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Forest Retention, Runoff Response, and Implications for Salmonids

INTRODUCTION

The purpose of this technical memo is to report the estimated effects on base flow, potential groundwater recharge and runoff volume resulting from the retention of various percentages hydrologically mature forest cover during the land development process.  This report has been developed to assist decision making in the Tri-County area regarding regional measures for storm water management and the protection of aquatic resources in response to the Endangered Species Act (ESA). 

METHODS, DATA SOURCES, AND ASSUMPTIONS

Hydrologic Model

In this analysis, the Hydrologic Simulation Program-Fortran (HSPF) (Donigian, Bicknell, and Imhoff, 1994) was utilized to investigate trends in runoff response of rural-zoned land with varying levels of forest retained on site.  This model has been used extensively in the Tri-County area in recent years to calculate runoff and stream flow from impervious areas and pervious areas with vegetation and soil classes typical of the lower Puget Sound basin.

Simulation Period and Scenarios

The HSPF model was run with an hourly time step for 50 years using the National Weather Service's Seatac rainfall record for two soil-cover conditions, (Till-Forest and Till-Grass) and for impervious area.  Glacial till-derived soils predominate on sloping land in the urbanizing portion of the Tri-County area.  Glacial outwash areas were not included in this study because of the high residual infiltration rates typically following rural development and the potential for stormwater to be infiltrated.  In this case, significant changes to groundwater recharge, base flow, and storm volumes would not be expected.

A comparison and analysis of daily mean, unit-area runoff components representing surface flow, inter-flow, and groundwater flow for the three surface types (forest, grass, and impervious) were then used to develop graphical representations of changes in base flow and runoff volume over a range of forest retention values.  Calculations of these changes were based on an assumption that 4% of development sites are covered by hydraulically connected or "effective" impervious area.  This has been shown to be an appropriate typical value for rural, residential zones where lot sizes are greater than approximately 2.5 acres.

Selection of Relevant Simulation Time Series

The HSPF model uses a series of equations to represent hydrologic processes and to transform precipitation and other inputs into three runoff components on a continuous basis.  Two of these runoff components, surface runoff and interflow ("SURO" and "IFWO") enter streams within a day or two after storm events and are summed to represent storm runoff.  Only the third component, "active groundwater outflow" or "AGWO", which continues to supply relatively small but steady amounts of subsurface discharge to streams throughout the dry season contributes to stream base flow and potential groundwater recharge.  The word "potential" is used in reference to groundwater recharge, because AGWO is directly related but not equal to the amount of water that may be contained in a shallow aquifer, which in turn may be supplying a fraction of its water to a deeper aquifer.

Use of Regional Parameters

Two sets of hydrologic parameters represent the differing hydrologic characteristics of till-forest and till-grass surfaces.  For purposes of this study, the regional parameters developed by the USGS for moderate slopes (Dinicola, 1990) were utilized.  These HSPF parameter values were based on field measurements of rainfall and stream flow in small basins in western King and Snohomish counties.  The parameters result in HSPF-simulated stream flows that reflect actual stream flow response that is typical of small drainage basins dominated by till soils in the Tri-County area.

Treatment of Effective Impervious Area

All runoff from impervious area that is directly connected to the drainage system - called "effective impervious area" or "EIA" occurs as surface runoff and does not contribute to base flow or groundwater recharge by definition.  In other words, base flow and recharge contributions from EIA were assumed to be zero in this analysis.

RESULTS OF HYDROLOGIC SIMULATIONS- BASE FLOWS

Daily mean values of AGWO (groundwater flow) from the till-forest and till-grass were examined for the entire 50-year simulation period.  Generally, AGWO from grass areas was less than for forested areas because of lower soil infiltration rates for grass compared to forest.  Lower infiltration rates causes higher proportions of rainfall to become surface and interflow storm runoff and less to percolate into groundwater storage where it would then be available for groundwater discharge to streams or for percolation to deeper aquifers.


On an average annual basis AGWO from grass surfaces was 23% less than for forest surfaces.  However, there was a certain amount of seasonal variation in the ratio and it was found that a more pronounced difference occurs during the spring months of April through June when grass produces an average 31% less AGWO than forest.

Using these two percentages (23% and 31%), it was possible to construct curves of estimated base flow and potential groundwater recharge reduction for different amounts of effective impervious area (EIA) and forest cover remaining after development.  The percentage of base flow reduction for average annual conditions is determined using the following relationship:

%LOSS BASE FLOW = 100% - %FOREST COVER-GRASS COVER*(1-.23)-%EIA

in which the value .23 reflects the results of the HSPF simulation runs which indicate the ratio of average annual grass AGWO to Forest AGWO.  Figure 1 provides a graphical representation of the application of this equation over a range of EIA values than would typically occur in rural and lower density urban areas.

For springtime conditions, the corresponding relationship is:

%LOSS BASE FLOW = 100% - %FOREST COVER-GRASS COVER*(1.0-.31)-%EIA

and results for different amounts of EIA are shown by the curves in Figure 2.

The 4% EIA line on each figure represents typical rural development with lots in the 2.5 to 5.0 acres range.  As shown in Figure 1, forest retention effectively reduces the base flow and potential recharge loss that would occur if the entire lot were cleared, graded, and landscaped from a high of 26% to a value of 11% if 65% of forest is retained.  And as shown in Figure 2 the loss of base flow is reduced from 34% to 14% during the spring.  For 4% EIA, 65% forest retention can reduce base flow losses by nearly 60%.  As the ratio of effective impervious area (EIA) increases on a development site, the relative effectiveness of a given amount of forest retention to reduce base flow loss from the site as a whole declines.

RESULTS OF HYDROLOGIC SIMULATIONS- STORM VOLUMES

Storm volumes represent the summation of surface runoff and interflow.  Under pre-developed forested conditions on till soils, storm runoff accounts for only 17% of total rainfall, and of this 17%, almost all is interflow.  The remaining 83% of precipitation is made up of 51% evapotranspiration and 32% groundwater flow.  Forest cover is most efficient at trapping precipitation in canopy and understory for later evaporation, and in tapping moisture from the entire soil profile using relatively deep roots.  After development, effective impervious area produces only surface runoff.  Grass areas produce small amounts of surface runoff and relatively large amounts of interflow from a soil profile that is typically thinner, less infiltrative, and more often saturated since more precipitation enters the soils, soil water both drains less rapidly, less is tapped by more shallow-rooted grass.  As a result of this increased saturation in the soil profile, storm runoff increases by more than 100% when grass replaces forest.  Figure 3 shows increases in storm volumes in typical rural development (4% EIA) with varying amounts of forest retention.  Also plotted in this figure are changes in base flow and potential groundwater recharge as well as evapotranspiration.  As shown, forest retention can cause very large differences in storm runoff volumes by preserving pre-developed levels of evapotranspiration and groundwater recharge on portions of the site.  As an example, retaining 65% of forest cover can reduce increases in storm runoff volumes from 128% down to 50% compared to sites with zero forest cover remaining. 

IMPLICATIONS FOR SALMONIDS AND HABITAT

Forests provide a wide range of benefits for salmonids.  They moderate temperature and hydrologic extremes, stabilize soils, especially fine-textured soils that can be most damaging to fish, and form the basis for much nutrient cycling and biological activity.  On steep slopes, they reduce the frequency and magnitude of landslides and can lead to quicker recovery of eroded slopes and scoured channels when landslides occur.  Riparian forests provide direct shading and woody debris, the latter are important for nutrients and aquatic habitat formation.  They also provide microclimate control, making local air and water temperatures cooler in summer and warmer in winter.  There are no known effective artificial remedies or substitutes for the diverse and far-ranging functions that forests provide or that simulate the forested landscape to which salmonids adapted. 

In developing areas of Puget Sound, mainly the lowlands, loss of forest cover is usually associated with urbanization resulting in conversion of forests to roads, buildings, lawns, and other impermeable, or nearly impermeable, surfaces.  Among the most serious hydrologic impacts of this conversion are increased peaks and duration of storm-water runoff that are known to cause significant erosion and modification of stream channels and shorelines.  The effect of concomitant losses of groundwater recharge, leading to reduced baseflows in streams has not been well documented.  For large rivers, the effect of loss of baseflow due to urban conversion is likely be more felt as impact to diversity and quality of certain habitats rather than through a reduction in the sheer quantity of mainstem habitat, the latter being not only probably very small but also very difficult to detect.  This is because they derive the vast majority of their flows from areas upstream of urbanization.  Mainstem habitat quality, as indicated by presence of large woody debris, clean substrates, and a diversity of habitats formed by the interaction with riparian forests, would be degraded, however.  Furthermore, the quantity and quality of habitats connected or feeding into the mainstem rivers, i.e., perennial and intermittent small tributaries, headwaters of large tributaries, and spring or seepage-flow derived wetlands and channels on the valley floors of large rivers, would be heavily affected.  While relatively small, these habitats play a cumulatively important role in maintaining the productivity and diversity of salmonids and other native biota.  Further, these habitats are closely linked to their surrounding landscape and are the most susceptible to impact due to loss of forest cover due to urbanization. 

The non-mainstem habitats provide many direct and indirect functions important for salmonids.  Coho salmon, cutthroat and bull trout seek out and utilize small headwater systems, including those that periodically dry up, for spawning and juvenile rearing.  The extent of use varies depending on factors such as flow, water temperature, and gradient. Increasing evidence is showing that juveniles of chinook and steelhead, often characterized as "large mainstem river species," will utilize the low-gradient, lower reaches of tributaries and valley-floor-based, off-channel habitats for rearing even when spawning is not occurring therein.  In addition to spawning and rearing functions, these habitats may play extremely critical roles as areas of flood or temperature refuge for all salmonid species.  Regardless of fish usage, non-mainstem habitats can be important to downstream habitats by providing food, nutrients, woody debris, spawning gravel, and high quality water. 

It is not clear what, if anything, is a satisfactory substitute for forests in protecting these habitats or in providing all of the functions described above.  Engineered solutions have generally entailed construction of some combination of pipes, ponds, and infiltration systems to detain or route runoff in less damaging ways.  These artificial systems can be valuable for certain goals, such as reduction of flood peak flows and durations.  None have been proven to provide the range of functions a natural forest can provide and it is doubtful they will be proven to do so any time in the foreseeable future, if ever. 

The loss of baseflow is especially problematic, as it will diminish the value of the small yet cumulatively important habitats noted above.  In some cases, outright loss of these habitats will occur due to loss of low.  In many others, impact will be much subtler and less measurable than the often dramatic changes in stormwater runoff that lead to erosion and flooding.  Thus, our ability to detect an adverse impact will be low, leading to difficulty in adapting new approaches and mitigating for past damage.  For recovery of salmonids, loss of habitat due to lost forest cover in lowland Puget Sound, will hamper the three-dimensional (abundance, diversity, and distribution) recovery approach for salmonids, especially hampering the diversity and distribution goals.  This will result in much higher uncertainty in the future success of our nascent recovery program.

SUMMARY AND CONCLUSIONS

Hydrologic simulation using typical precipitation patterns and soil characteristics found in the urbanizing portion of the tri-county area show undesirable shifts in base flows, potential groundwater recharge, and storm runoff volumes can be mitigated by retaining forest cover on site.  Current salmon habitat conservation knowledge and literature do not contain specific threshold values or specific allowable limits for these hydrologic changes.  However, there is understanding that the hydrologic changes are part of a general and cumulative degradation of salmon habitat that accompanies removal of forests from watersheds and that hydrologic regime should be maintained as close to natural conditions as possible.  Additionally, it must be recognized that structures or other engineered solutions do not effectively mitigated some significant, negative, hydrologic and ecological disturbances.  Consequently, retention of forest cover is a critical salmonid conservation measure that should be practiced to the maximum extent feasible. 
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BASE LOSS CALC

		AVERAGE ANNUAL																APRIL-JUNE

		LOSS OF BASE FLOW FOR RURAL DEVELOPMENT																LOSS OF BASE FLOW FOR RURAL DEVELOPMENT

		FOREST		EIA0		EIA1=.04		EIA=.08		EIA=.12								FOREST		EIA0		EIA1=.04		EIA=.08		EIA=.12

		FRACTION		0		0.04		0.08		0.12								FRACTION		0		0.04		0.08		0.12

		90%		2%		5%		8%		12%								90%		3%		6%		9%		12%

		85%		3%		7%		10%		13%								85%		5%		7%		10%		13%

		80%		5%		8%		11%		14%								80%		6%		9%		12%		14%

		75%		6%		9%		12%		15%								75%		8%		11%		13%		16%

		70%		7%		10%		13%		16%								70%		9%		12%		15%		18%

		65%		8%		11%		14%		17%								65%		11%		14%		16%		19%

		60%		9%		12%		15%		18%								60%		12%		15%		18%		21%

		55%		10%		13%		17%		20%								55%		14%		17%		19%		22%

		50%		12%		15%		18%		21%								50%		16%		18%		21%		24%

		45%		13%		16%		19%		22%								45%		17%		20%		23%		25%

		40%		14%		17%		20%		23%								40%		19%		21%		24%		27%

		35%		15%		18%		21%		24%								35%		20%		23%		26%		28%

		30%		16%		19%		22%		25%								30%		22%		24%		27%		30%

		25%		17%		20%		23%		26%								25%		23%		26%		29%		32%

		20%		18%		21%		25%		28%								20%		25%		28%		30%		33%

		15%		20%		23%		26%		29%								15%		26%		29%		32%		35%

		10%		21%		24%		27%		30%								10%		28%		31%		33%		36%

		5%		22%		25%		28%		31%								5%		29%		32%		35%		38%

		0%		23%		26%		29%		32%								0%		31%		34%		37%		39%
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RURAL FOREST RETENTION

		EIA		FOREST		GRASS		STORM		E-T		POT		PREC

								FLOW				GWATER

		0		100%		0		6.56		19.53		11.96		38.06

		0.04		96%		0		7.54		19.03		11.48		38.06

		0.04		90%		0.06		8.00		18.80		11.26		38.06

		0.04		60%		0.36		10.32		17.62		10.12		38.06

		0.04		40%		0.56		11.87		16.83		9.36		38.06

		0.04		20%		0.76		13.41		16.04		8.60		38.06

		0.04		0%		0.96		14.96		15.26		7.84		38.06

		4%		96%		0		15%		-3%		-4%

		10%		90%		0		22%		-4%		-6%

		40%		60%		0		57%		-10%		-15%

		60%		40%		0		81%		-14%		-22%

		80%		20%		0		104%		-18%		-28%

		100%		0%		0		128%		-22%		-34%





PURVOL

								AN HSPF FILE FOR DRIVING SEPARATE PLOT PROGRAM

								AN Time interval:   -2 mins          Last month in printout year:  9

								AN No. of curves plotted:  Point-valued:  0   Mean-valued:  7   Total  7

								AN Label flag:  0          Pivl:     Year      Idelt:   60

								AN Plot title:     ANNUAL AGWO

								AN Y-axis label:    MAX DAILY FLOW

								AN Scale info:  Ymin:  0.00000               Threshold:-0.10000E+31

								AN              Ymax:   1500.0

								AN              Time:   20.000     intervals/inch

								AN Data for each curve (Point-valued first, then mean-valued):

								AN Label                   LINTYP     INTEQ    COLCOD      TRAN   TRANCOD

								AN		TILL-FOR		0		0		0		SUM		1

								AN		TILL-PAST		0		0		0		SUM		1

								AN		TILL-GRASS		0		0		0		SUM		1

								AN		OUTW FOREST		0		0		0		SUM		1

								AN		OUTW PASTURE		0		0		0		SUM		1

								AN		OUTWASH GRASS		0		0		0		SUM		1

								AN		SATURATED		0		0		0		SUM		1

								AN

								AN

								AN

								AN Time series (pt-valued, then mean-valued):

								AN

												GROUNDWATER																		INTERFLOW																		SURFACE RUNOFF

		PREC				PET						TILL-FOR		TILL-PAST		TILL-GRASS		OUTW FOREST		OUTW PASTURE		OUTWASH GRASS		SATURATED		IMPERVIOUS				TILL-FOR		TILL-PAST		TILL-GRASS		OUTW FOREST		OUTW PASTURE		OUTWASH GRASS		SATURATED		IMPERVIOUS				TILL-FOR		TILL-PAST		TILL-GRASS		OUTW FOREST		OUTW PASTURE		OUTWASH GRASS		SATURATED		IMPERVIOUS

		30.95				28.224						5.5763		5.7236		4.0267		12.646		18.045		17.726		5.6329		0				3.0048		6.1194		8.3505		0		0		0		0.59352		0				4.07E-02		0.11745		0.28232		7.15E-03		1.29E-02		1.79E-02		3.40E-02		22.866

		48.74				26.6						13.989		12.86		8.8972		23.953		29.271		29.019		12.937		0				11.401		16.499		20.118		0		0		0		3.2109		0				0.14086		0.36443		0.88434		1.92E-02		7.19E-02		0.28959		2.2538		41.683

		46.87				27.536						15.334		13.919		9.8558		26.816		32.35		32.016		14.68		0				12.103		17.348		20.786		0		0		0		3.8883		0				0.12687		0.33881		0.83632		1.95E-02		7.18E-02		0.29589		3.7048		39.308

		31.59				27.728						10.466		10.259		7.5374		14.8		19.172		18.814		6.956		0				3.5868		7.1458		9.7215		0		0		0		0.96323		0				3.56E-02		9.50E-02		0.2147		8.05E-03		1.34E-02		2.00E-02		6.58E-02		24.494

		39.27				27.032						11.231		10.195		7.2914		16.599		19.561		19.205		8.1865		0				5.8609		9.7205		12.811		0		0		0		1.3313		0				4.53E-02		0.12256		0.29657		1.24E-02		1.79E-02		2.97E-02		0.15973		31.717

		44.06				24.536						13.652		12.993		9.1591		21.844		27.486		27.152		12.587		0				8.3174		13.424		16.919		0		0		0		3.3451		0				6.78E-02		0.18498		0.44869		1.52E-02		2.69E-02		6.30E-02		1.1129		35.214

		36.28				25.016						11.17		11.138		8.0358		16.786		22.277		22.01		9.5597		0				5.2259		9.7396		12.373		0		0		0		2.9316		0				5.85E-02		0.18247		0.43298		9.53E-03		1.68E-02		4.01E-02		1.4252		28.47

		47.99				26.152						16.072		14.644		10.272		26.347		32.076		31.927		14.88		0				10.969		16.924		20.851		0		0		0		5.4046		0				0.10274		0.27894		0.65944		2.12E-02		3.96E-02		0.1456		2.9125		40.927

		36.24				26.144						11.961		11.748		8.506		17.289		22.265		21.874		9.809		0				4.9889		9.0076		11.999		0		0		0		1.7742		0				4.62E-02		0.12996		0.30439		9.94E-03		1.68E-02		3.49E-02		0.1647		28.861

		35.73				29.552						10.921		10.653		7.6913		16.504		20.985		20.698		8.6404		0				5.9289		9.8734		12.568		0		0		0		1.6754		0				5.20E-02		0.16152		0.38359		1.08E-02		1.65E-02		4.08E-02		0.27123		28.142

		48.09				26.632						14.924		13.353		9.4285		22.251		26.103		25.777		11.889		0				7.884		12.637		16.765		0		0		0		2.601		0				5.94E-02		0.14009		0.32285		1.58E-02		2.74E-02		4.83E-02		0.53734		38.95

		40.92				26.288						13.453		12.85		9.1769		21.313		27.168		26.911		11.939		0				8.284		13.38		16.465		0		0		0		4.1577		0				6.82E-02		0.23152		0.56044		1.45E-02		2.52E-02		7.20E-02		1.6791		32.913

		45.27				28.36						14.809		13.697		9.6495		23.918		29.322		29.1		13.11		0				9.6398		14.715		18.38		0		0		0		3.8611		0				7.10E-02		0.19903		0.48498		1.70E-02		2.80E-02		9.09E-02		1.6771		37.306

		30.33				23.096						8.9413		9.38		6.9991		12.094		16.295		16.097		5.6513		0				1.7699		4.4256		6.5662		0		0		0		0.34518		0				2.09E-02		6.71E-02		0.14333		5.55E-03		1.12E-02		1.59E-02		2.06E-02		23.504

		36.9				21.456						12.201		11.749		8.4186		18.503		23.611		23.264		11.128		0				7.5395		12.276		15.315		0		0		0		2.7147		0				6.46E-02		0.18644		0.44748		1.31E-02		2.14E-02		5.05E-02		0.65819		30.341

		45.7				20.6						14.995		13.939		9.87		23.295		28.671		28.44		13.994		0				8.6738		14.341		18.154		0		0		0		4.2395		0				7.53E-02		0.20127		0.47776		1.47E-02		2.91E-02		9.44E-02		1.9147		38.071

		34.9				23.344						12.353		11.763		8.4661		19.26		24.441		24.118		10.145		0				6.1908		11.396		14.23		0		0		0		4.3121		0				4.99E-02		0.15697		0.3825		1.31E-02		2.06E-02		4.07E-02		2.6799		29.404

		35.19				24.752						11.092		11.169		8.0442		16.031		21.083		20.778		9.2374		0				4.4623		8.5207		11.378		0		0		0		1.9865		0				4.09E-02		0.11733		0.2679		9.21E-03		1.74E-02		3.16E-02		0.25603		28.672

		39.72				27.32						13.911		12.831		9.1421		21.678		26.217		26.041		12.329		0				8.5875		13.508		16.995		0		0		0		3.2921		0				8.33E-02		0.23024		0.54738		1.45E-02		2.45E-02		0.11168		1.3344		33.828

		45.36				23.64						13.512		12.481		8.754		20.256		24.907		24.466		9.7577		0				6.5594		11.939		15.995		0		0		0		1.8313		0				5.60E-02		0.16884		0.40925		1.39E-02		2.30E-02		3.51E-02		0.29189		38.147

		43.38				23.592						15.591		14.153		10.125		24.167		29.117		28.854		13.769		0				8.4908		14.014		17.663		0		0		0		5.0323		0				7.17E-02		0.20367		0.48769		1.53E-02		2.72E-02		6.66E-02		2.1527		36.846

		30.66				25.44						11.15		10.565		7.5684		17.068		21.552		21.155		9.3138		0				5.3708		8.865		11.339		0		0		0		2.105		0				4.12E-02		0.11673		0.28961		1.09E-02		1.51E-02		1.86E-02		0.35896		25.049

		43.49				22.256						14.344		13.279		9.4758		21.881		26.144		25.954		12.383		0				8.3133		13.054		16.743		0		0		0		3.0031		0				6.72E-02		0.1736		0.41798		1.39E-02		2.62E-02		7.89E-02		1.0676		36.633

		50.83				24.168						16.407		15.529		10.995		28.198		34.236		33.831		14.579		0				12.701		18.645		22.658		0		0		0		5.3383		0				0.1788		0.46446		1.1207		2.17E-02		0.1118		0.44105		5.6275		43.66

		28.49				24.488						9.7403		10.222		7.4568		14.41		19.814		19.462		7.4973		0				3.5673		6.7455		8.8173		0		0		0		1.6638		0				3.40E-02		9.84E-02		0.22585		7.25E-03		1.26E-02		2.24E-02		0.32765		22.556

		43.98				23.856						16.483		14.616		10.322		25.968		30.083		29.929		15.261		0				11.027		16.134		20.245		0		0		0		4.6953		0				8.73E-02		0.21788		0.5099		1.93E-02		3.73E-02		0.10775		1.9372		38.646

		37.49				26.824						11.554		10.811		7.8765		17.671		21.168		20.926		8.256		0				6.2292		10.149		13.181		0		0		0		1.3189		0				6.22E-02		0.18181		0.43736		1.10E-02		1.88E-02		4.28E-02		0.17708		30.655

		42.52				24.928						13.278		12.997		9.2563		19.979		25.927		25.579		12.429		0				6.9757		11.599		14.863		0		0		0		2.5384		0				5.16E-02		0.13751		0.32777		1.37E-02		2.25E-02		4.13E-02		0.49184		33.7

		23.16				26.935						4.1554		5.9371		4.5346		5.9633		10.246		10.189		2.2407		0				0.17331		1.784		3.0171		0		0		0		3.27E-02		0				4.65E-03		3.44E-02		7.98E-02		1.75E-03		5.65E-03		8.99E-03		6.61E-03		16.195

		39.93				25.768						9.661		10.365		7.4351		13.386		19.348		18.943		7.2263		0				4.8842		9.8729		12.735		0		0		0		0.91863		0				4.48E-02		0.16949		0.396		9.75E-03		1.59E-02		2.69E-02		0.11599		30.595

		23.49				24.776						7.0754		8.4908		6.1909		9.2691		15.251		15.032		4.5181		0				1.178		4.0066		5.871		0		0		0		0.3805		0				1.55E-02		5.25E-02		0.11827		4.34E-03		9.37E-03		1.26E-02		2.64E-02		18.4

		36.9				21.312						11.608		11.148		7.8089		17.002		22.039		21.757		9.7121		0				6.2912		10.775		13.866		0		0		0		2.0438		0				5.43E-02		0.15671		0.37288		1.21E-02		2.38E-02		3.66E-02		0.15157		30.526

		35.24				22.416						9.9717		9.9967		7.1578		14.015		19.292		18.952		8.4097		0				3.6567		8.289		11.099		0		0		0		2.0083		0				3.25E-02		0.12136		0.28316		9.08E-03		1.55E-02		2.14E-02		0.16725		27.755

		39.11				24.704						14.627		13.01		9.12		22.296		26.993		26.846		12.97		0				8.7083		13.884		17.206		0		0		0		4.6932		0				7.91E-02		0.30071		0.67211		1.27E-02		2.69E-02		8.84E-02		2.1059		32.922

		42.84				23.312						13.47		12.723		9.0272		20.129		25.395		25.03		11.342		0				6.6806		11.509		15.073		0		0		0		2.4354		0				5.37E-02		0.1603		0.39021		1.36E-02		2.35E-02		4.26E-02		0.33264		35.708

		36.12				25.376						11.784		11.856		8.4878		17.414		23.208		22.822		10.489		0				5.1057		9.8112		12.795		0		0		0		2.996		0				4.88E-02		0.1461		0.34504		1.12E-02		1.73E-02		3.07E-02		1.0104		28.165

		28.52				26.296						8.7901		9.0717		6.5877		11.616		15.983		15.796		5.8769		0				1.6745		5.3236		7.6079		0		0		0		0.66316		0				1.85E-02		6.78E-02		0.15994		5.48E-03		1.12E-02		1.50E-02		4.04E-02		21.9

		34.26				24.064						10.111		9.8046		7.0271		14.858		18.82		18.496		7.4093		0				5.3876		8.9743		11.551		0		0		0		1.2243		0				6.57E-02		0.182		0.43954		9.62E-03		1.34E-02		2.86E-02		8.54E-02		27.243

		36.24				26.664						11.071		10.206		7.2217		17.893		22.065		21.754		8.9549		0				7.0849		11.613		14.386		0		0		0		1.9757		0				7.41E-02		0.24018		0.58584		1.22E-02		1.82E-02		5.98E-02		0.68827		30.01

		28.46				24.904						8.0773		7.8962		5.7401		11.466		14.608		14.393		4.3646		0				2.2012		4.8846		7.0292		0		0		0		0.10077		0				2.09E-02		5.85E-02		0.13648		6.78E-03		1.16E-02		1.40E-02		1.32E-02		22.381

		34.94				27.68						12.159		11.663		8.3154		15.975		20.034		19.703		7.4595		0				3.9075		7.7548		11.011		0		0		0		1.0684		0				3.28E-02		7.53E-02		0.16614		9.03E-03		1.44E-02		2.39E-02		6.67E-02		28.324

		38.52				28.936						12.216		11.201		7.9741		18.63		22.7		22.349		8.657		0				6.665		11.324		14.25		0		0		0		1.7476		0				0.13611		0.34375		0.79789		1.17E-02		2.07E-02		6.86E-02		0.19208		31.673

		45.6				26.424						13.87		12.216		8.6354		23.82		27.828		27.502		11.606		0				11.24		15.681		18.547		0		0		0		2.6733		0				0.19349		0.50974		1.2093		1.82E-02		7.38E-02		0.31676		2.6226		38.183

		30.62				28.872						9.2495		9.4256		6.8711		13.644		17.812		17.474		5.5075		0				3.8309		6.8487		9.191		0		0		0		0.54801		0				4.14E-02		0.11449		0.26744		6.69E-03		1.24E-02		1.78E-02		7.58E-02		23.84

		31.97				24.6						9.2411		9.1883		6.6447		12.817		16.585		16.287		5.4152		0				3.2826		6.5032		9.0961		0		0		0		0.51029		0				2.59E-02		7.19E-02		0.16433		8.93E-03		1.35E-02		1.88E-02		3.38E-02		24.506

		25.44				27.816						7.4726		8.0725		5.9554		9.5796		13.042		12.883		4.0044		0				1.1962		3.4855		5.4288		0		0		0		6.10E-02		0				1.28E-02		3.50E-02		6.50E-02		4.19E-03		8.68E-03		1.27E-02		1.23E-02		19.135

		39.31				28.639						11.424		10.8		7.6543		17.111		21.062		20.691		8.6751		0				7.0439		10.891		13.918		0		0		0		1.609		0				6.42E-02		0.17882		0.42931		1.15E-02		1.75E-02		3.98E-02		0.29133		32.071

		50.04				24.394						15.237		13.849		9.684		27.509		32.899		32.495		14.503		0				14.118		19.408		22.88		0		0		0		4.0185		0				0.18311		0.48879		1.1922		2.51E-02		9.93E-02		0.38725		4.201		43.118

		45.85				23.233						14.071		12.725		8.8751		24.618		30.124		29.889		13.575		0				11.161		16.798		20.32		0		0		0		4.2239		0				9.56E-02		0.28008		0.67863		1.91E-02		4.53E-02		0.15586		3.0566		38.985

		35.32				24.322						13.639		12.725		9.147		19.863		25.017		24.631		11.503		0				5.6332		10.284		13.434		0		0		0		3.3327		0				4.82E-02		0.15106		0.34695		1.12E-02		1.87E-02		3.82E-02		0.64842		29.24

		38.0564				25.42006						11.96184		11.437742		8.167858		18.40798		23.19396		22.90074		9.819126		0				6.4951442		10.83701		13.851232		0		0		0		2.38839172		0				0.064929214		0.18416104		0.43801126		0.012233188		0.02641314		0.077059002		1.024780456		31.02876
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FIGURE 2.  APRIL-JUNE LOSS OF BASE FLOW 
BASED ON SEATAC RAINFALL AND HSPF REGIONAL PARAMETERS
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FIGURE 1.   AVERAGE ANNUAL LOSS OF BASE FLOW AND RECHARGE POTENTIAL
BASED ON SEATAC RAINFALL AND HSPF REGIONAL PARAMETERS
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BASE LOSS CALC

		AVERAGE ANNUAL																APRIL-JUNE

		LOSS OF BASE FLOW FOR RURAL DEVELOPMENT																LOSS OF BASE FLOW FOR RURAL DEVELOPMENT

		FOREST		EIA0		EIA1=.04		EIA=.08		EIA=.12								FOREST		EIA0		EIA1=.04		EIA=.08		EIA=.12

		FRACTION		0		0.04		0.08		0.12								FRACTION		0		0.04		0.08		0.12

		90%		2%		5%		8%		12%								90%		3%		6%		9%		12%

		85%		3%		7%		10%		13%								85%		5%		7%		10%		13%

		80%		5%		8%		11%		14%								80%		6%		9%		12%		14%

		75%		6%		9%		12%		15%								75%		8%		11%		13%		16%

		70%		7%		10%		13%		16%								70%		9%		12%		15%		18%

		65%		8%		11%		14%		17%								65%		11%		14%		16%		19%

		60%		9%		12%		15%		18%								60%		12%		15%		18%		21%

		55%		10%		13%		17%		20%								55%		14%		17%		19%		22%

		50%		12%		15%		18%		21%								50%		16%		18%		21%		24%

		45%		13%		16%		19%		22%								45%		17%		20%		23%		25%

		40%		14%		17%		20%		23%								40%		19%		21%		24%		27%

		35%		15%		18%		21%		24%								35%		20%		23%		26%		28%

		30%		16%		19%		22%		25%								30%		22%		24%		27%		30%

		25%		17%		20%		23%		26%								25%		23%		26%		29%		32%

		20%		18%		21%		25%		28%								20%		25%		28%		30%		33%

		15%		20%		23%		26%		29%								15%		26%		29%		32%		35%

		10%		21%		24%		27%		30%								10%		28%		31%		33%		36%

		5%		22%		25%		28%		31%								5%		29%		32%		35%		38%

		0%		23%		26%		29%		32%								0%		31%		34%		37%		39%






