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APPENDIX 1: HYDROLOGIC DATA (continued)

1-22  Discharge measurement summary for GMA Cottonwood Creek near Olinda (USGS 11375810),
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RED BLUFF, CA
Annual Precipitation and Cumulative Departure: Water Year 1906-2014
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1-1 Annual rainfall and cumulative departure at the National Weather Service Red Bluff Station, 1905-2014
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COTTONWOOD CREEK NR COTTONWOOD
Flow Duration Analysis, WY 1941-2013
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1-2 Flow duration analysis for Cottonwood Creek near Cottonwood, USGS 11376000, 1941-2013
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Mean Monthly Discharge
USGS Cottonwood Creek near Cottonwood (#11376000) WY 1940-2013
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1-3 Mean monthly discharge for Cottonwood Creek near Cottonwood, USGS 11376000, 1941-2013
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RAINFALL VS YIELD
NWS Red Bluff Rainfall, USGS 11376000 Yield, 1941-2013
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1-4 Red Bluff Rainfall vs Cottonwood Creek annual runoff, 1941-2014
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COTTONWOOD CREEK NR COTTONWOOD
Total Runoff and Cumulative Departure WY 1941-2014
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1-5 Annual runoff for Cottonwood Creek near Cottonwood, USGS 11376000, 1941-2014
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Peak Peak
Discharge, Discharge,
Annual Unit Peak Annual  Unit Peak
Water Recurrence Maximum  Discharge Water Recurrence  Maximum Discharge
Year Interval (yrs) (cfs) (cfs/ miz) Year Interval (yrs) (cfs) (cfs/m iz)
1941 10.6 52,300 56 1980 4.1 36,300 39
1942 5.7 42,600 46 1981 2.6 27,500 30
1943 3.2 32,000 35 1982 24.7 64,400 69
1944 1.1 5,800 6 1983 74.1 86,000 93
1945 1.5 16,100 17 1984 3.5 32,800 35
1946 2.1 22,000 24 1985 1.2 8,660 9
1947 1.4 13,200 14 1986 12.3 52,400 57
1948 1.2 9,870 11 1987 1.2 9,310 10
1949 2.1 21,900 24 1988 1.2 10,500 11
1950 1.3 10,700 12 1989 1.1 8,620 9
1951 1.5 14,800 16 1990 1.1 4,050 4
1952 3.4 32,600 35 1991 1.3 13,000 14
1953 1.9 20,300 22 1992 1.7 18,000 19
1954 1.9 19,500 21 1993 5.3 42,200 46
1955 1.1 7,020 8 1994 1.0 3,820 4
1956 9.3 49,000 53 1995 7.4 48,600 52
1957 1.5 15,900 17 1996 1.4 14,400 16
1958 8.2 48,600 52 1997 4.9 40,600 44
1959 1.8 18,900 20 1998 6.2 46,500 50
1960 2.5 26,100 28 1999 1.3 12,900 14
1961 1.6 16,700 18 2000 1.6 16,700 18
1962 1.7 18,300 20 2001 2.8 30,900 33
1963 2.2 23,100 25 2002 2.4 30,900 33
1964 1.3 13,000 14 2003 4.6 39,800 43
1965 18.5 60,000 65 2004 3.7 33,000 36
1966 1.4 14,700 16 2005 2.0 20,400 22
1967 2.2 22,800 25 2006 6.7 46,700 50
1968 1.9 19,400 21 2007 1.1 5,430 6
1969 2.3 23,500 25 2008 1.8 18,600 20
1970 14.8 58,500 63 2009 1.2 9,900 11
1971 3.1 31,300 34 2010 3.0 31,200 34
1972 1.1 4,670 5 2011 3.9 34,700 37
1973 2.6 27,400 30 2012 1.5 16,400 18
1974 37.0 70,000 76 2013 1.6 16,800 18
1975 2.7 30,600 33 2014 (provisional value) 6,460 7
1976 1.0 3,220 3
1977 1.0 2,210 2 Mean 25,802 28
1978 4.4 39,100 42 Max 86,000 93
1979 1.3 13,200 14 Min 2,210 2

1-6 Peak discharge table for Cottonwood Creek near Cottonwood, USGS 11376000, 1941-2014
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COTTONWOOD CREEK near COTTONWOOD, CALIFORNIA
Annual Maximum Peak Discharge, USGS Gage #11376000, WY 1941-2014
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1-7 Peak discharge for Cottonwood Creek near Cottonwood, USGS 11376000, 1941-2014
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SACRAMENTO RIVER above BEND BRIDGE near RED BLUFF
Peak Discharge, Annual Maximum 1880-1995

350000
300000 -

250000 -

150000 J

100000 +

50000 “ “ ‘
0 1 1 1 1 1 1 1 1 “‘l‘

1880 1890 1900 1910 1920 1930 1940 1950 1960 1970 1980 1990
WATER YEAR

PEAK DISCHARGE, Annual Maximum (cfs)

1-8 Sacramento River pre- and post-impoundment (1943) streamflow data (1880-1995)
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1-9 Flood frequency analysis for Cottonwood Creek near Cottonwood, USGS 11376000, 1941-2013
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1-10  WY2010 hydrograph for Cottonwood Creek near Cottonwood, USGS 11376000
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1-11  WY2011 hydrograph for Cottonwood Creek near Cottonwood, USGS 11376000
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E ‘ /\/ ‘ Cottonwood Creek near Cottonwood, CA USGS Streamflow -- Water Year 2012 : : :
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1-12  WY2012 hydrograph for Cottonwood Creek near Cottonwood, USGS 11376000
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1-13  WY2013 hydrograph for Cottonwood Creek near Cottonwood, USGS 11376000
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1-14  WY2014 hydrograph for Cottonwood Creek near Cottonwood, USGS 11376000
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1-15 Discharge measurement summary (9-207) for GMA South Fork Cottonwood at Evergreen Road (USGS 11375900)
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Stage discharge ratings #1 and #2 for GMA South Fork Cottonwood at Evergreen Road (USGS 11375900)
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‘ /\/ ‘ South Fork Cottonwood Creek at Evergreen Road Streamflow -- Water Year 2010
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1-17  WY2010 hydrograph for GMA South Fork Cottonwood at Evergreen Road (USGS 11375900)
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1-18 WY2011 hydrograph for GMA South Fork Cottonwood at Evergreen Road (USGS 11375900)
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1-19 WY2012 hydrograph for GMA South Fork Cottonwood at Evergreen Road (USGS 11375900)

Cottonwood Creek Sediment Budget 2010-2014 — December 2014
Graham Matthews and Associates for Cottonwood Creek Watershed Group — USFWS AFRP-08-NO5

Appendix 1, Page 19



\
10/01/2012 12/01/12 02/01/13 04/01/13 06/01/13 08/01/2013
Time t

1-20 WY2013 hydrograph for GMA South Fork Cottonwood at Evergreen Road (USGS 11375900)
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1-21  WY2014 hydrograph for GMA South Fork Cottonwood at Evergreen Road (USGS 11375900)
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1-22  Discharge measurement summary for GMA Cottonwood Creek near Olinda (USGS 11375810), 2012-2014
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Stage discharge rating for GMA Cottonwood Creek near Olinda (USGS 11375810), 2012-2014
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E ‘ S — ‘ Cottonwood Creek near Olinda Streamflow -- Water Year 2012
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1-24  WY2012 hydrograph for GMA Cottonwood Creek near Olinda (USGS 11375810)
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] ‘ S ‘ Cottonwood Creek near Olinda Streamflow -- Water Year 2013
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7 ‘ S ‘ Cottonwood Creek near Olinda Streamflow -- Water Year 2014
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1-26  WY2014 hydrograph for GMA Cottonwood Creek near Olinda (USGS 11375810)
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APPENDIX 2: SEDIMENT DATA
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Continuous turbidity and discharge for South Fork Cottonwood at Evergreen Road, WY2010
Continuous turbidity and discharge for South Fork Cottonwood at Evergreen Road, WY2011
Continuous turbidity and discharge for South Fork Cottonwood at Evergreen Road, WY2012
Continuous turbidity and discharge for South Fork Cottonwood at Evergreen Road, WY2013
Continuous turbidity and discharge for South Fork Cottonwood at Evergreen Road, WY2014

Suspended Sediment Sample Summary for GMA South Fork Cottonwood Creek at Evergreen
Road (11375900), WY2010-2014

Suspended Sediment vs Turbidity for GMA South Fork Cottonwood Creek at Evergreen Road
(11375900), WY2010-2014

Suspended Sediment vs Discharge for GMA South Fork Cottonwood Creek at Evergreen Road
(11375900), WY2010-2014

Continuous suspended sediment discharge for South Fork Cottonwood at Evergreen Road,
WY2010.

Continuous suspended sediment discharge for South Fork Cottonwood at Evergreen Road,
WY2011.

Continuous suspended sediment discharge for South Fork Cottonwood at Evergreen Road,
WY2012.

Continuous suspended sediment discharge for South Fork Cottonwood at Evergreen Road,
WY2013.

Continuous suspended sediment discharge for South Fork Cottonwood at Evergreen Road,
WY2014.

Continuous turbidity and hydrograph for Cottonwood Creek near Olinda, WY2012
Continuous turbidity and hydrograph for Cottonwood Creek near Olinda, WY2013
Continuous turbidity and hydrograph for Cottonwood Creek near Olinda, WY2014

Suspended Sediment Sample Summary for Cottonwood Creek near Olinda (11375810), WY
2010-2014

Stage vs discharge for Cottonwood Creek near Olinda (11375810), WY 2012-2014
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APPENDIX 2: SEDIMENT DATA (continued)

2-19  Suspended sediment concentration vs turbidity for Cottonwood Creek near Olinda (11375810),
WY 2012-2014

2-20 Continuous suspended sediment discharge for Cottonwood Creek near Olinda, WY2012
2-21  Continuous suspended sediment discharge for Cottonwood Creek near Olinda, WY2013

2-22  Continuous suspended sediment discharge for Cottonwood Creek near Olinda, WY2014
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2-1 Continuous turbidity and discharge for South Fork Cottonwood at Evergreen Road, WY2010
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2-2 Continuous turbidity and discharge for South Fork Cottonwood at Evergreen Road, WY2011
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2-3 Continuous turbidity and discharge for South Fork Cottonwood at Evergreen Road, WY2012
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2-4 Continuous turbidity and discharge for South Fork Cottonwood at Evergreen Road, WY2013
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SF COTTONWOOD AT EVERGREEN ROAD --11375900
Suspended Sediment Sampling Summary -- WY2010-2014
Sample Number Date & Mean Time Type Awerage Awerage Awerage
Discharge SSC SSD
(cfs) (mg/1) (tons/day)
SFCER-SSCT2010-01 | 01/18/2010 08:46 DIS NA 17 NA
SFCER-SSCT2010-02 | 01/18/2010 14:33 DIS 942 304 772
SFCER-SSCT2010-03 | 01/18/2010 14:42 DIS 1160 890 2780
SFCER-SSCT2010-04 | 01/18/2010 15:01 DIS 1670 2040 9190
SFCER-SSCT2010-05 | 01/18/2010 15:16 DIS 2170 3870 22600
SFCER-SSCT2010-06 | 01/18/2010 15:33 DIS 2610 5580 39200
SFCER-SSCT2010-07 | 01/18/2010 15:52 DIS 2890 6370 49600
SFCER-SSCT2010-08 | 01/18/2010 16:24 DIS 3080 5820 48300
SFCER-SSCT2010-09 | 01/18/201017:01 DIS 3080 4360 36200
SFCER-SSCT2010-10 | 01/19/2010 09:49 DIS 4050 4150 45400
SFCER-SSCT2010-11 | 01/19/2010 09:41 Box 3770 3270 33300
SFCER-SSCT2010-12 | 01/19/2010 10:46 DIS 5250 5320 75300
SFCER-SSCT2010-13 | 01/19/201011:05 Box 5420 5090 74500
SFCER-SSCT2010-14 01/19/2010 11:55 DIS 5740 4630 71700
SFCER-SSCT2010-15 | 01/19/2010 11:44 Box 5680 4430 67900
SFCER-SSCT2010-16 | 01/19/2010 13:27 DIS 6160 4140 68800
SFCER-SSCT2010-17 | 01/19/2010 13:47 Box 6050 3640 59300
SFCER-SSCT2010-18 | 01/19/2010 16:38 DIS 4190 1940 21900
SFCER-SSCT2010-19 | 01/19/2010 16:45 Box 4090 1750 19300
SFCER-SSCT2010-20 | 01/20/2010 09:17 DIS 3160 1550 13200
SFCER-SSCT2010-21 | 01/20/2010 09:31 Box 3720 1630 16400
SFCER-SSCT2010-22 | 01/20/2010 10:04 DIS 5180 3630 50700
SFCER-SSCT2010-23 | 01/20/2010 09:49 Box 4520 2370 28900
SFCER-SSCT2010-24 | 01/20/2010 10:50 Box 7270 4750 93100
SFCER-SSCT2010-25 | 01/20/2010 11:05 Box 8020 5250 114000
SFCER-SSCT2010-26 | 01/20/2010 11:20 Box 8760 5475 129000
SFCER-SSCT2010-27 | 01/20/2010 11:35 Box 9580 5980 155000
SFCER-SSCT2010-28 | 01/20/2010 11:50 Box 10500 6280 178000
SFCER-SSCT2010-29 | 01/20/2010 12:10 Box 11400 6250 192000
SFCER-SSCT2010-35 | 01/20/2010 12:25 Box 11900 6300 202000
SFCER-SSCT2010-30 | 01/20/2010 12:45 Box 12500 6670 225000
SFCER-SSCT2010-31 | 01/20/2010 13:00 Box 12700 6350 217000
SFCER-SSCT2010-32 | 01/20/2010 13:15 Box 13200 6330 225000
SFCER-SSCT2010-33 | 01/20/2010 13:30 Box 13400 6110 221000
SFCER-SSCT2010-34 | 01/20/2010 14:00 Box 13500 5910 215000
SFCER-SSCT2010-36 | 01/20/2010 14:22 DIS 12900 5290 184000
SFCER-SSCT2010-37 | 01/21/2010 11:29 DIS 1600 433 1870
SFCER-SSCT2010-38 | 01/21/2010 11:22 Box 1610 398 1730
SFCER-SSCT2010-39 | 01/21/2010 11:38 Box 1600 400 1730
SFCER-SSCT2010-40 | 01/21/2010 13:52 Box 1480 340 1360
SFCER-SSCT2010-41 | 01/22/2010 08:56 DIS 924 146 364
SFCER-SSCT2010-42 | 01/22/2010 09:04 Box 926 240 599
SFCER-SSCT2010-44 | 01/22/2010 10:30 Box 840 133 301
SFCER-SSCT2010-45 | 02/05/2010 08:02 Box 3870 1526 15900
Values Rounded According to Porterfield (1972)

2-6.1 Suspended Sediment Sample Summary for GMA South Fork Cottonwood Creek at Evergreen

Road (11375900), WY2010-2014 (Part 1)
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SF COTTONWOOD AT EVERGREEN ROAD -- 11375900
Suspended Sediment Sampling Summary -- WY2010-2014
Sample Number Date & Mean Time Type Awerage Awerage Awerage
Discharge SSC SSD
(cfs) (mg/1) (tons/day)
SFCER-SSCT2010-46 | 02/05/2010 08:06 DIS 3830 1580 16300
SFCER-SSCT2010-47 | 02/05/2010 10:00 DIS 3060 1100 9080
SFCER-SSCT2010-48 | 02/05/2010 10:08 Box 3040 970 7950
SFCER-SSCT2010-49 | 02/12/201009:04 DIS 577 34 53
SFCER-SSCT2010-50 | 02/12/2010 08:55 Box 577 24 38
SFCER-SSCT2010-51 | 02/12/201009:20 Box 576 23 36
SFCER-SSCT2010-52 | 02/26/2010 10:51 Box 347 15 14
SFCER-SSCT2010-53 | 02/26/2010 10:56 DIS 351 12 11
SFCER-SSCT2010-54 | 02/26/2010 17:54 Box 1730 742 3460
SFCER-SSCT2010-55 | 02/27/2010 10:40 DIS 1710 504 2320
SFCER-SSCT2010-56 | 02/27/2010 10:30 Box 1720 457 2120
SFCER-SSCT2011-01 | 03/20/201117:48 Box 4550 1352 16600
SFCER-SSCT2011-02 | 03/20/2011 17:55 Box 4510 1255 15300
SFCER-SSCT2011-03 | 03/21/201110:48 Box 2160 551 3210
SFCER-SSCT2011-04 | 03/21/2011 10:50 Box 2160 554 3230
SFCER-SSCT2011-05 | 03/24/201109:28 Box 1620 356 1560
SFCER-SSCT2011-06 | 03/24/2011 10:05 DIS 1630 320 1400
SFCER-SSCT2011-07 03/24/2011 10:47 Box 1750 274 1290
SFCER-SSCT2011-08 | 03/24/2011 12:46 Box 4630 1650 20600
SFCER-SSCT2011-09 | 03/24/2011 14:05 DIS 6080 2640 43400
SFCER-SSCT2011-10 | 03/24/2011 13:58 Box 6080 2410 39500
SFCER-SSCT2011-11 | 03/24/2011 14:24 Box 6010 2130 34400
SFCER-SSCT2011-12 | 03/24/2011 15:17 Box 5650 1950 29700
SFCER-SSCT2011-13 | 03/24/2011 15:43 Box 5510 1780 26500
SFCER-SSCT2011-14 | 03/24/2011 16:02 DIS 5450 1960 28700
SFCER-SSCT2011-15 | 03/24/2011 16:10 Box 5400 1690 24600
SFCER-SSCT2011-16 | 03/24/2011 16:51 Box 5130 1490 20600
SFCER-SSCT2011-17 03/27/2011 11:00 Box 1020 85 233
SFCER-SSCT2011-18 03/27/2011 12:30 Box 1010 92 251
SFCER-SSCT2012-01 | 01/23/2012 13:10 DIS 387 48 50
SFCER-SSCT2012-02 | 01/23/2012 13:15 Box 387 44 46
SFCER-SSCT2012-03 | 01/23/2012 15:05 Box 362 25 24
SFCER-SSCT2012-04 | 01/23/2012 15:32 DIS 368 41 41
SFCER-SSCT2012-05 | 01/23/2012 15:48 Box 360 28 27
SFCER-SSCT2012-06 | 01/24/2012 16:32 DIS 224 14 9
SFCER-SSCT2012-07 | 03/16/2012 14:40 DIS 303 28 22
SFCER-SSCT2012-08 | 03/27/201217:21 DIS 414 155 173
SFCER-SSCT2012-09 | 03/27/2012 19:05 DIS 650 349 611
SFCER-SSCT2012-10 | 03/28/2012 08:23 DIS 3110 1680 14100
SFCER-SSCT2012-11 03/28/2012 11:55 DIS 2110 742 4220
SFCER-SSCT2012-12 | 03/28/2012 13:25 DIS 1970 610 3240
SFCER-SSCT2013-01 | 11/28/2012 15:16 DIS 58.7 3 0.49
SFCER-SSCT2013-02 | 12/02/2012 11:47 DIS 6680 3930 70900
SFCER-SSCT2013-03 | 12/02/2012 16:30 DIS 8020 4810 104000
SFCER-SSCT2013-04 | 12/03/2012 11:36 DIS 1730 974 4540
Values Rounded According to Porterfield (1972)

2-6.2 Suspended Sediment Sample Summary for GMA South Fork Cottonwood Creek at Evergreen

Road (11375900), WY2010-2014 (Part 2)
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Suspended Sediment vs Discharge for GMA South Fork Cottonwood Creek at Evergreen Road (11375900),

WY2010-2014
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2-9 Continuous suspended sediment discharge for South Fork Cottonwood at Evergreen Road,
WY2010.
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2-10  Continuous suspended sediment discharge for South Fork Cottonwood at Evergreen Road,
WY2011.
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2-11  Continuous suspended sediment discharge for South Fork Cottonwood at Evergreen Road,
WY2012.
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2-12  Continuous suspended sediment discharge for South Fork Cottonwood at Evergreen Road,
WY2013.

Cottonwood Creek Sediment Budget 2010-2014 — December 2014

X Appendix 2, Page 12
Graham Matthews and Associates for Cottonwood Creek Watershed Group — USFWS AFRP-08-NO5



250,000 16,000
@ Suspended Sediment Samples
——Suspended Sediment Discharge (tons/day)
- 14,000
Discharge (cfs)
200,000
- 12,000
=
[}
T
~
1)
<
[=]
L= - 10,000
5 150,000
4
g =4
w
2 8
o >
5 8000 2
o m
2 Y
=] “
w
2 100,000
w 6,000
a
z
w
o
wv
>
w
- 4,000
50,000
- 2,000
0 : : L A — : : 0
10/1/13 11/30/13 1/29/14 3/30/14 5/29/14 7/28/14 9/26/14
DATE

2-13  Continuous suspended sediment discharge for South Fork Cottonwood at Evergreen Road,
WY2014.
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2-14  Continuous turbidity and hydrograph for Cottonwood Creek near Olinda, WY2012
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2-15  Continuous turbidity and hydrograph for Cottonwood Creek near Olinda, WY2013
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2-16  Continuous turbidity and hydrograph for Cottonwood Creek near Olinda, WY2014
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COTTONWOOD CREEK near OLINDA, CA -- 11375810
Suspended Sediment Sampling Summary -- WY2012-2013
Sample Number Date & Mean Time Type Awerage Awerage Awerage
Discharge SSC SSD
(cfs) (mg/I) (tons/day)
CCNO-SSCT2012-01 | 01/23/2012 17:33 DIS 544 52 76
CCNO-SSCT2012-02 | 01/24/2012 15:05 DIS 292 14 11
CCNO-SSCT2012-03 | 03/16/201211:11 DIS 652 57 100
CCNO-SSCT2012-04 | 03/27/2012 17:42 DIS 3770 2140 21700
CCNO-SSCT2012-05 | 03/27/2012 18:37 DIS 3960 2580 27500
CCNO-SSCT2012-06 | 03/28/2012 09:52 DIS 2860 547 4220
CCNO-SSCT2012-07 | 03/28/2012 16:30 DIS 2050 240 1330
CCNO-SSCT2013-01 | 11/28/2012 16:40 DIS 95.9 3.2 0.81
CCNO-SSCT2013-02 | 11/30/2012 13:35 DIS 1370 137 506
CCNO-SSCT2013-03 | 12/02/2012 10:45 DIS 6850 1220 22600
CCNO-SSCT2013-04 | 12/02/2012 12:00 DIS 7110 1320 25300
CCNO-SSCT2013-05 | 12/02/2012 14:30 DIS 5820 873 13700
CCNO-SSCT2013-06 | 12/03/201212:20 DIS 1310 104 368

Values Rounded According to Porterfield (1972)
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Suspended Sediment Sample Summary for Cottonwood Creek near Olinda (11375810), WY
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2-20 Continuous suspended sediment discharge for Cottonwood Creek near Olinda, WY2012
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2-21  Continuous suspended sediment discharge for Cottonwood Creek near Olinda, WY2013
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APPENDIX 3: GEOMORPHIC MAPPING DATA

3-1 Longitudinal profile, 1999 vs 2011. Lower section: 0 to 20,000 feet
3-2 Longitudinal profile, 1999 vs 2011. Middle section: 20,000 to 45,000 feet

3-3 Longitudinal profile, 2002 vs 2011. Upper section: 45,000 to 63,000 feet

3-4 Cross section locations map, 2011. Lower section
3-5 Cross section locations map, 2011. Middle section
3-6 Cross section locations map, 2011. Upper section

3-7 Cross section 1 —2002 vs 2011

3-8 Cross section 2 — 2002 vs 2011

39 Cross section 3 —2002 vs 2011

3-10 Cross section 4 —2002 vs 2011

3-11 Cross section 5—2002 vs 2011

3-12 Cross section 6 —2002 vs 2011

3-13 Cross section 7 — 2002 vs 2011

3-14 Cross section 8 —2002 vs 2011

3-15 Cross section 9 — 2002 vs 2011

3-16 Cross section 10 — 2002 vs 2011

3-17 Cross section 14— 2002 vs 2011

3-18 Cross section 16 —2002 vs 2011

3-19 Cross section 17— 2002 vs 2011

3-20 Cross section 102 — 2002 vs 2011

3-21 Cross section 104 — 2002 vs 2011

3-22 Cross section 105 —2002 vs 2011

3-23 Cross section 106 — 2002 vs 2011

3-24 Cross section 100 (South Fork Cottonwood) — 2002 vs 2011
3-25 Cross Section 101 (South Fork Cottonwood) — 2002 vs 2011

3-26 WSI LiDAR Report
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1. Overview

Watershed Sciences, Inc. (WSI) collected Light Detection and Ranging (LiDAR) data of the
Cottonwood Creek (CA) survey area on July 21st, 2011. This report documents the data
acquisition, processing methods, accuracy assessment, and deliverables of that data. The
requested area was expanded to include a 100m buffer to ensure complete coverage and
adequate point densities around survey area boundaries, resulting in 7,676 acres of delivered
LiDAR data.

Figure 1. Cottonwood Creek survey area

LiDAR Data & Orthophotograph Acquisition and Processing: Cottonwood Creek, CA
Prepared by Watershed Sciences, Inc.
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2. Acquisition
2.1 Airborne Survey - Instrumentation and Methods

The LiDAR survey utilized dual ALS50 Il sensors in a Cessna Caravan 208B. The sensors
operate with Automatic Gain Control (AGC) for intensity correction. The Leica systems were
set to acquire 83, 000 laser pulses per second (i.e. 83 kHz pulse rate) and flown at 1300
meters above ground level (AGL), capturing a scan angle of + 14° from nadir. These settings
were developed to yield points with an average native pulse density of >8 pulses per square
meter over terrestrial surfaces. It is not uncommon for some types of surfaces (e.g. dense
vegetation or water) to return fewer pulses than the laser originally emitted. These
discrepancies between ‘native’ and ‘delivered’ density will vary depending on terrain, land
cover, and the prevalence of water bodies.

The Cessna Caravan is a stable platform, ideal for flying slow and low for high density projects. The
Leica ALS60 sensor head installed in the Caravan is shown on the right.

All areas surveyed with an opposing flight line side-lap of >60% (=100% overlap) to reduce
laser shadowing and increase surface laser painting. The Leica ALS50-ii allows up to four
range measurements (returns) per pulse, and all discernable laser returns were processed for
the output dataset.

To accurately solve for laser point position (geographic coordinates X, y, z), the positional
coordinates of the airborne sensor and the attitude of the aircraft were recorded continuously
throughout the LiDAR data collection mission. Aircraft position was measured twice per
second (2 Hz) by an onboard differential GPS unit. Aircraft attitude was measured 200 times
per second (200 Hz) as pitch, roll and yaw (heading) from an onboard inertial measurement
unit (IMU). To allow for post-processing correction and calibration, aircraft/sensor position
and attitude data are indexed by GPS time.

LiDAR Data & Orthophotograph Acquisition and Processing: Cottonwood Creek, CA
Prepared by Watershed Sciences, Inc.
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2.2 Ground Survey - Instrumentation and Methods

During the LiDAR survey, static (1 Hz

recording frequency) ground surveys
were conducted over set monuments.
Monument coordinates are provided in
Table 1 and shown in Figure 2 for the
area of interest (AOl). After the
airborne survey, the static GPS data
were processed using triangulation with
Continuously Operating Reference
Stations (CORS) and checked using the
Online Positioning User Service (OPUS")
to quantify daily variance. Multiple
sessions were acquired over the same
monument to confirm antenna height
measurements and reported position
accuracy.

Indexed by time, these GPS data are

used to correct the continuous onboard measurements of aircraft position recorded
throughout the mission. Control monuments were located within 13 nautical miles of the
survey area.

2.2.1. Instrumentation

All survey work conducted as part of this project utilized a Global Navigation Satellite System
(GNSS ) Trimble GPS receiver model R7 with a Zephyr Geodetic antenna with ground plane
(OPUS ID: TRM41249.00) and Trimble GNSS receiver model R7 with a Zephyr Geodetic Model 2
antenna with ground plane (OPUS ID: TRM55971.00) for static control points. A Trimble GNSS
R8 unit was used to collect check points using Real Time Kinematic (RTK) survey techniques.
All GPS measurements were made with dual frequency L1-L2 receivers with carrier-phase
correction.

Table 1. Base Station control coordinates for the Cottonwood Creek LiDAR data collection

Datum: NAD83 (CORS96) GRS80
Base Station ID
Latitude Longitude Ellipsoid Z (meters)
BOWMAN 40° 22’ 08.87019” N |122° 16’ 55.58922” W 97.693
STA02 FJ 40° 19’ 36.36592” N [122° 16’ 48.62466" W 146.426

' Online Positioning User Service (OPUS) is run by the National Geodetic Survey to process corrected monument positions.

LiDAR Data & Orthophotograph Acquisition and Processing: Cottonwood Creek, CA
Prepared by Watershed Sciences, Inc.
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2.2.2. Methodology

Each aircraft is assigned a ground crew member with two Trimble R7 receivers and an R8
receiver. The ground crew vehicles are equipped with standard field survey supplies and
equipment including safety materials. All control monuments were observed for a minimum
of one survey session lasting no fewer than 4 hours and a second session lasting no fewer than
2 hours. At the beginning of every session the tripod and antenna were reset, resulting in two
independent instrument heights and data files. Data was collected at a rate of 1Hz using a 10
degree mask on the antenna.

The ground crew uploaded the GPS data to an online Dropbox site on a daily basis to be
accessed for Professional Land Surveyor (PLS) oversight, QA/QC review, and processing.
OPUS processing triangulates the monument position using 3 CORS stations resulting in a fully
adjusted position. After all data had been collected at each monument, accuracy and error
ellipses were calculated from the OPUS reports. This information leads to a rating of the
monument based on FGDC-STD-007.2-1998 at the 95% confidence level. When a statistically
stable position was found CORPSCON® 6.0.1 software was used to convert the UTM positions to
geodetic positions. This geodetic position was used for processing the LiDAR data.

RTK and aircraft mounted GPS measurements were made during periods with PDOP* less than
or equal to 3.0 and with at least 6 satellites in view of both a stationary reference receiver
and the roving receiver. Static GPS data collected in a continuous session average the high
PDOP into the final solution in the method used by CORS stations. RTK positions were
collected on bare earth locations such as paved, gravel or stable dirt roads, and other
locations where the ground is clearly visible (and is likely to remain visible) from the sky
during the data acquisition and RTK measurement period(s). RTK measurements are not taken
on highly reflective surfaces such as center line stripes or lane markings on roads. RTK points
were taken no closer than one meter to any nearby terrain breaks such as road edges or drop
offs.

2 Federal Geographic Data Committee Draft Geospatial Positioning Accuracy Standards (Part 2 table 2.1)

3 U.S. Army Corps of Engineers , Engineer Research and Development Center Topographic Engineering Center
software

4PDOP: Point Dilution of Precision is a measure of satellite geometry, the smaller the number the better the
geometry between the point and the satellites.

LiDAR Data & Orthophotograph Acquisition and Processing: Cottonwood Creek, CA
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Figure 2. RTK and base station locations used for the Cottonwood Creek LiDAR survey

LiDAR Data & Orthophotograph Acquisition and Processing: Cottonwood Creek, CA
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3. Data Processing

3.1 Applications and Work Flow Overview

1.

10.

11.

12.

13.

Resolved kinematic corrections for aircraft position data using kinematic aircraft GPS and static ground
GPS data.

Software: Waypoint GPS v.8.10, Trimble Geomatics Office v.1.62

Developed a smoothed best estimate of trajectory (SBET) file that blends post-processed aircraft position
with attitude data Sensor head position and attitude were calculated throughout the survey. The SBET
data were used extensively for laser point processing.

Software: IPAS v.1.35

Calculated laser point position by associating SBET position to each laser point return time, scan angle,
intensity, etc. Created raw laser point cloud data for the entire survey in *.las (ASPRS v. 1.2) format.
Software: ALS Post Processing Software v.2.7

Imported raw laser points into manageable blocks (less than 500 MB) to perform manual relative accuracy
calibration and filter for pits/birds. Ground points were then classified for individual flight lines (to be
used for relative accuracy testing and calibration).

Software: TerraScan v.11.009

Using ground classified points per each flight line, the relative accuracy was tested. Automated line-to-
line calibrations were then performed for system attitude parameters (pitch, roll, heading), mirror flex
(scale) and GPS/IMU drift. Calibrations were performed on ground classified points from paired flight
lines. Every flight line was used for relative accuracy calibration.

Software: TerraMatch v.11.006

Position and attitude data were imported. Resulting data were classified as ground and non-ground
points. Statistical absolute accuracy was assessed via direct comparisons of ground classified points to
ground RTK survey data. Data were then converted to orthometric elevations (NAVD88) by applying a
Geoid09 correction.

Software: TerraScan v.11.009, ArcMap v. 9.3.1, TerraModeler v.11.004

Bare Earth models were created as a triangulated surface and exported as Arcinfo ASCII grids at a 3- foot

pixel resolution. Highest Hit models were created for any class at 3-foot grid spacing and exported as
Arcinfo ASCII grids.

Converted raw images to tif format, calibrating raw image pixels for gain and exposure settings of each
image.
Software: Leica Calibration Post Processing v.1.0.4

Calculated photo position and orientation by associating the SBET position (Step 3) to each image capture
time.

Software: IPASCO v.1.3

Orthorectified calibrated tiffs utilizing photo orientation information (Step 8) and the LiDAR-derived
ground surface (Step 6).

Software: Leica Photogrammetry Suite v.9.2

To correct light imbalances between overlapping images, radiometric global tilting adjustments were
applied to the rectified images.

Software: OrthoVista v.4.4.

The color corrected images were then mosaicked together for the survey area and subset into tiles to
make the file size more manageable.

Software: OrthoVista v.4.4.

Mosaicked tiles were inspected for misalignments introduced by automatic seam generation.
Misalignments were corrected by manual adjustments to seams.

Software: Adobe Photoshop 7.0, OrthoVista v.4.4.
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3.2 Aircraft Kinematic GPS and IMU Data

LiDAR survey datasets were referenced to the 1 Hz static ground GPS data collected over pre-
surveyed monuments with known coordinates. While surveying, the aircraft collected 2 Hz
kinematic GPS data, and the onboard inertial measurement unit (IMU) collected 200 Hz
aircraft attitude data. Leica IPAS Suite was used to process the kinematic corrections for the
aircraft. The static and kinematic GPS data were then post-processed after the survey to
obtain an accurate GPS solution and aircraft positions. Waypoint was used to develop a
trajectory file that includes corrected aircraft position and attitude information. The
trajectory data for the entire flight survey session were incorporated into a final smoothed
best estimated trajectory (SBET) file that contains accurate and continuous aircraft positions
and attitudes.

3.3 Laser Point Processing

Laser point coordinates were computed using the IPAS and ALS Post Processor software suites
based on independent data from the LiDAR system (pulse tim, scan angle), and aircraft
trajectory data (SBET). Laser point returns (first through fourth) were assigned an associated
(x, Y, z) coordinate along with unique intensity values (0-255). The data were output into
large LAS v. 1.2 files; each point maintains the corresponding scan angle, return number
(echo), intensity, and x, y, z (easting, northing, and elevation) information.

These initial laser point files were too large for subsequent processing. To facilitate laser
point processing, bins (polygons) were created to divide the dataset into manageable sizes
(< 500 MB). Flightlines and LiDAR data were then reviewed to ensure complete coverage of
the survey area and positional accuracy of the laser points.

Laser point data were imported into processing bins in TerraScan, and manual calibration was
performed to assess the system offsets for pitch, roll, heading and scale (mirror flex). Using a
geometric relationship developed by Watershed Sciences, each of these offsets was resolved
and corrected if necessary.

LiDAR points were filtered for noise, pits (artificial low points), and birds (true birds as well
as erroneously high points) by screening for absolute elevation limits, isolated points and
height above ground. Each bin was then manually inspected for remaining pits and birds and
spurious points were removed. In a bin containing approximately 7.5-9.0 million points, an
average of 50-100 points are typically found to be artificially low or high. Common sources
of non-terrestrial returns are clouds, birds, vapor, haze, decks, brush piles, etc.

Internal calibration was refined using TerraMatch. Points from overlapping lines were tested
for internal consistency and final adjustments were made for system misalignments (i.e.,
pitch, roll, heading offsets and scale). Automated sensor attitude and scale corrections
yielded 3-5 cm improvements in the relative accuracy. Once system misalighments were
corrected, vertical GPS drift was then resolved and removed per flight line, yielding a slight
improvement (<1 cm) in relative accuracy.
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The TerraScan software suite is designed specifically for classifying near-ground points
(Soininen, 2004). The processing sequence began by ‘removing’ all points that were not
‘near’ the earth based on geometric constraints used to evaluate multi-return points. The
resulting bare earth (ground) model was visually inspected and additional ground point
modeling was performed in site-specific areas to improve ground detail. This manual editing
of grounds often occurs in areas with known ground modeling deficiencies, such as: bedrock
outcrops, cliffs, deeply incised stream banks, and dense vegetation. In some cases,
automated ground point classification erroneously included known vegetation (i.e.,
understory, low/dense shrubs, etc.). These points were manually reclassified as non-grounds.
Ground surface rasters were developed from triangulated irregular networks (TINs) of ground
points.

3.4 Orthophotograph Processing

Image radiometric values were calibrated to specific gain and exposure settings associated
with each capture using Leica’s Calibration Post Processing software. The calibrated images
were saved in tiff format to be used as inputs for the rectification process.

Photo position and orientation was then calculated by assigning aircraft position and attitude
information to each image by associating the time of image capture with trajectory file
(SBET) in IPASCO. Photos were then orthorectified to the LiDAR derived ground surface using
LPS. This typically results in <2 pixel relative accuracy between images. Relative accuracy
can vary slightly with terrain but offsets greater than 2 pixels tend to manifest at the image
edges which are typically removed in the mosaic process.

The rectified images were mosaicked together in a three step process using Orthovista. First,
color correction was applied to each image using global tilting adjustments designed to
homogenize overlapping regions. Second, an automated seam generation process selected
the most nadir portion of each image while drawing seams around landscape features such
that discrepancies between images were minimized. Finally, the mosaic was subset into the
3000ft x 3000ft tiling structure provided by the client.

4. LiDAR Accuracy Assessment

4.1 Laser Noise and Relative Accuracy

Laser Noise

For any given target, laser noise is the breadth of the data cloud per laser return (i.e., last,
first, etc.). Lower intensity surfaces (roads, rooftops, still/calm water) experience higher
laser noise. The laser noise range for this survey was approximately 0.02 meters.

Relative Accuracy

Relative accuracy refers to the internal consistency of the data set - the ability to place a
laser point in the same location over multiple flight lines, GPS conditions, and aircraft
attitudes. Affected by system attitude offsets, scale, and GPS/IMU drift, internal consistency

LiDAR Data & Orthophotograph Acquisition and Processing: Cottonwood Creek, CA
Prepared by Watershed Sciences, Inc.
-8-



is measured as the divergence between points from different flight lines within an
overlapping area. Divergence is most apparent when flight lines are opposing. When the
LiDAR system is well calibrated, the line-to-line divergence is low (<10 cm). See Appendix A
for further information on sources of error and operational measures that can be taken to
improve relative accuracy.

Relative Accuracy Calibration Methodology

1. Manual System Calibration: Calibration procedures for each mission require solving
geometric relationships that relate measured swath-to-swath deviations to
misalignments of system attitude parameters. Corrected scale, pitch, roll and heading
offsets were calculated and applied to resolve misalignments. The raw divergence
between lines was computed after the manual calibration was completed and reported
for each survey area.

2. Automated Attitude Calibration: All data were tested and calibrated using TerraMatch
automated sampling routines. Ground points were classified for each individual flight
line and used for line-to-line testing. System misalignment offsets (pitch, roll and
heading) and scale were solved for each individual mission and applied to respective
mission datasets. The data from each mission were then blended when imported
together to form the entire area of interest.

3. Automated Z Calibration: Ground points per line were utilized to calculate the
vertical divergence between lines caused by vertical GPS drift. Automated Z
calibration was the final step employed for relative accuracy calibration.

4.2 Absolute Accuracy

To minimize the contributions of laser noise and relative accuracy to absolute error, a
number of noise filtering and calibration procedures were performed prior to evaluating
absolute accuracy. The LiDAR quality assurance process uses the data from the real-time
kinematic (RTK) ground survey conducted in the AOI. For the Cottonwood Creek survey area,
a total of 305 RTK GPS measurements were collected. All measurements were collected on
hard surfaces and distributed among multiple flight swaths. To assess absolute accuracy the
location coordinates of these known RTK ground points were compared to those calculated for
the closest ground-classified laser points.

The vertical accuracy of the LiDAR data is described as the mean and standard deviation
(sigma ~ o) of divergence of LiDAR point coordinates from RTK ground survey point
coordinates. To provide a sense of the model predictive power of the dataset, the root mean
square error (RMSE) for vertical accuracy is also provided. These statistics assume the error
distributions for x, y, and z are normally distributed, thus the skew and kurtosis of
distributions when evaluating error statistics is considered.

Statements of statistical accuracy apply to fixed terrestrial surfaces only and may not be
applied to areas of dense vegetation or steep terrain (See Appendix A).
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5. Photo Accuracy Assessment

To assess spatial accuracy of the orthophotographs they are compared against control points
identified from the LIDAR intensity images. The control points were collected\measured on
surface features such as painted road-lines and fixed high contrast objects on the ground
surface. The accuracy of the final mosaic, expressed as root mean square error (RMSE), was
calculated in relation to the LiDAR-derived control points. Figure 3 displays the co-
registration between orthorectified photographs and LiDAR intensity images.

Figure 3. Example of co-registration of color images with LiDAR intensity images.

6. Study Area Results

Summary statistics for point resolution and accuracy (relative and absolute) of the LiDAR data
collected in the Cottonwood Creek survey area are presented below in terms of central
tendency, variation around the mean, and the spatial distribution of the data (for point
resolution by tile).

6.1 Data Summary

Table 2. Resolution and Accuracy - Specifications and Achieved Values

Targeted Achieved
o . ) 0.96 points/ft”
Resolution: > 8 points/m 10.29 points/m’
. . 0.070 ft
Vertical Accuracy (1 oc): <15cm 2 em
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6.2 Data Density/Resolution

Certain types of surfaces (e.g. water, dense vegetation, breaks in terrain, steep slopes) may
return fewer pulses (delivered density) than the laser originally emitted (native density).

Ground classifications were derived from automated ground surface modeling and manual,
supervised classifications where it was determined that the automated model had failed.
Ground-classified return densities will be lower in areas of dense vegetation, water, or
buildings. Figure 6 displays the distribution of average first-return and ground-classified
point densities by processing tile.

Data Resolution for the Cottonwood Creek survey area:

o Average Point (First Return) Density = 0.96 points/ft* (10.29 points/m?)
o Average Ground Point Density = 0.30 points/ft* (3.24 points/m?)

Figure 4. Density distribution for first return laser points
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Figure 5. Density distribution for ground-classified laser points

Frequency Distribution
w
o
X

0.1 0.2 0.3 0.4 0.5 0.6
Ground Classified Returns (points/sq ft)

LiDAR Data & Orthophotograph Acquisition and Processing: Cottonwood Creek, CA
Prepared by Watershed Sciences, Inc.
-11-



Figure 6. First Return and Ground Return laser point data density per tile
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6.3 Relative Accuracy Calibration Results

Relative accuracies for the Cottonwood Creek survey area measure the full survey calibration
including areas outside the delivered boundary:

Project Average = 0.10 ft (0.03 m)

Median Relative Accuracy = 0.10 ft (0.03 m)
1o Relative Accuracy = 0.01 ft (0.004 m)
1.960 Relative Accuracy = 0.03 ft (0.008 m)

O O O O

Figure 7. Distribution of relative accuracies per flight line, non slope-adjusted
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6.4 Absolute Accuracy

Absolute accuracies for the Cottonwood Creek Survey Area

Table 3. Absolute Accuracy - Deviation between laser points and RTK hard surface survey points

RTK Survey Sample Size (n): 305
Root Mean Square Error (RMSE) = 0.07 ft (0.02 m) Minimum Az =(8§;'r;§
T Maximum Az = 0.16ft
Standard Deviations: (0.05 m)
1 sigma (o) = 0.07 ft 1.96 sigma (o) = 0.14 ft Average Az = -0.01 ft
(0.02 m) (0.04 m) (-0.003 m)
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Figure 8. Absolute Accuracy - Histogram Statistics, based on 305 hard surface points
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6.5 Photo Accuracy

Figure 9. Orthophotograph tile delineations for the Trinity River survey area displayed with accuracy
checkpoints
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Table 3. Deviation between aerial photos and intensity images

Standard Deviation Root Mean Square
Mean (1 Sigma) Error (RMSE)

0.37 ft (0.11m) | 1.04 ft (0.32m) | 1.08 ft (0.33m)

Cottonwood Creek
Photos

Figure 10. Checkpoint residuals derived from comparing aerial photos to intensity images
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7. Projection/Datum and Units

Projection: California State Plane Zone 1 FIPS 0401
Vertical: NAVD88 Geoid09
Datum
Horizontal: NAD83
) Vertical: U.S. Survey Feet
Units: -
Horizontal: U.S. Survey Feet

8. Deliverables

o All laser returns (LAS v. 1.2 format; 3000 x 3000 ft
Point Data: delineation)

e Ground return model keypoints (ascii txt format)

e Survey boundary (shapefile format)

Vector Data: ¢ LiDAR Index (shapefile format)

e Elevation models (3 ft resolution):
e Bare Earth Model (ESRI GRID format)
Mosaic of entire area
3000 X 3000 ft delineation
e Highest Hit Model (ESRI GRID format)
Mosaic of entire area
3000 X 3000 ft delineation
¢ Intensity images (GeoTIFF format,1.5 ft resolution)
Mosaic of entire area
3000 X 3000 ft delineation

Raster Data:

Orthophotos | e True-Color Orthophotos (GeoTIFF format, .5 ft resolution)

¢ Full report containing introduction, methodology, and

Data Report:
accuracy
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9. Selected Images
Figure 10. Overhead view of a Cottonwood Creek and a remnant side channel, 3D LiDAR point cloud colored by 2009 NAIP imagery.
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Figure 11. Overhead view of Cottonwood Creek looking northeast across the Interstate 5 overpass. 3D LiDAR point cloud colored by 2009 NAIP.
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Figure 12. Looking North at the confluence of Cottonwood Creek with the Sacramento River. 3D LiDAR point cloud colored by 2009 NAIP.
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10. Glossary

1-sigma (o) Absolute Deviation: Value for which the data are within one standard deviation
(approximately 68™ percentile) of a normally distributed data set.

2-sigma (o) Absolute Deviation: Value for which the data are within two standard deviations
(approximately 95" percentile) of a normally distributed data set.

Root Mean Square Error (RMSE): A statistic used to approximate the difference between
real-world points and the LiDAR points. It is calculated by squaring all the values, then taking
the average of the squares and taking the square root of the average.

Pulse Rate (PR): The rate at which laser pulses are emitted from the sensor; typically
measured as thousands of pulses per second (kHz).

Pulse Returns: For every laser pulse emitted, the Leica ALS 50 Phase Il system can record up
to four wave forms reflected back to the sensor. Portions of the wave form that return
earliest are the highest element in multi-tiered surfaces such as vegetation. Portions of the
wave form that return last are the lowest element in multi-tiered surfaces.

Accuracy: The statistical comparison between known (surveyed) points and laser points.
Typically measured as the standard deviation (sigma, o) and root mean square error (RMSE).
Intensity Values: The peak power ratio of the laser return to the emitted laser. Itis a
function of surface reflectivity.

Data Density: A common measure of LiDAR resolution, measured as points per square meter.
Spot Spacing: Also a measure of LiDAR resolution, measured as the average distance
between laser points.

Nadir: A single point or locus of points on the surface of the earth directly below a sensor as
it progresses along its flight line.

Scan Angle: The angle from nadir to the edge of the scan, measured in degrees. Laser point
accuracy typically decreases as scan angles increase.

Overlap: The area shared between flight lines, typically measured in percents; 100% overlap
is essential to ensure complete coverage and reduce laser shadows.

DTM / DEM: These often-interchanged terms refer to models made from laser points. The
digital elevation model (DEM) refers to all surfaces, including bare ground and vegetation,
while the digital terrain model (DTM) refers only to those points classified as ground.
Real-Time Kinematic (RTK) Survey: GPS surveying is conducted with a GPS base station
deployed over a known monument with a radio connection to a GPS rover. Both the base
station and rover receive differential GPS data and the baseline correction is solved between
the two. This type of ground survey is accurate to 1.5 cm or less.

LiDAR Data & Orthophotograph Acquisition and Processing: Cottonwood Creek, CA
Prepared by Watershed Sciences, Inc.
-20-



11. Citations

Soininen, A. 2004. TerraScan User’s Guide. TerraSolid.

LiDAR Data & Orthophotograph Acquisition and Processing: Cottonwood Creek, CA
Prepared by Watershed Sciences, Inc.
21-



Appendix A

LiDAR accuracy error sources and solutions:

Type of Error Source Post Processing Solution
GPS Long Base Lines None
Poor Satellite Constellation | None

(Static/Kinematic) Poor Antenna Visibility Reduce Visibility Mask

Recalibrate IMU and sensor
offsets/settings

Relative Accuracy Poor System Calibration

Inaccurate System None
Poor Laser Timing None
. Poor Laser Reception None
Laser Noise
Poor Laser Power None
Irregular Laser Shape None

Operational measures taken to improve relative accuracy:

Low Flight Altitude: Terrain following is employed to maintain a constant above ground level
(AGL). Laser horizontal errors are a function of flight altitude above ground (i.e., ~ 1/3000""
AGL flight altitude).

Focus Laser Power at narrow beam footprint: A laser return must be received by the system
above a power threshold to accurately record a measurement. The strength of the laser
return is a function of laser emission power, laser footprint, flight altitude and the
reflectivity of the target. While surface reflectivity cannot be controlled, laser power can be
increased and low flight altitudes can be maintained.

Reduced Scan Angle: Edge-of-scan data can become inaccurate. The scan angle was reduced
to a maximum of +14° from nadir, creating a narrow swath width and greatly reducing laser
shadows from trees and buildings.

Quality GPS: Flights took place during optimal GPS conditions (e.g., 6 or more satellites and
PDOP [Position Dilution of Precision] less than 3.0). Before each flight, the PDOP was
determined for the survey day. During all flight times, a dual frequency DGPS base station
recording at 1-second epochs was utilized and a maximum baseline length between the
aircraft and the control points was less than 19 km (11.5 miles) at all times.

Ground Survey: Ground survey point accuracy (i.e. <1.5 cm RMSE) occurs during optimal
PDOP ranges and targets a minimal baseline distance of 4 miles between GPS rover and base.
Robust statistics are, in part, a function of sample size (n) and distribution. Ground survey
RTK points are distributed to the extent possible throughout multiple flight lines and across
the survey area.

50% Side-Lap (100% Overlap): Overlapping areas are optimized for relative accuracy testing.
Laser shadowing is minimized to help increase target acquisition from multiple scan angles.
Ideally, with a 50% side-lap, the most nadir portion of one flight line coincides with the edge
(least nadir) portion of overlapping flight lines. A minimum of 50% side-lap with terrain-
followed acquisition prevents data gaps.

Opposing Flight Lines: All overlapping flight lines are opposing. Pitch, roll and heading errors
are amplified by a factor of two relative to the adjacent flight line(s), making misalignments
easier to detect and resolve.
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APPENDIX 4: AERIAL IMAGERY ANALYSIS

4-1 Claypan exposure locations for five focused study areas.

4-2 Creekside claypan exposure, 2002-2013, Plate 1/3

4-3 Creekside claypan exposure, 2002-2013, Plate 2/3

4-4 Creekside claypan exposure, 2002-2013, Plate 3/3

4-5 Joanne Lane claypan exposure, 2003-2013, Plate 1/3

4-6 Joanne Lane claypan exposure, 2003-2013, Plate 2/3

4-7 Joanne Lane claypan exposure, 2003-2013, Plate 3/3

4-8 Below South Fork claypan exposure, 1998-2013, Plate 1/3

4-9 Below South Fork claypan exposure, 1998-2013, Plate 2/3
4-10 Below South Fork claypan exposure, 1998-2013, Plate 3/3
4-11  Upstream Interstate 5 claypan exposure, 1998-2013, Plate 1/3
4-12  Upstream Interstate 5 claypan exposure, 1998-2013, Plate 2/3
4-13  Upstream Interstate 5 claypan exposure, 1998-2013, Plate 3/3
4-14  Confluence claypan exposure, 1999-2013, Plate 1/3

4-15  Confluence claypan exposure, 1999-2013, Plate 2/3

4-16  Confluence claypan exposure, 1999-2013, Plate 3/3

4-17  Channel alignments: 2002, 2006, 2013 — Downstream section
4-18 Channel alignments: 2002, 2006, 2013 — Middle section

4-19  Channel alignments: 2002, 2006, 2013 — Upstream section
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4 miles

4 miles

Location map for claypan exposure maps -- upstream reach

Location map for claypan exposure maps -- downstream reach

Cottonwood Creek Sediment Budget 2010-2014

Cottonwood Creek Watershed Group

Claypan Exposure Locations

Five Focused Study Areas
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Peak

Discharge,
Annual
Water Recurrence Maximum
Year Interval (yrs) (cfs)
1997 4.9 40,600
1998 6.2 46,500
1999 1.3 12,900
2000 1.6 16,700
2001 2.8 30,900
4,000 ft 2002 24 30,900 400 ft
2003 4.6 39,800
2004 3.7 33,000
2005 2.0 20,400
2006 6.7 46,700
2007 1.1 5,430
2008 1.8 18,600
2009 1.2 9,900
2010 3.0 31,200
Location map for claypan exposure near Creekside Drive 2011 39 34,700 Area of detail — September 11, 2002
2012 1.5 16,400
2013 1.6 16,800
2014 (provisional value) 6,460
Cottonwood Creek Sediment Budget 2010-2014 Claypan Exposure, 2002-2013 APPENDIX

Cottonwood Creek Watershed Group

Near Creekside Drive (Sta. 75,500) Plate 1/3
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400 ft

400 ft

Area of detail - December 30, 2005

Area of detail — June 16, 2006
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Cottonwood Creek Watershed Group

Claypan Exposure, 2002-2013

Near Creekside Drive (Sta. 75,500) Plate 2/3

APPENDIX
4-3




400 ft

400 ft

Area of detail — August 1, 2010

Area of detail — August 27, 2013

Cottonwood Creek Sediment Budget 2010-2014

Cottonwood Creek Watershed Group

Claypan Exposure, 2002-2013

Near Creekside Drive (Sta. 75,500) Plate 3/3
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Peak

Discharge,
Annual
Water Recurrence Maximum
Year Interval (yrs) (cfs)
1997 4.9 40,600
1998 6.2 46,500
1999 1.3 12,900
2000 1.6 16,700
2001 2.8 30,900
4,000 ft 2002 24 30,900 300 ft
2003 4.6 39,800
2004 3.7 33,000
2005 2.0 20,400
2006 6.7 46,700
2007 1.1 5,430
2008 1.8 18,600
2009 1.2 9,900
2010 3.0 31,200
Location map for claypan exposure near Joanne Lane 2011 39 34,700 Area of detail — November 26, 2003
2012 1.5 16,400
2013 1.6 16,800
2014 (provisional value) 6,460
Cottonwood Creek Sediment Budget 2010-2014 Claypan Exposure, 2003-2013 APPENDIX

Cottonwood Creek Watershed Group

Near Joanne Lane (Sta. 66,000) Plate 1/3
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300 ft

300 ft

Area of detail -- July 7, 2005

Area of detail — July 30, 2007

Cottonwood Creek Sediment Budget 2010-2014

Cottonwood Creek Watershed Group

Near Joanne Lane (Sta. 66,000) Plate 2/3

Claypan Exposure, 2003-2013
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300 ft

300 ft

Area of detail — August 1, 2010

Area of detail — August 18, 2012

Cottonwood Creek Sediment Budget 2010-2014

Cottonwood Creek Watershed Group

Near Joanne Lane (Sta. 66,000) Plate 3/3

Claypan Exposure, 2003-2013
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Peak

Discharge,
Annual
Water Recurrence Maximum
Year Interval (yrs) (cfs)
1997 4.9 40,600
1998 6.2 46,500
1999 1.3 12,900
2000 1.6 16,700
2001 2.8 30,900
3,000 ft 2002 24 30,900 900 ft
2003 4.6 39,800
2004 3.7 33,000
2005 2.0 20,400
2006 6.7 46,700
2007 1.1 5,430
2008 1.8 18,600
2009 1.2 9,900
2010 3.0 31,200
Location map for claypan exposure below South Fork Cottonwood Creek. 2011 39 34,700 Area of detail — September 9, 1998
2012 1.5 16,400
2013 1.6 16,800
2014 (provisional value) 6,460
Cottonwood Creek Sediment Budget 2010-2014 Claypan Exposure, 1998-2013 APPENDIX

Cottonwood Creek Watershed Group

Below South Fork Cottonwood Creek (Sta. 40,000) Plate 1/3
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900 ft

900 ft

Area of detail — June 14, 2005.

Area of detail - November 7, 2006.

Cottonwood Creek Sediment Budget 2010-2014

Cottonwood Creek Watershed Group

Below South Fork Cottonwood Creek (Sta. 40,000) Plate 2/3

Claypan Exposure, 1998-2013
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900 ft

900 ft

Area of detail — August 1, 2010.

Area of detail — August 27, 2013.

Cottonwood Creek Sediment Budget 2010-2014

Cottonwood Creek Watershed Group

Below South Fork Cottonwood Creek (Sta. 40,000) Plate 3/3

Claypan Exposure, 1998-2013
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Peak

Discharge,
Annual
Water Recurrence Maximum
Year Interval (yrs) (cfs)
1997 4.9 40,600
1998 6.2 46,500
1999 1.3 12,900
2000 1.6 16,700
2001 2.8 30,900
4,000 ft 2002 2.4 30,900 600 ft
2003 4.6 39,800
2004 3.7 33,000
2005 2.0 20,400
2006 6.7 46,700
2007 1.1 5,430
2008 1.8 18,600
2009 1.2 9,900
2010 3.0 31,200
Location map for claypan exposure 0.3 miles upstream of Interstate 5 2011 39 34,700 Area of detail — August 10, 1998
2012 1.5 16,400
2013 1.6 16,800
2014 (provisional value) 6,460
Cottonwood Creek Sediment Budget 2010-2014 Claypan Exposure, 1998-2013 APPENDIX

Cottonwood Creek Watershed Group

0.3 miles upstream of 15 (Sta. 31600) Plate 1/3
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600 ft

600 ft

Area of detail - November 6, 2003.

Area of detail — August 1, 2010

Cottonwood Creek Sediment Budget 2010-2014

Cottonwood Creek Watershed Group

0.3 miles upstream of 15 (Sta. 31600) Plate 2/3

Claypan Exposure, 1998-2013
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600 ft

600 ft

Area of detail — July 27, 2011

Area of detail — August 27, 2013

Cottonwood Creek Sediment Budget 2010-2014

Cottonwood Creek Watershed Group

0.3 miles upstream of 15 (Sta. 31600) Plate 3/3

Claypan Exposure, 1998-2013
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Peak

Discharge,
Annual
Water Recurrence Maximum
Year Interval (yrs) (cfs)
1997 4.9 40,600
1998 6.2 46,500
1999 1.3 12,900
2000 1.6 16,700
2001 2.8 30,900
3,000 ft 2002 24 30,900 500 ft
2003 4.6 39,800
2004 3.7 33,000
2005 2.0 20,400
2006 6.7 46,700
2007 1.1 5,430
2008 1.8 18,600
2009 1.2 9,900
2010 3.0 31,200
Location map for claypan exposure near Sacramento River confluence. 2011 39 34,700 Area of detail — July 28, 1999
2012 1.5 16,400
2013 1.6 16,800
2014 (provisional value) 6,460
Cottonwood Creek Sediment Budget 2010-2014 Claypan Exposure, 1999-2013 APPENDIX

Cottonwood Creek Watershed Group

Near Sacramento River Confluence (Sta. 3,600) Plate 1/3
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500 ft

Area of detail — June 14, 2005

Area of detail — June 5, 2009

Cottonwood Creek Sediment Budget 2010-2014

Cottonwood Creek Watershed Group

Near Sacramento River Confluence (Sta. 3,600) Plate 2/3

Claypan Exposure, 1999-2013
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500 ft

Area of detail — August 1, 2010

Area of detail — August 27, 2013

Cottonwood Creek Sediment Budget 2010-2014

Cottonwood Creek Watershed Group

Near Sacramento River Confluence (Sta. 3,600) Plate 3/3

Claypan Exposure, 1999-2013
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Date of Photo: July 21, 2011
Flow = 250 cfs at Cottonwood Cr Nr Cottonwood CA (USGS 11376000)
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Date of Photo: July 21, 2011
Flow = 250 cfs at Cottonwood Cr Nr Cottonwood CA (USGS 11376000)
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Date of Photo: July 21, 2011
Flow = 250 cfs at Cottonwood Cr Nr Cottonwood CA (USGS 11376000)
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APPENDIX 5: HYDRAULIC MODELING REPORT

McBain Associates

TECHNICAL MEMORANDUM: Results of 2-D hydraulic modeling of existing and two alternative grading
plans within Cottonwood Creek.

Cottonwood Creek Sediment Budget 2010-2014 — December 2014
Graham Matthews and Associates for Cottonwood Creek Watershed Group — USFWS AFRP-08-NO5



January 6, 2015

TECHNICAL MEMORANDUM: Results of 2-D hydraulic modeling of existing and two alternative grading
plans within Cottonwood Creek.

Prepared for: Smokey Pitman, GMA Hydrology

Prepared by:  McBain Associates
980 7™ Street
Arcata, CA 95521
(707) 826-7794

1 BACKGROUND

GMA Hydrology contracted with McBain Associates to conduct a comparative analysis to evaluate
potential impacts to salmonid habitat and river hydraulics associated grading alternatives designed to
reduce active bank erosion on adjacent private property (Baker site) on Cottonwood Creek using the 2-D
hydraulic model System for Transport and River Modeling (SToRM) within the International River
Interface Cooperative (iRIC), was used to perform the analysis (iRIC, 2014). The comparative analysis was
conducted at the Baker site on Cottonwood Creek (Figure 1) to assess changes in instream hydraulics
(depth, velocity, and bed shear stress) and salmonid habitat (Fall-run Chinook fry, juvenile, and
spawning) for three flows (1,800 cfs, 4,800 cfs, and 7,800 cfs). Tasks include:

1. Import existing topographic and bathymetric data provided GMA Hydrology into AutoCAD Civil
3D to prepare baseline topography for 1-D and 2-D hydraulic models;

2. Prepare 1-D hydraulic model from existing topography to establish upstream and downstream
boundary conditions;

3. Prepare roughness polygons for open channel and vegetated areas for use in 2-D hydraulic
model;

4. Assess 2-D hydraulic model stability (change in outflow between iterations), and model
convergence (inflow vs. outflow);

5. Prepare two alternative grading plans based on GMA Hydrology recommendations with the
objective to reduce bank erosion;

6. Compare instream hydraulics (depth, velocity, and bed shear stress); and

7. Compare changes in salmonid habitat (Fall-run Chinook fry, juvenile, and spawning) at three
flows (1,800 cfs, 4,800 cfs, and 7,800 cfs) for existing site conditions and two alternative grading
plans.
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Figure 1. Project location map, 1-D HEC-RAS cross sections and stationing, 2-D modeling boundaries, and
existing ground contours at the Baker site on Cottonwood Creek.
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2 MODEL PREPERATION AND METHODS

The SToRM 2-D model uses river flow, stage, detailed channel topography, and roughness to compute
force balances responsible for the distribution of depth, velocity, and boundary shear stress. The model
computes water surface elevation, vertically averaged velocity, and boundary shear stress by solving
conservation of mass and momentum equations (Sim&es 2013). Application of STORM on Cottonwood
Creek, assumes that: (1) flow is steady, or at least does not vary appreciably over short time scales, (2)
flow is hydrostatic (vertical accelerations are neglected), and (3) turbulence can be treated adequately
by any of the existing turbulence models and that shear stress vectors along the bottom are assumed to
be in the same direction as depth-mean velocity and square of its magnitude. Development of the
model equations, numerical techniques, and model structure are discussed in Simdes (2013).

Typically a 2-D model is prepared, calibrated, and validated using topographic data from a primary
survey date and source, surveyed water surface elevations that extend from the upstream boundary to
the downstream boundary, measured velocities, a well-defined rating curve (preferably generated from
measured data) for the downstream boundary condition, and a field generated facies map of the Dsq or
Dg,4 particle size. In this case, detailed topographic and bathymetric survey data and a high resolution
aerial photograph were the available data sources (Figure 1). Because this project is a comparative
analysis between existing and alternative grading plans, the collection of substrate, velocity and water
surface data typically used to calibrate and validate a 2-D model was not prioritized for this project.
Instead, a 1-D hydraulic model using HEC-RAS was developed from the topographic and bathymetric
data for the Baker site to generate a flow vs stage rating curve for the 2-D model downstream boundary
(see Figure 1 for HEC-RAS cross section locations and Section 2.3 for flow vs stage rating curve).

2.1 Existing Topography
Model topography for existing conditions was prepared from 2011 Terrestrial LiDAR provided by GMA
and 2014 bathymetric surveys done by GMA Hydrology. The data was provided to McBain Associates as
a comma separated value file containing northing, easting, and elevation point data. Points were
imported into AutoCAD Civil 3-D and a digital terrain model (DTM) generated (Figure 1). The data was
resampled to a 1.5 ft grid of points and exported from AutoCAD Civil 3D for use in the 2-D model SToRM.

2.2 Alternative Grading Topography
Two alternative grading plans, for use in the comparative modeling analysis only, were developed for
the Baker site:

1) Alternative 1 lowers the right bank surface approximately 4 feet and fills in an existing high
flow channel along the eroding right bank (Figure 2); and

2) Alternative 2 removes an existing left bank berm and associated vegetation between Stations
27+50 and 36+82, excavates a new high flow channel through the center of the right bank
surface, and fills the existing high flow channel along the eroding right bank (Figure 3).

Alternative grading plans were individually pasted into the existing DTM and the data was resampled to
a 1.5 ft grid of points and exported from AutoCAD Civil 3D for use in the 2-D model SToRM.
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Figure 2. Alternative 1 grading plan planform view and cross section.
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Figure 3. Alternative 2 grading plan planform view and cross sections.
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23 Flow and Stage for Existing and Proposed Conditions
Modeled flows for the Baker site were estimated by scaling the flood frequency analysis by drainage
area up from Cottonwood Creek USGS Gage #11376000. The resulting three flows were selected for use
in this comparative analysis and provide range of hydraulic conditions frequently observed at the Baker
site (0).

Table 1. Flows used in the 2-D model comparative analysis.

Flow at Baker Site (cfs) Notes
1,800 Approximately 5% flow duration
4,800 Intermediate flow
7,800 1.5 year flood recurrence

To generate the downstream boundary starting water surface elevation for the three flow scenarios,
twenty-five cross sections were pulled from the existing DTM (Figure 1), exported from AutoCAD Civil 3D
and imported into HEC-RAS. The model was set up using a Manning’s roughness value of 0.042 for the
channel and 0.075 for the left and right overbank areas. The HEC-RAS model was run for each of the
three flows selected and a stage discharge rating curve at HEC-RAS cross section 47 was generated
(Figure 4). For each flow modeled downstream and upstream boundary conditions were entered from
the rating curve, the water surface elevation at the downstream boundary and corresponding flow at
the upstream boundary. Figure 5 provides an example of water surface elevation entered at the
downstream boundary for a flow of 1,800 cfs.

452 Legend

W.S. Elev
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Figure 4. HEC-RAS generated rating curve for existing site conditions, Cottonwood Creek cross section 47.
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Figure 5. Example of downstream boundary condition at a stage of 136.12 m (446.6 ft) for a flow of

1,800 cfs.

24 Roughness for Existing and Proposed Conditions

Manning’s n for open channel and vegetated areas were assigned based on gravel and cobble bedded
streams and riparian vegetation values described in Selection of Manning’s Roughness Coefficient for
Natural and Constructed Vegetation and Non Vegetated Channels (Phillips et al. 2006). For open
gravel/cobble channel and sparsely vegetated areas a Manning’s value of 0.042 (Table 2 and 0) was used
and for vegetated areas Manning’s roughness values ranging from 0.06 to 0.08 were used (Figure 6).

Table 2. Manning’s n values for channels from Phillips et al. (2006).

Median Size of

Base n Value

Bed Material
Benson and
Channel Type Millimeters Dalrymple (1967)
Gravel 2-64 0.028 - 0.035
Cobble 64 - 256 0.03-0.05
Boulder >256 0.04 -0.07




McBain Associates, January 6, 2015

Table 3. Manning’s n values for vegetated areas from Phillips et al. (2006).

Channel
Conditions

Manning’s n
Adjustments

Example

Negligible

0.0-0.002

Grass, shrubs, or weeds were permanently laid over during
flow.

Small

0.002 -0.010

Dense growths of flexible turf grass, such as Bermuda, or weeds
growing where the average depth of flow is at least two times
the height of the vegetation where the vegetation is not laid
over. Trees, such as willow, cottonwood, or saltcedar, growing
where the average depth of flow is at least three times the
height of the vegetation. Flow depth is about two times the
tree height, and the trees are laid over.

Medium

0.010-0.025

Moderately dense grass, weeds, or tree seedlings growing
where the average depth of flow is from two to three times the
height of vegetation; brushy, moderately dense vegetation,
similar to 1- to 2-year-old willow trees growing along the banks.
A few 8 to 10-year old willow, cottonwood, mesquite, or palo
verde, which blocks flow by approximately 1 to 10 percent, and
spheres of influence or turbulence do not overlap.

Large

0.025-0.05

8- to 10-year-old willow, cottonwood, mesquite or palo verde
trees (block flow by approximately 10 to 30 percent where the
sphere’s of influence overlap) intergrown with some weeds and
brush where the hydraulic radius exceeds 2 feet.

Very Large

0.05-0.10

Bushy willow trees about 1-year old intergrown with weeds
alongside slopes or dense cattails growing along the channel
bottom; trees intergrown with weeds and brush. Moderately
dense (blocks flow by approximately 30 to 50 percent and the
sphere’s of influence overlap) 8- to 10-year old trees spaced
randomly throughout channel where depth of flow ap-
proximates height of vegetation.

Extremely
Large

0.10-0.20

Mature (greater than 10 years old) willow trees and tamarisk
intergrown with brush and blocking flow by more than 70
percent of the flow area, causing turbulence across most of the
section. Depth of flow is less than average height of the
vegetation. Dense stands of palo verde or mesquite that block
flow by 70 percent or more and hydraulic radius is about equal
to or greater than average height of vegetation.
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Figure 6. Aerial photograph overlaid with Manning’s roughness values assigned to open and vegetated
areas for existing site conditions and areas where vegetation roughness was removed for alternatives.

2.5 Mesh Preparation
The first step, prior to running the 2-D hydraulic model requires importing the existing site topography
into SToRM, overlaying a mesh made from a triangular grid that covers the portion of the imported
topography used in the modeling effort (Figure 7). Mesh size should be fine enough to describe the
topography in detail while not too fine that computational time becomes limiting (Figure 7). Mesh size
may vary depending on area of interest, in some cases larger triangles may be used in areas where little
topographic variation occurs to reduce computational time and allow a finer triangle size to be used in
areas of greater complexity and/or interest. For the purpose of this project a maximum triangle area of
6 ft? (2.45 ft by 2.45 ft) was used to capture existing and alternative design topography and allow a
reasonable computational time. Elevations from the topography are assigned to each mesh node
forming an elevation mesh that becomes the platform on which the model runs and output is
generated.
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Figure 7. Example of triangular grid with a 6 ft* maximum area that generated mesh used in STORM
calculations. Approximately 150,000 mesh nodes were generated for the 1,800 cfs and 4,800 cfs model
runs and 225,000 mesh nodes were generated from the 7,800 cfs model.

2.6 Boundary and Initial Starting Conditions
In addition to the existing and alternative design topography (Figure 7), manning’s roughness values
(Figure 6), and upstream and downstream boundary conditions (Figure 5), uniform initial conditions
from coverage polygons were calculated to provide a starting model condition that expedites the model
time necessary to reach a point of convergence (Figure 8). Initial starting coverage polygon types include
velocity direction and magnitude coefficients U and V, and water surface elevation (WSE) within each

polygon.

Coverage Polygon Equations (Sim&es 2013):

U = Um*cos(6) (1)
V = Um*sin(6) (2)
Um=Q/A (3)

Where:

Q = Stream Discharge

A = Averaged flow area for all HEC-RAS cross sections within coverage polygon

6 = Counterclockwise angle of flow path from north

WSE = Averaged water surface elevation for all HEC-RAS cross sections within a coverage

polygon

10
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Figure 8. Example of initial conditions coverage polygons estimated from HEC-RAS model output for a
flow of 1,800 cfs.

2.7 Model Convergence and Stability
For the purposes of this analysis, model convergence was determined when the maximum change in net
flow at the downstream boundary (outflow) is less 1% (18 cfs), of inflow (USFWS 2011a) and model
stability when the change in flow at the downstream boundary between time steps is near zero. SToORM
was run for a total of 400,000 time steps, reaching convergence at time step 170,000 and a difference
between inflow and outflow of 2 cfs or 0.11% of an inflow of 1,800 cfs (Figure 9). Continuing the model
run from the convergence point (time step 170,000) the maximum difference between inflow and
outflow ranged between 1 cfs and 3 cfs however, the change in flow at the downstream model
boundary between iterations was less than 0.01 cfs. For the purpose of this comparative analysis, each
of the nine model scenarios was set to run for 400,000 time steps.

11
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Figure 9. Modeled inflow and outflow results by time step.

3 MODELING RESULTS

The 2-D model SToRM was setup and run for existing topography (Figure 1), Alternative 1 design
topography (Figure 2), and Alternative 2 topography (Figure 3), at flows of 1,800 cfs, 4,800 cfs, and 7,800
cfs, totaling nine modeling scenarios. For each model run, depth, velocity magnitude, and boundary
shear stress were exported from SToRM as a CSV file and imported into Excel for post-processing. The
Excel files were then imported into ArcGIS and resulting depth, velocity magnitude, and boundary shear
stress values binned (e.g. for depth 0 — 2 ft; 2 — 4 ft...), and overlaid onto the 2011 Cottonwood Creek
aerial imagery for each of the nine scenarios. Resulting figures are presented by flow, ordered from
1,800 cfs to 7,800 cfs for existing, Alternative 1, and Alternative 2 topography including: depth, Figure
10, Figure 11, and Figure 12; velocity Figure 13, Figure 14, and Figure 15; and shear stress Figure 16,
Figure 17, and Figure 18.

12
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Figure 10. Modeling results showing depth at a flow of 1,800 cfs for existing, Alternative 1, and
Alternative 2 topography.

13



McBain Associates, January 6, 2015

Figure 11. Modeling results showing depth at a flow of 4,800 cfs for existing, Alternative 1, and
Alternative 2 topography.
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Figure 12. Modeling results showing depth at a flow of 7,800 cfs for existing, Alternative 1, and
Alternative 2 topography.
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Figure 13. Modeling results showing velocity at a flow of 1,800 cfs for existing, Alternative 1, and
Alternative 2 topography.
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Figure 14. Modeling results showing velocity at a flow of 4,800 cfs for existing, Alternative 1, and
Alternative 2 topography.
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Figure 15. Modeling results showing velocity at a flow of 7,800 cfs for existing, Alternative 1, and
Alternative 2 topography.
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Figure 16. Modeling results showing shear stress at a flow of 1,800 cfs for existing, Alternative 1, and
Alternative 2 topography.
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Figure 17. Modeling results showing shear stress at a flow of 4,800 cfs for existing, Alternative 1, and
Alternative 2 topography.
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Figure 18. Modeling results showing shear stress at a flow of 7,800 cfs for existing, Alternative 1, and
Alternative 2 topography.

21
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4 SALMONID HABIAT ANALYSIS

In addition to comparing changes in channel hydraulics, an analysis looking at differences in salmonid
habitat between existing and alternative topography for each of the modeled flows was completed.
Methods used to evaluate changes in habitat, were:

1) Weighted Usable Area (WUA) habitat values calculated from depth and velocity habitat
suitability index developed by USFWS on Clear Creek in Northern California; and

2) Binary criterial established from the upper 60% of the same depth and velocity habitat
suitability index used to calculate Weighted Usable Areas.

4.1 Salmonid Habitat Comparison Using Weighted Usable Area
WUA's were calculated from habitat suitability index (SI) developed from data collected by USFWS on
Clear Creek in Northern California, including fall-run Chinook salmon juvenile and fry rearing habitat and
juvenile steelhead (4.1, [USFWS 2013]) and adult spawning habitat (Table 5, [USFWS 2011b]). Suitability
indices for each life stage were applied to modeled output depth and velocity data resulting in a depth
Sl and velocity SI for each model node. The depth Sl and velocity Sl were then multiplied together to
create the combined Sl for each mesh node and associated polygon (Figure 19, Figure 20, and Figure 21).
For this comparative analysis cover and substrate data was not available, therefore not included in the
analysis. The area for each mesh node was multiplied corresponding combined Sl resulting in the WUA
(Table 6). To help isolate changes associated with the two alternative designs, the modeled reach was
divided into two parts; upstream and downstream (Figure 19)

4.1 Salmonid Habitat Comparison Using Binary Criteria
Binary thresholds were developed from observation frequency of fall-run Chinook fry, fall-run Chinook
and steelhead juvenile and fall-run Chinook adult spawning. Results were quantified at various
increments of depth and velocity and reported in Flow-Habitat Relationships for Juvenile Spring-Run and
Fall-Run Chinook Salmon and Steelhead/Rainbow Trout Rearing in Clear Creek between Clear Creek Road
and the Sacramento River (USFWS 2013). Binary criteria from the observed depth and velocity data
using a Sl of 0.6 were used (Table 7). In general, these binary criteria account for 75% to 85% of all
observations. Binary criteria were selected to show, in planform, how the areas of habitat changed
between existing and alternative design topography. Figure 22 through Figure 30 show habitat
differences between existing and alternative design topography for fall-run Chinook salmon fry and
juvenile rearing and adult spawning habitat. Table 8 provides the combined upstream and downstream
habitat area results for all model scenarios.
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Table 4. Chinook salmon habitat suitability index for juvenile and fry rearing developed from data
collected on Clear Creek in Northern California (USFWS 2013).

Chinook Salmon and Steelhead Chinook Salmon Fry Rearing
Juvenile Rearing
Velocity Depth Velocity Depth
(ft/s) Sl Value (ft) Sl Value | (ft/s) | SIValue | (ft) | SIValue
0.00 1.00 0.0 0.00 0.00 1.00 0 0.00
0.80 1.00 0.2 0.00 0.10 0.84 0.1 1.00
0.90 0.99 0.3 0.36 0.20 0.70 0.2 0.95
1.10 0.99 0.6 0.45 0.30 0.58 0.3 0.89
1.20 0.98 0.7 0.49 0.40 0.48 0.4 0.84
1.40 0.98 0.9 0.55 0.50 0.40 0.5 0.78
1.50 0.97 1.0 0.59 0.60 0.33 0.6 0.73
1.60 0.96 1.2 0.65 0.70 0.28 0.7 0.68
1.70 0.96 1.3 0.69 0.80 0.24 0.8 0.63
1.80 0.95 1.4 0.72 0.90 0.20 0.9 0.58
1.90 0.94 1.7 0.81 1.00 0.18 1 0.53
2.00 0.93 1.9 0.87 1.10 0.16 1.1 0.48
2.10 0.92 2.3 0.95 1.20 0.14 1.2 0.44
2.20 0.91 2.4 0.96 1.30 0.13 13 0.40
2.30 0.90 2.5 0.98 1.40 0.12 1.4 0.36
2.40 0.88 2.6 0.99 1.50 0.11 1.5 0.33
2.50 0.87 2.7 0.99 1.60 0.10 1.6 0.30
2.60 0.85 2.8 1.00 3.60 0.10 1.7 0.27
2.70 0.84 3.0 1.00 3.61 0.00 1.8 0.24
3.50 0.68 3.1 0.99 1.9 0.21
3.60 0.65 3.2 0.99 2 0.19
3.80 0.61 34 0.97 2.1 0.17
3.90 0.58 3.9 0.87 2.2 0.15
4.00 0.56 4.1 0.81 2.3 0.14
4.10 0.53 4.2 0.79 2.4 0.12
4.20 0.51 4.3 0.76 2.5 0.11
4.40 0.45 4.4 0.72 2.6 0.10
4.50 0.43 4.6 0.66 2.7 0.09
4.60 0.40 4.7 0.62 2.8 0.08
4.70 0.38 4.8 0.59 2.9 0.07
4.80 0.36 4.9 0.56 3 0.06
4.90 0.33 5.0 0.52 3.1 0.05
5.40 0.23 5.2 0.46 3.2 0.05
5.50 0.21 5.3 0.42 3.3 0.04
5.53 0.20 5.5 0.36 34 0.04
5.54 0.00 5.6 0.00 3.5 0.03
3.7 0.03
3.8 0.02
4 0.02
4.1 0.00
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Table 5. Fall-run Chinook salmon habitat suitability index for adult spawning developed from data

collected on Clear Creek in Northern California (USFWS 2011b).

Fall-Run Chinook Salmon Spawning

Velocity Depth
(ft/sec) S (ft) S|
0.00 0.00 0.0 0
0.09 0.00 0.4 0
0.10 0.06 0.5 0.39
0.15 0.08 0.6 0.59
0.22 0.10 0.7 0.76
0.29 0.12 0.8 0.88
0.36 0.14 0.9 0.95
0.43 0.17 1.0 0.99
0.50 0.21 1.1 1
0.57 0.24 1.3 1.0
0.64 0.29 1.5 0.9
0.71 0.33 1.8 0.9
0.78 0.38 2.0 0.8
0.85 0.43 2.2 0.8
0.92 0.48 2.4 0.8
0.95 0.50 2.7 0.7
0.99 0.53 2.9 0.7
1.06 0.59 3.1 0.6
1.13 0.64 3.3 0.6
1.20 0.70 3.6 0.6
1.27 0.75 3.8 0.5
1.34 0.80 4.0 0.5
1.41 0.84 4.2 0.4
1.48 0.88 4.5 0.4
1.55 0.92 4.7 0.4
1.62 0.95 4.9 0.3
1.69 0.97 5.1 0.3
1.76 0.99 5.4 0.2
1.83 1.00 5.6 0.2
1.97 1.00 5.8 0.2
2.04 0.99 6.0 0.1
4.15 0.50 6.3 0.1
5.23 0.25 6.5 0.0
6.31 0.00 6.7 0
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Figure 19. Combined depth and velocity suitability index for Fall-run Chinook fry rearing habitat at a flow
of 1,800 cfs. The combined suitability index was applied to polygons associated with each mesh node.
Red denotes low fry rearing suitability and blue shows areas highly suitable for fry rearing.
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Figure 20. Combined depth and velocity suitability index for Fall-run Chinook fry rearing habitat at a flow
of 4,800 cfs. The combined suitability index was applied to polygons associated with each mesh node.
Red denotes low fry rearing suitability and blue shows areas highly suitable for fry rearing.
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Figure 21. Combined depth and velocity suitability index for Fall-run Chinook fry rearing habitat at a flow
of 7,800 cfs. The combined suitability index is applied to polygons associated with each mesh node. Red
denotes low fry rearing suitability and blue shows areas highly suitable for fry rearing.
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Table 6. Weighted Usable Area for steelhead juvenile rearing and Fall-run Chinook fry and juvenile
rearing and adult spawning at flows of 1,800 cfs, 4,800 cfs, and 7,800 cfs, calculated from 2-D modeling
depth and velocity results.

Fall-Run Chinook and
Fall-Run Chinook Fry Steelhead Juvenile Rearing Fall-Run Chinook Adult
Rearing Habitat Habitat Spawning Habitat
Upstream | Downstream Upstream | Downstream | Upstream | Downstream
1,800 cfs WUA (ft?) WUA (ft?) WUA (ft?) WUA (ft?) WUA (ft?) WUA (ft?)
Existing Conditions 25,478 18,167 103,270 132,139 54,347 88,761
Alternative 1 13,267 20,712 160,817 131,493 100,431.64 86,260
Alternative 2 16,666 15,504 122,157 133,095 79,326.07 99,118
4,800 cfs
Existing Conditions 30,723 40,249 204,851 136,035 163,460 87,599
Alternative 1 22,436 40,238 105,973 136,627 64,663 86,672
Alternative 2 29,122 39,778 136,404 135,127 89,788 88,201
7,800 cfs
Existing Conditions 18,350 54,707 240,103 248,164 206,355 179,682
Alternative 1 20,400 55,313 150,112 248,687 107,966 179,862
Alternative 2 18,772 57,414 189,437 249,575 148,184 179,126

Table 7. Binary criteria used in the comparative analysis, representing a suitability index of 0.6.

Species Life stage | Criteria | Units Lower Upper
Fall-Run Chinook Fry Depth ft 0.1 1.3
Fall-Run Chinook Fry Velocity | ft/s 0 0.5
Fall-Run Chinook Juvenile Depth ft 1.3 4.5
Fall-Run Chinook Juvenile | Velocity | ft/s 0 4.6
Fall-Run Chinook Spawning | Depth ft 0.7 1.1
Fall-Run Chinook Spawning | Velocity | ft/s 1.1 2.9
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Figure 22. Planform view of fall-run Chinook salmon fry rearing habitat at a flow of 1,800 cfs.
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Figure 23. Planform view of fall-run Chinook salmon juvenile rearing habitat at a flow of 1,800 cfs.
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Figure 24. Planform view of fall-run Chinook salmon adult spawning habitat at a flow of 1,800 cfs.
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Figure 25. Planform view of fall-run Chinook salmon fry rearing habitat at a flow of 4,800 cfs.
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Figure 26. Planform view of fall-run Chinook salmon juvenile rearing habitat at a flow of 4,800 cfs.
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Figure 27. Planform view of fall-run Chinook salmon adult spawning habitat at a flow of 4,800 cfs.
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Figure 28. Planform view of fall-run Chinook salmon fry rearing habitat at a flow of 7,800 cfs.
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Figure 29. Planform view of fall-run Chinook salmon juvenile rearing habitat at a flow of 7,800 cfs.
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Figure 30. Planform view of fall-run Chinook salmon adult spawning habitat at a flow of 7,800 cfs.
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Table 8. Total habitat area (combined upstream and downstream areas) for fall-run Chinook salmon fry
and juvenile rearing and adult spawning and steelhead juvenile rearing using binary suitability criteria.

Fall Run Chinook Fry Rearing Habitat (ft?) 1,800 cfs 4,800 cfs 7,800 cfs
Existing Conditions 47,844.69 74,539.22 74,720.06
Alternative 1 40,012.93 71,004.42 77,762.77

Alternative 2 34,930.64 77,868.85 79,484.30

Fall Run Chinook and Steelhead Juvenile

Rearing Habitat (ft?) 1,800 cfs 4,800 cfs 7,800 cfs
Existing Conditions 190,827.50 | 286,550.52 | 476,020.54
Alternative 1 259,099.02 | 189,281.24 | 362,520.81
Alternative 2 220,668.31 | 232,620.43 | 412,701.81

Fall Run Chinook Adult Spawning Habitat (ft?) 1,800 cfs 4,800 cfs 7,800 cfs
Existing Conditions 9,431.95 33,342.27 38,613.58
Alternative 1 3,418.34 11,923.71 29,873.52

Alternative 2 9,398.50 15,442.63 30,760.35

5 FINDINGS

Findings focus on the relative changes to the channel hydraulics and WUA results associated with
existing topography and alternatives 1 and 2 for the upstream portion of the 2-D modeling reach (Baker
Site). The comparative analysis findings are:

e Both alternative right bank treatments (Figure 2 and Figure 3) reduce velocity and potential
scour along the right bank terrace (Figure 13 and Figure 15);

e The removal of the left bank riparian berm is effective in reducing velocity and potential scour
within the mainstem channel that is directed towards the right bank (Figure 15 and Figure 18);

e Figure 18 indicates that Alternative 1 is likely more depositional than Alternative 2;

e Foraflow of 1,800 cfs the relative change in 2-D modeled WUA within the upstream portion of
the project indicates that both alternatives increase habitat for fall-run Chinook and steelhead
juvenile rearing and fall-run adult spawning, and a decrease habitat for fall-run Chinook fry
habitat (Table 6);

e Fora flow of 4,800 cfs the relative change in 2-D modeled WUA within the upstream portion of
the project indicates that both alternatives decrease habitat for salmonid life stages modeled
(Table 6); and

e For aflow of 7,800 cfs the relative change in 2-D modeled WUA within the upstream portion of
the project indicates that both alternatives decrease habitat for fall-run Chinook and steelhead
juvenile rearing and fall-run adult spawning, and show no-change in fall-run Chinook fry habitat
(Table 6).

38



McBain Associates, January 6, 2015

6 DISCUSSION

Upon review of the 2-D modeling result findings presented above, both right bank alternatives are
effective in reducing velocity and potential scour along the right bank terrace. However, Alternative 2’s
left bank berm removal appears as though it would be effective in reducing mainstem velocity into ether
of the right bank alternative treatments. Although not evaluated, removal of the left bank berm alone
may be effective at meeting project objectives without the excavation portion of the right bank
treatments and should be considered if additional 2-D modeling is forthcoming.

Resulting trends in habitat for all salmonid life-stages are similar for both alternatives with fall-run
Chinook fry rearing impacts greatest at 1,800 cfs and fall-run Chinook and steelhead juvenile rearing
habitat and fall-run Chinook spawning habitat impacts greatest at the higher flows (4,800 cfs and 7,800
cfs). Even though some decreases in habitat are 50% or greater (Table 6), refinement of alternative
grading options, the addition of large wood, and floodplain revegetation could reduce decreases in
habitat predicted by the 2-D model. If additional modeling runs are being considered, substrate and
cover should be mapped and added to the WUA results for existing conditions allowing large wood
habitat features to be included as part of the alternative grading plans. This could be effective at
reducing habitat loses while still meeting design objectives.
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