
in the Puget Sound area show that stormflow concentrations (e.g., flow weighted or event mean) are
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higher (up to five times) than baseflow concentrations with ratios of annual loads even greater (King
County January 2007; May et al. 1997; Welch et al. 1979).

Daily average streamflow data downloaded from the King County Hydrologic Information Center were
plotted for BLTR1 and BLTR2. Data from water year 1997 through water year 2005 were plotted, and
winter baseflow thresholds for each year were scaled from the graphs. The thresholds for each season
were averaged to generate a typical threshold value as indicated in Table 2-3.

Table 2-3. Flow Thresholds Between Baseflow and Stormflow

Water Year Beaver Lake Tributary 1* Beaver Lake Tributary 2"
1996 0.25 0.50
1997 0.17 1.00
1998 0.33 0.30
1999 0.33 0.50
2000 0.29 0.30
2001 0.38 0.80
2002 0.13 0.70
2003 0.25 1.00
2004 0.21 0.30
2005 0.17 0.50

Average 0.25 0.59
Average 3.47° 8.19°

! values reported in units of cubic feet per second
% Values report in units of acre-feet per week

The calculated thresholds of 3.47 acre-feet per week and 8.19 acre-feet per week for BLTR1 and BLTRZ2,
respectively, are slightly lower than the values of 5 and 10 acre-feet per week for BLTR1 and BLTR2,
respectively, used in the 2000 TP mass balance models. The effect of the updated thresholds is a shift of
more tributary runoff volume to stormflow. Across both water years for both tributaries, the updated
annual stormflow volumes represent approximately two-thirds of the annual flow volume — indicating the
importance of the stormflow on both the water and TP balances.

The weekly flow volumes in BLTR1 and BLRT2 can be divided between baseflow and stormflow using
the updated flow separation thresholds so that weekly TP masses can be better represented. Baseflow TP
concentrations were recorded during both water years via grab samples collected semi-monthly during the
months where flow was present in the tributaries. Due to the weekly timestep in the models, the grab
samples were taken as representative of conditions for the week in which they were collected; for the in-
between weeks without monitoring data, a concentration was interpolated from the preceding and
following weekly concentrations. This allowed for calculations of TP mass input to each lake on a
weekly basis by multiplying the weekly baseflow volume by the baseflow TP concentration.

Unlike the baseflow monitoring, only three stormflow grab samples were collected during each of the
2000 and 2006 water years. As these samples are too infrequent for meaningful interpolations during
intervening weeks, an approach other than the one used for the baseflow loads was pursued. It is
desirable to calculate a typical stormflow concentration that could be applied to each weekly stormflow
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volume, if any. Unfortunately, some of the stormflow samples were collected on days where the average
daily flow was not appreciably greater than baseflow. Stormflow monitoring data were screened to
remove data that did not appear to be storm related. Thus, when median TP concentrations of stormflow
were compared to median baseflow concentrations (also screened to remove data points that appeared to
be recorded at storm flows), the validity of the median concentrations is called into question. The median
values are presented in Table 2-4.

Table 2-4. Median Baseflow and Stormflow Total Phosphorus Concentrations®

Beaver Lake Tributary 1 Beaver Lake Tributary 2
Median Baseflow TP Concentration (ug/L) 39.2 30.1
Median Stormflow TP Concentration (ug/L) 33.1 41.9

! Values reflect 26.2 percent correction factor, and are based on flow screened data

The median stormflow TP concentration in BLTR1 is less than the median baseflow TP concentration —a
phenomenon that is not reasonable. While the median stormflow concentration for BLTR2 is greater than
the median baseflow concentration, the stormflow concentration is similar to the baseflow value for
BLRT1. As BLTR2 receives more runoff from developed land than BLTR1, it is concerning that the
stormflow concentration in BLTR2 is essentially the same magnitude as the BLTR1 baseflow
concentration. An earlier study of Puget Sound Lowland streams reports winter baseflow TP
concentrations of 44.4 ng/L (May et al. 1997); a study of (at the time) the relatively undeveloped east side
of the Lake Sammamish watershed reported baseflow TP concentrations of 32 ng/L. Therefore, it is
likely that the baseflow concentrations in Table 2-4 are reasonable and that the stormflow concentrations
are unrealistically low.

Another factor potentially contributing to the stormflow TP concentrations is that the collected samples
were grabs — not flow weighted samples throughout the storm hydrograph. Given the wetlands present in
the Beaver Lake watershed and the amount of undeveloped land, it is likely that hydrologic storage
considerably delays the runoff peaks from the precipitation peaks. Collecting only a single grab sample
during a storm event increases the probability that the sample is not representative of the whole storm.

As a test, the mass balance models for water year 2000 were run using the constant stormflow
concentrations as represented in Table 2-4. For both Beaver Lake 1 and Beaver Lake 2, the models could
not be balanced because the mass of TP entering the lakes was less than the observed mass leaving the
lakes. This problem occurred even with the loss of TP through sedimentation to the lake bottom
sediments set to zero. Thus, the mass balance models cannot be calibrated until stormflow TP
concentration are better quantified.
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3 Unresolved Modeling Issues &
Recommendations

Most of the issues identified during the review and compilation of the input data for the TP mass balance
models of BL1 and BL2 were suitably addressed as described in Section 2. However, two water quality
issues remain unresolved and preclude calibration of the mass balance models and the TP loss
coefficients.

3.1 UNRESOLVED WATER QUALITY ISSUES

As described in Section 2.3, the paucity of stormflow TP samples through the 2000 and 2006 water years
prevents the development of a reliable weekly distribution of stormflow TP concentrations (similar to the
distribution developed for baseflow). The preferred alternative is to use the monitoring data to develop a
typical stormflow concentration that can be applied as a constant to all stormflow volumes. Again, the
lack of monitoring data, particularly flow weighted samples, hinders the establishment of a reliable
typical value. A final alternative is to turn to the literature to select a typical TP stormflow concentration
based on similar and appropriate previous studies. However, given the objective of developing models
calibrated to the Beaver Lake watershed, using a literature-based value for one of the primary external
loads to the lake adds uncertainty to the interpretation of model output.

The preferred approach for addressing this unresolved issue is to collect flow weighted TP concentrations
across a few storm events. The samples could be collected by grab samples throughout the storm
hydrograph or by automated flow samplers. At the minimum, samples should be collected at the outlet of
BLTR1 and the outlet of BLTR2. The calibrated hydrologic model of the Beaver Lake watershed can be
used to predict the storm hydrographs given forecast precipitation so that the collections can be better
planned. Ideally, the samples could be collected through the rainy period in the 2007 water year, with
three to five discreet storms sampled on each tributary representing a range of precipitation intensity and
volume.

The flow weighted stormflow samples can be used to calculate a typical stormflow TP concentration that
can be applied as a constant to all stormflow volume. While the monitoring data will be a reasonable
surrogate for the 2006 water year, it is likely that these values bias high the stormflow contribution during
the 2000 water year because the watershed was less developed at that time. However, as the amount of
development in the watershed over this period has not been considerable, this effect is not anticipated to
be significant.

The other unresolved water quality issue relates to the correction factor associated with the analytical
technique used to quantify TP concentrations in monitoring data. The existing low bias not only
influences previously collected data but also the recommended stormflow samples to be collected.
Communications between King County staff suggest that the bias is non-linear — meaning that as
concentrations increase, the effect of the bias increases. It is possible that a threshold value could be used
such that samples with concentrations less than the threshold would be adjusted using Equation 2 and that
samples with concentrations greater than the threshold would be adjusted using a larger factor. A
possible threshold value of 75 ug/L has been discussed, with a correction factor of 33.9 percent for
concentrations above this threshold. Since it is probable that stormflow TP concentrations will exceed
this threshold, it is important to determine whether this correction factor is appropriate. An alternative
approach is to split the samples between two laboratories, but the cost associated with this may be
prohibitive.
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Appendix A.  Initial Water Year 2006 Phosphorus Mass Balance
Modeling Summary
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“ TETRATECH, INC. MEMORANDUM
TO: Sally Abella and Jeff Burkey

FROM: David Pizzi

SUBJECT:  Beaver Lake Phosphorus Model

Cc: Harry Gibbons

DATE: December 19, 2006

Tetra Tech was retained to review and run a model of Beaver Lake in support of efforts by King County
and the City of Sammamish to conduct an evaluation of water quality in response to changed land cover.
Tetra Tech calibrated a two-layer mass balance model for total phosphorus (TP) for the land cover and
climatic conditions in the Beaver Lake watershed during the 2000 water year (October 1 — September 30).
Since this period, land cover conditions have changed. The objective of the follow-up effort was to
guantify these land cover changes in terms of TP loss and transport and to use the previously calibrated
TP model to determine if predictions of lake water quality (TP) are consistent with observed lake
conditions.

Task 1 — Data Input and Review

The first task was to quantify the changes in land cover in terms of new loss/transport rate of TP to the
lake. King County was responsible for providing hydrologic data for the 2006 water year as well as land
cover distributions to reflect existing levels of development. Tetra Tech applied land cover TP loss rates
calibrated for the 2000 water year to generate total TP loadings to the lakes. The hydrologic data from the
2006 water year was used to distribute the total load over the course of the year.

Task 1 Results

At the outset of this task, it became clear that the magnitude of the apparent changes in land cover in the
watershed between 2000 and 2006 could not exclusively be attributed to development (see memorandum
from D. Pizzi to J. Burkey and S. Abella dated 11-15-06). Confounding influences included different
land cover classification technigques between the two years, different land cover classes, and differences in
the delineations of the catchments within the Beaver Lake watershed. The land cover distributions from
2000, 2006, and the revisions to the 2006 data are provided in Table 1 and Table 2.
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Table 1. Land Cover Distribution in the Upper Beaver Lake Watershed (Beaver Lake 1)

Land Cover 2000 Acreage 2006 Acreage Revised 2006 Acreage

Golf Course 73.5 19.9 19.6
Forest 228.9 233.9 215.2
Wetland 16.7 11.6 16.7
1-3du/acre 12.3 245 24.5
1-3du/25acres 9.7 17.1 17.1
1du/2.5-10 acres 5.8 -- --

4 —12 du/ acre 255 - --

Roads / ROW 13.8 -- 13.8
TOTAL 386.2 306.9 306.9

Table 2. Land Cover Distribution in the Lower Beaver Lake Watershed (Beaver Lake 2)

Land Cover 2000 Acreage 2006 Acreage Revised 2006 Acreage
Golf Course 47.7 69.6 69.6
Forest 233.2 330.9 246.4
Wetland 45.1 19.2 45.1
1-3du/acre 135.4 72.6 72.6
1-3du/25acres 81.4 181.2 181.2
1du/2.5-10 acres 57.7 69.5 69.5
4 -12 du/ acre 59.7 58.1 58.1
Roads / ROW 58.7 -- 58.7
TOTAL 718.6 801.2 801.2

Note: cells in Table 1 and Table 2 shaded turquoise show acreages copied from the 2000 classification; cells shaded
peach reflect acreages copied from the 2006 classification. The red text denotes values revised such that

the total area of the watersheds matched the 2006 totals.

The general patterns of change in land cover between 2000 and 2006 based on the values presented in

Tables 1 and 2 include:

o A decrease of contributing area to Beaver Lake 1 of approximately 80 acres

e An overall decrease in residential cover in the Beaver Lake 1 watershed, with a shift from more

dense development to less dense development

e And increase in the contributing area to Beaver Lake 2 of approximately 80 acres

e Anincrease of approximately 15 percent in residential cover in the Beaver Lake 2 watershed,

with a shift from more dense development to less dense development
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Based on these general trends, it was anticipated that the predicted total annual load of TP to Beaver Lake
1 would decrease (less contributing area and less dense development), and that the predicted total annual
TP load to Beaver Lake 2 would increase (more contributing area and more residential development, even

if lower density development).

The TP loss coefficients expressed in units of kilograms per hectare per year (kg/ha/yr) were calibrated to
the 2000 land cover classification and the 2000 water year monitoring data. Since the total precipitation
in water year 2006 (43.2 inches) is so similar to the total for water year 2000 (40.6 inches), no scaling
factors were applied to the 2000 loss coefficients. The coefficients are presented in Tables 3 and 4 to
illustrate the loss of TP to each lake using the 2006 land cover data.

Table 3. Upper Beaver Lake Watershed TP Loss to Beaver Lake 1

Land Cover Acres Hectares Colé#ﬁ:?ent Yield
(kg/halyr)
Forested 215.2 87 0.10 8.7
Golf Course 19.6 8 0.18 14
Roads / Rights-of-Way 13.8 6 0.20 11
Wetland 16.7 7 0.05 0.3
Rural Residential, 1 du/ 2.5 — 10 acres 0 0 0.10 0.0
Urban Residential, 1 — 3 du / 2.5 acres 17.1 7 0.15 1.0
Urban Residential, 1 — 3 du / acre 24.5 10 0.20 2.0
Urban Residential, 4 — 12 du / acre 0 0 0.20 0.0
TOTALS 306.9 124.2 14.6
Table 4. Lower Beaver Lake Watershed TP Loss to Beaver Lake 2
Loss
Land Cover Acres Hectares Coefficient Yield
(kg/halyr)

Forested 246.4 100 0.10 10.0
Golf Course 69.6 28 0.18 5.1
Roads / Rights-of-Way 58.7 24 0.20 4.8
Wetland 45.1 18 0.05 0.9
Rural Residential, 1 du/ 2.5 — 10 acres 69.5 28 0.21 5.9
Urban Residential, 1 — 3 du / 2.5 acres 181.2 73 0.31 22.9
Urban Residential, 1 — 3 du / acre 72.6 29 0.42 12.2
Urban Residential, 4 — 12 du / acre 58.1 24 0.42 9.8
TOTALS 801.2 324.2 71.5
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During the 2006 water year, King County monitored TP and orthophosphate (OPO4) concentrations in
Beaver Lake 1 and Beaver Lake 2, as well as TP concentrations for baseflow and a few stormflow events
in Beaver Lake Tributary 1 (drains into Beaver Lake 1) and Beaver Lake Tributary 2 (drains into Beaver
Lake 2). As OPO4 concentrations were not monitored in either tributary during this period, the total
OPO4 load in each tributary during the 2000 water year was distributed using the 2006 water year
interflow volumes to represent the OPO4 loading rate in the 2006 water year (more details provided in the
memo from D. Pizzi to S. Abella dated 11-17-06). Baseflow TP concentrations were applied to baseflow,
the average of the stormflow concentrations was applied to stormflow and direct runoff into the lake,
loading from groundwater was based on monitored in-lake concentrations of OPO4; input from septic
systems and direct loading from dryfall and precipitation was not included. The contribution to Beaver
Lake 2 from the outlet of Beaver Lake 1 was excluded from the measured load to Beaver Lake 2 for
comparison to the load estimated from the loss coefficients. Using these current and historic sources of
monitoring data, the “measured” load of TP to each of the lakes was calculated. The results and
comparisons to the loads estimated using the loss coefficients are provided in Table 5.

Table 5. Comparison of Total External TP Loads to Beaver Lake 1 and Beaver Lake 2*

Predicted TP Load (kQg)

Measured TP Load (kg)

Percent Difference®

Beaver Lake 1 Watershed

14.6

25.0

-41.5

Beaver Lake 2 Watershed

71.5

40.7

75.7

Notes: *) neither predicted loads nor measured loads include direct atmospheric sources to the lakes or septic
sources.

1) measured load does not include the surface outflow from Beaver Lake 1 of 11.0 kg/year.

2) the contribution to the total error in each watershed due to the “transfer” of 80 acres from the Beaver Lake
1 watershed to the Beaver Lake 2 watershed between the 2000 and 2006 delineations cannot be
determined with currently available data.

In accordance with the expectations based on the changes in the representations of land cover between
2000 and 2006, the predicted TP load in the Beaver Lake 1 watershed is lower than the measured load and
the predicted load is greater than the measured load in the Beaver Lake 2 watershed.

Task 2 — Run Lake Model with TP Loads Calculated From TP Loss Coefficients

The previously calibrated TP model for each lake will be used to predict lake TP concentrations using the
loads calculated from the TP loss coefficients. The next task will be to organize the lake TP monitoring
data collected by King County during the intervening years to compare model output with observed data.

Task 2 Results

Due to the significant discrepancies between the loads predicted from the TP loss coefficients and the
measured loads, it was not expected that the previously calibrated model would accurately predict lake
concentrations. However, the lake monitoring data (TP and OPO4) was used to calculate weekly
concentrations, loads, and fluxes. For comparison purposes, the measured loads to the lake were input to
the lake model to assess how well the model represents measured lake loads.

The internal loading parameters in the calibrated model (e.g., settling velocities, sediment release rates,
and diffusive coefficients) showed that the model poorly represented measured lake conditions. Some
initial adjustments to the dates for initiation and duration of mixing and stratification were made, along
with preliminary adjustments of internal loading parameters improved model performance, but
recalibration of the model was outside of the scope of work for this effort.
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Task 3 — Technical Memo

Describe in a technical memo the model output compared with observed data, including appropriate

illustrations and recommended actions for recalibration of the model.
Task 3 Results

Illustrations of the preliminary comparisons of the predicted and observed lake TP concentrations are

provided in Figures 1 — 3 for Beaver Lake 1 and Figures 4 — 6 for Beaver Lake 2.
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Beaver Lake 1 Epilimnion TP Concentrations
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Beaver Lake 2 Whole Lake TP Concentrations
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Beaver Lake 2 Epilimnion TP Concentrations
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Beaver Lake 2 Hypolimnion TP Concentrations
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Figure 6.

Based on the comparisons illustrated in Figures 1 — 6, it is clear that further calibration of the lake model
is needed to accurately predict lake response to phosphorus loads. In the current formulation, meaningful
interpretation of model output will be difficult at best. Recommended actions for the calibration include:

e Comparing predicted and observed data over the 6-year period from 2000 to 2006 to set expected

ranges for internal loading parameters
o Better defining dates for mixing and stratification

¢ Refining contributions from septic systems

o Better defining the threshold between baseflow and stormflow in Beaver Lake Tributaries 1 and 2

o Better defining stormflow TP concentrations

o Refining soluble reactive phosphorus concentrations in the tributaries

e Implementing a consistent land cover classification for the 2000 and 2006 water years

e Using the same catchment delineations and total acreages for the 2000 and 2006 water years

e Incorporating a scaling factor to account for differences in the analytical techniques used to

guantify the concentrations of phosphorus in the observed data
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