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ABSTRACT

An abstract of the thesis of Sarah Praskievicz for the Master of Science in Geography

presented May 8, 2009.

Title: Impacts of Climate Change and Urban Development on Water Resources in the

Tualatin River Basin.

Potential impacts of climaté' change on the water resources of the Pacific
Northwest of the United States; include earlier peak runoff, reduced summef ﬂo.ws, and
increased winter flooding. An increase in impervious surfaces, acc'ompanied By urban
developﬁaent, is known to decrease infiltration and increase surface runoff.

Altefations of flow amount and pathways can _alter water quality through dilution or
flushing effects. I used the United States Environmental Protection Agency’s Better
Assessment Science Integrating Point and Nonpoint Soufces (BASINS) modeling
system to investigate the relati\)e importance of future climate change and land use

: change in determining the quantity and quality of freshwater résources in northwestern
Oregon’s Tualatin River Basin. The basin was chosen for this study because it is
rapidly urbanizing and representative of other low-elevation basins in fhe region.
BASINS models were calibrated and .validatcd using historic flow and water quality
data from 1~§91 t0 2006. The goodness-of-fit for the calibrated hydrology, suspended
sediment, and orthophosphate models was high, with coefficients of determination

- - ranging from 0.72 to 0.93 in the calibration period. The calibrated models were run



uﬁder a range of eight downscaled climate change, two regional land use change, and
four combined scenarios. Results included average increaseé in winter flows of ten
percent, decreases in summer ﬂowé of thirty-seven percent, and .increases in fifth-
percentile flows of up to eighty percent as a result of climate change in the Tualatin
Ri\}er Basin. For land use change, thé results included an‘. increase in annual flows of
twenty-one percent for the development-oricntgd scenario and a decrease of sixteen
percent for the conservation-‘(.)riente-a scenario, with amplified changes at the sub-basin
scaie, including more than doubled Mnter flow. For combined scenarios of climate
change and urban development, there is é projected inbreasp in winter ﬂ§ws ofup to
se\}enty-one percent and decrgas;e in summer flows of up to fény-éight percent.
4Changes in suspended sediment and c;rthophosphate loading broadly tracked
hydrological changes, with winter increases and summer decreases. The results are
relgvant to regional planners interested in the Iong-térm response of water resources to

climate change and»la-nd use change at the basin scale.
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I. INTRODUCTION

Regional water quantity and quality are affected by a variety of natural and
ant_hiopogenic factors. Sorﬁe of the most important of these are climéte and land use,
which together accounf for much of a drainage,basin’; hydrological and.water ciuality
characteristics. Because of the significance of their impacts on water resources, and
the projected changes in climafe and land use during the. twenty-ﬁrét century in many
Aworlxd regions, studying the sepérate and combined influences of these two variables is «
important for sustainable water resource management.

Anthropogenic climate change is »expeéted to affect the quantity and quality of
global water resdmcés and to ﬁecessitate chapges in the way these resources are
managed (Oki é.ndAKanae 2006; Kundzewicz et al. 2007). In the Pacific Northwest,
where most precipitation falls during the winter, the most significant projected result
of ciimate Ehange is a reduction in showpack, which is a major source of summer
flows (Mote et al. 2003). Over the past ﬁfty.years, peal; spring runoff in snowmelt-
dominatéd and transient basins in the western United States has been occurring earlier,
‘because of reduced snowpack and warmer spring temperatures (Regonda et al. 2005,
Barnett et al. 2008).

Climate change also has the potential to affect water quality. Higher water
temperatures resulting from increases in air temperature promote the growth of algal
bfoom‘s and decrease dissolved oxygén, lowering ecological productivity (Kumagai et
al 2002). In areas where rainfall amount and intensity are expected to increase, more

pollutants may be flushed from land surfaces into water bodies, although this may be
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countered by an increase in dilution (Murdoch et al. 2000, Chang et al. 2001). Lower
summer flows can inprease the concentration of pollutants because of reduced dilution
effects (Kundzewicz et al. 2007).

In addition to climate change, water Quantity and quality are affected by land
use changes. As relatively per‘meable’fore.st and agricultural land is converted to
highly impermeable ur.ba.m land cover, less water infiltrates the soil to recharge
aquifers (Rose and Peters 2001). Additionally, the lower infiltration rates of urban
land -cover cause higher surface runoff, inéreasing ﬂood risk (N irupama and
Simonovic 2007). Urban development impairs water quality by adding both pbint
sources of pollution such as wastewater treatmeﬁt anci industrial effluent, as more
facilities are built to serve a growing population, and nonpoint source urban pollution

(Atasoy et al. 2006).

Becaﬁse of the dynamic interactions between élifnate and land cover,
numerous integrated watershed modeling studies have examined the relations among
ciimate change, land use change, and water resourcés (Mimikou et al. 2000, Chang
2003, Maximov 2003, Sharma 2003, Chang 2004, Chen ef( al, 2005, Samapiego and
Bardossy 2006, Wilby et a}. 2006, DaVis Todd et al. 2007, 'ch};ame et al. 2007,
Franczyk and Chang 2009). The hydrolégicél models used in these studies are
capable of simulating reéponsés to climatic and land cover inputs to project runoff and
water quality outcomes. Th'e. watersﬂed is a natural unit with which to model regibnél
water resources for planning‘ purposes. Although thefe are previous studies examining

combined impacts of climate change and land use change on water resources, most of



these studies focused on one or two scenarios and few modeled impacts on both runoff
and water quality at the basin scale.

This reseérch examines the relative importance of future climate change and
land use change in determining the quantity and qgality of freshwater resources iﬁ the
Tualatin River Basin (TRB). It uses a Geogréphic Information Systems (GIS)-based
hydrological model to investigate these relationships and project future impacts on
water resources under a range of climatic and land usé scenarios. Tﬁe modeling
framework is the Environmental Protection Agency’s (EPA) Better Assessment
Science Integratiflg Point and Nonpoint Sources (BASINS).

This research has three primary objectives.” The first is to contribute to the
bociy of knowiedge about the separate and combined influences of climate change and
urban development on water quantity and qﬁality. The second objective is to test the
application of the BASINS modéling framework in a meso-scale, _low-elevation basin
in the i’aciﬁc Northwest. The third objective is to make recommendations for the
management of water resources in the TRB.

The specific research qpesﬁoris can be divided into the following sections: 1)
| impacts of climate change on ‘hydrology; 2) irﬁpacts of climate change on water
qhality; 3) impacts of urbap devélopment on hydrology; 4) impacts of urban .
development on water quality; 5) combined impacts of climate change and urban
development on water resources; and 6) implicatiéns of projected changes for

sustainable water resource management in the TRB.



- II: LITERATURE REVIEW
'Iﬂ a world in v;/hich the consensus view predi;:ts substantial impacts of
anthropogenic climate change on global water resources in the near-term aﬁd distant
futuré (Kundzewicz et al. 2007), hydrologic impact analysis has become a thri{fing
area of research. Understanding potential climate-relatgd impacts is especially |
necessary given that these changes may interact in eofnplex ways with other‘ elements
of global change, notably urbaﬁ development. These two driving forces of future
hydrologic change are-likely to affect both water quantity and quality, at global,
continental, regional, and basin scales, in gqoéraphically disparate areas around the
world. Not only are changes in mean hydrolbgy expected, but also changes in
hydrologic variability, .which are barticularly significant for Wate: resource
managerﬁent. Further complicating these issues is the inherent uncertainty present at
every stage in the methods and ytechniques used .by researéhers to predict future
changes. |
I begin this review by describing some issues related to modeling impacts of
climate change on hydrology, namely sources of uncertainty, modeling at the
global/(,;ontinentql and basin scale, impacts speciﬁcally related to snowmel;c-dominated
' areas,' and hydrologic variability. An oveﬁriew follows of research examining the
impacts of climate change on water quality, and then impé.cts of u'rban developmen‘; on
hydrology. Next I focus on empirical and modeling studies of the impacts of urban
development on wéter quality. The next section éxamines the.combined modeling of

climate change and urban development impacts on water quantity and quality, and 1’



end by discussing implications of this research for adaptation in the water resources
sector. ‘ |
1. Impacts of Climate Change on Hydrology
. -A. Uncertainty in Climate Change Impact Modeling

A typical study examining impacts of climate change 'on water resources
consists of a series pf linked models. It begins with one or more greenhouse gas
(GHG) emissions scenarios, usuafly from the Intergovernmental Panel on Climate
Change’s (IPCC) Special Report on Emissions Scenarios (SRES). These scenarios are
used in General Circulation Models (GCMs), which use large-scale simulations of the E
coupled ocean-a'(mosphere system to predict the respoﬁse of the climate to the
proj ected. increase in GHG conéentrations. Because the outputs ffom these médels are
at too large a scale to be useful .for most hydrological applications, they must be
downscaled using either a fegional climate model (RCM), which simuiat-es local
topographié and other influences on climate, or a statistical downscaling technique,
which alters historic climate récords according to the projected future change. Finally,
the downscaled climate change scenarios can be used as inputs to basin-scale
hydrologicai models. The outputs from these models can be further ﬁsed in water
resource management models to take the socioeconomic aspects of the hydrologic
system into account. At each stage of this modeling chain; assﬁmptions must be made
and error is inevitable, leading to ampliﬁed.uncertair-lty throughout the modeling

process.



Wood et al. (2004) compared three statistical downscaling methods, using the

'Variable Infiltration Capacity (VIC) macroscale hydrolégical model. The most

accurate method was bias 'correcti(')n and spatial disaggregation.‘ Salathé et al. (2007)
found significant differences in regional climate response in thei Pacific Northwest
using statistical downscaling versus an RCM, with the RCM more accurately

reproducing the historical climate. Dibike and Coulibaly (2005) used output from a

GCM to compare two downscaling methods, regression analysis and a stochastic

weather generator, and two hydrological models, Hydrologiska Byrans

. Vattenbalansavdelning (HBV) and CEQUEAU, in their ability to project runoff

impacts in a Québec basiﬁ. The weather generator 'performed bettér when estimating
thé length of wet'spells in the historical period. Graham et al. (2007) compared a set
of eleven RCMs’ ability to simulate hydrologic impacts of climate change in the Baltic
and Rhine basins. They found that the modeling results were more sensitive to the
GCM used than to fthe emissijons scenario or the RCM. This is likely because different
emissions'scenarios do not begin}to di?erge significantly until late in the twenty-first
céntury, and RCMs are more affected by the boundary cdnditions provided by the
GCM than by thg local topographic and other regional climatic conditions that they
simulate. | 44

" These studies indicate that the greatest spufce of uncertainty in the climate
impact modeling chain is the GCM. Because they all model atmospheric conditioﬁs
and feedbacks.differently, GCMS vary widely in their projections, particularly for

precipitation. There is some evidence that the HadCM2 model may be more effective



than other GCMs at si'mulatinﬂg historical predipitation in the midlati.tudes (Graham et
al. 2007). The choice of emission scenario is less important, bécause most scenarios
- .show very similar levels of emissions through thé 2050s. Iﬁ terms of downscaling
methods, RCMs ahd other dynamic techniﬁues are generally rﬁére successful because
they replicat'eAregiona’l ciimafte systems, but al:so require more data and time to |
implement than the simpler statistical techniques.
B. Global and Continental Scale Impacts ‘

Oki and Kanée (2006) and }iuntingtoﬁ (2006) found that éiimate change is
~ likely to accelerate the global hydrologic cycle. The implications of this gcceleration
for water resources vary by region. Some areés, particularly in tropical regions and
the ﬂigher laﬁtudes, may have increased access to water resources as a result of more
precipitation. This may have negative implications for ﬂéod risk in these regions. In
otﬁer areas, especially those that are already experiencing water stress, such as
Mediterranean and semi-arid climates, inc:éased hydrologic variability may decrease
water availability. Modeling studies by Manabe et al. (2004), Milfy et al. (2005), and
Nohara‘et al. (2006) found increases in the ruﬁoff of Arctic and many tropical and
midlatitude rivers, with decreases in semiarid regidns, particularly during the dry
season.

Arnell (2003a) modeled hydrologic impacts of climate change in nearly 1200
basins around the world. He used six GCMs, dri\}_en by IPCC emissioﬁs scenarios Al,
A2, Bl, and B2, to run a conceptﬁal macroscale hydrological modél for the 2020s,

2050s, and ‘20805. The results included a general increase in annual and peak runoff in



the middle and high latitudes, increased interannual variabili_ty in runoff, and an
increase in the frequency of the contemporary teﬁ-year low flow. In this study, results
were far more seqsitiye to the éhoicé of GCM than to the emissions scenario, also a |
finding of Graham et al. (2007). Future water stress will be influenced not only by
changeé in ;:Iimate, but also by increase.in water demand fueled by population growth
~ and economic development, and in many regions these socioeconomic factors may be
more significant than climatic factors (Vorésmarty et al. 2000, Alcamo et al. 2007).
C. Basin-Scale Impacts

brainage basins are ﬁatﬁral hydrologic ﬁnits, each with its 0§vn water balance.
Accordingly, basins are ideal spatial units for hydroiogical modeling, and many -
climate change iml;act studies afe at this scale (Table 2.1). An added benefit of basin-
scale modeling is thét many water resource managerﬁent plans are made at this scale,
which facilitates the application of mddeling results to real-world decision-making.

Table 2.1: Previous basin-_scalé modeling studies of impacts of climate change on
hydrology.

_ Study ' Study | Hydrological .
Author(s) Area GCNM(s) Period | Model Results

i A . Thornthwaite :
conceptual .

o , water Increase of 10% to
Frei-et al. HadCM2; balance decrease of 30% in
(2002) New York CGCMa1 2080s | model runoff

' Rainfall-dominated
basin: increased
falllwinter runoff,
decreased
spring/summer
runoff; Snowmelt-
dominated

A - UBC basin: earlier spring
‘| Loukas etal | British 2080- Watershed peak, increased
(2002h) Columbia CGCMa1 2100 Model winter runoff
Menzel and . A ' ,
Buorger ECHAM4/ A : Decrease in mean
(2002) Germany OPYC3 2100s | HBV annual runoff




Increased winter
runoff, earlier
-spring peak;
, decreased summer
Eckhardt and “runoff and
Ulbrich Central Ensemble groundwater -
(2003) Europe of 5 2090s | SWAT recharge
Christensen Colorado | 2070- : 17% decrease in
et al. (2004) River Basin | PCM . 2098 VIC runoff
51% increase in
annual streamflow;
43% increase in
groundwater
Upper recharge; 50%
i | Mississippi | HadCM2, increase in total
Jha (2005) River Basin | CGCMa1 2040s | SWAT water yield
» - - : Southern Sweden:
HadCM2; decreased annual
1 ECHAM4/ runoff; Northern
Andreasson OPYC3; , Sweden: increased
et al. (2004) Sweden HadAM3H | 2030s HBV annual runoff
S - ECHAM4/ T Decrease of 30% to
Graham Baltic Sea OPYC3; 2071- increase of 40% in
(2004) ‘Basin HadAM3H | 2100 HBV runoff
Increase of 12% in
‘| mean annual
runoff; increase in
| Thodsen HIRHAM 2071- 100-yr flood peak
(2007) Denmark RCM 2100 NAM of 1%
Decreased runoff in
spring and
: ECHO-G; summer, increased
Bae etal. . South NCAR/MM | 1960- runoff in fall and
(2008) Korea 5 2100 PRMS winter.
: MRI-
: CGCMZ;
Fujihara et al. CCSR- . , Decrease in annual
(2008) Turkey MIROC 2070s | Hydro-BEAM | runoff of 52-61%.

Note: UBC = University of British Columbia; HBV = Hydrologiska Byréns
Vattenbalansavdelning; SWAT = Soil and Water Assessment Tool; VIC = Variable
Infliltrationi Capacity; NAM = Nedbor-Afstromings Model; PRMS = Precipitation-
Runoff Modeling System; Hydro BEAM = Hydrological River Basin Environmental
Assessment Tool.

!

The projected impacts of climate change on basin hydrology obviously depend

!

on the geoglraphy of the study area. For'exarnple, humid midlatitude basins may

|

‘experience increased runoff. Jha (2005) used HadCM2 output, downscaled with an




RCM, to &ive SWAT in order to project impécts of climate change 'throﬁgh the 2040s
on the hydrology of the Upper Mississippi Rivér Bésin. The results include a ﬁﬁy-oﬁe
percent increase in annual streamflow, a forty,-three percent increase in groundwater -
recharge; and a fifty percent increase in total water yield. Thodsén (2007) used the

lumped conceptual hydrologiéal model NAM, driven by the HIRHAM RCM under the

. IPCC’s A2 emissions scenario, to simulate impacts of climate change on runoff in five

Danish basins. They found that mean annual runoff will increase by twelve percent by

the end of the twenty-first century. Eckhardt and Ulbrich (2003) used the physically-

~ based semi-distributed hydrological model Soil and Water Assessment Tool (SWAT),

~ developed Hy the US Department of Agriculture, to project impacts of two climate

change scenarios on streamiflow and groundwater recharge in a central European basin

where snowmelt is an impbrtant part of the water cycle. They modified the SWAT

A mode;l to include the effects of stomatal conductance, which reduces plant

transpiration under conditions of increased atmospheric carbon dioxide. Inclusion of
the stomatai .conductance improvéd the model performance for their humid
midlatitude study area, but may not make a difference in more arid regions. The
results iﬁchide liﬁle change in annual runoff, but increased winter runoff, earliér peak
spring ﬂowi and decreased summer runoff and groundwater recharge, findings similar

| A
to those in other snowmelt-dominated basins, like those in the western United States

~ (Barnett et al. 2005). Menzel and Biirger (2002) used HBV, a conceptual semi- -

distributed model developed by the Swedish Meteorolo gical and Hydrologincal

Institute (SMHI), to simulate impacts of climate change on daily runoff in a German

|
y
;
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basin. The results included a decrease in mean annual runoff in the basin of
approximately fifty percent with larger decreases in the summer and fall, 4 contrast to
the findings of many other midlatitute climate change impact modeling studies. These

changes are the likely the result of a general decrease in regional precipitation

" predicted by the climate scenario used in the .study.

- Arid and semi-arid basins are more likely to experience a decrease in annual

runoff. For .example, Fuyjihara et al. (2008) modeled the hydrblogical impacts of

climate change in Turkey’s Seyhan River Basin, using the Hydrological River Basin
Env.ironmex;tal Assessment Model (Hydro-BEAM) driven by‘two GCMs. The reéults
include a de}crease: in annual runoff of fifty-two to sixty-one pércent.

Even within a nation in a humid te;nperate climate, diffeyences in latitude may
determine bésin—scalé hydrological response. Ahcireésson et ‘al. (2004) investigated
potential impacts of climate change on water resoﬁrces in six Swedish basins, using
two RCMs to drive HBV Results differed according to the latitude>of the basin, with
southern Sv;reden mostly ekperienciné decféases in annual runoff and northern Sweden
experiencing increases, particularly in autumn. Similarly, Graham (2004), using four
climate éhange scenarios to drive HBV in the Baltic Sea region, found annual changes
in runoff raﬁging from a‘decrease of thirty percent to an increase of forty percent,
generally with decreases-in the south and increases 1n the north. Bae ef al. (2003)
assessed pofential impacts of climate chénge on runoff amount and timing in South
Korea’s 139 drainage basins. They used scenario; from two GCMs, downscaled
through a sf;ochastic weather generator, to drive the hydrological model PRMS. The

|
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- results suggest that the changes in runoff will vary seasonally and regionally within

the nation, w1:th incfeases in the north and decreaées in the south. |
In.addition to whether the basin is iocated ina relatively humid or arid regipn,

basins locatea near one another may al_so differ in their hydrological response. One
important factor is elevation and, accordingly, whether the basin is dominated by
rainfall or sn;)wmelt. Loukas et al (2002b) used GCM s_ccﬁafios to drive the
University of Briﬁsh Columbia’s conceptual Watershed Model, in ofdér to determine
climate-drivén changes in mnoff .in two British Columbia basins. In the rainfall-
dominated basin? which has similar characteristics to the TRB, the results indicate that
total runoff will increase in fall andAwinter and decrease in épring and summer, while
tﬁe snowmelt-dominated basin is projected to experiénce an earlier spring iaeak and a
nearly eightéen percent increase in winter mhoff. Christensen et al. (2004) examined
future hydrologic impacts of climate change in the Colorado River Basin using
statistically downscaled sceﬁarios from the Parallel Climate Model (PCM), a climate
model developed by the United States 'Departmeht of Energy and National Center for

- Atmospheric Research. They used these scenarios to drive the Variable Infiltration
Capacity (VIC) hydrological model. Uﬁder a businesé—és-uéual emissions gcenario,
the model projects a seventeen percent decrease in annual basin runoff by 2098,
because of i':ncreased‘eifapotranspiration and decreased precipitatibn.

Clin;1ate change modeling.studies often do not prociuce éonsiétent outcomes

among scenfarios. Different emissions scenarios and climate models may result in

different projections of hydrological change. Frei et al. (2002) investigated the

- 12



impacfs of climate change on wafer resources in two besins iﬁ New York’s Catskill
Mountains, which contribute o 'the municipal water supply of New York City. The
results included potential changes in water sﬁpply in both basins ranging from an
" increase of tel‘:l percent to a decrease of thirty eercent by 2080, because of differences ‘
in precipitation projections among the climate models and erhission scenarios. Similar
ranges in potentlal future water avallablhty, dependent on scenario choice, have been
| found in global scale studies (Arnell 2004) The outcomes of basin-scale modellng
studies are dependent on both the modeling approach used and the characteristics of
the basin.

D. Snowmelt-Related Impacts

Bamett‘et al. (2005) determined that, in snowmelt-dominated basins, climate
change ie likely to cause a shift in the timing of peak runoff to earlier in the spring,
consequently lowering flows during the summer, ;Nhen demand for water i~s highest.
Ina follow-ﬁp study, Barnett.et' al. (2008) analyzed trends in and causes of observed
chenges in snowpack, timing of peak runoff, and average January through Maich daily
minimum te;nperamres for the western United States from 1950 to 1999. The results |
indicate that: anthropogenic greenheuse gas ‘emilssions are responsible for up to sikty
percent ef the observed hydroclimatic changes a finding similar to that of Hamlet and
Lettenmaler (2007). L1kew1se Regonda et al. (2005) found that, between 1950 and
1999 there has been an advance in the t1m1ng of the peak spring ﬂow a decrease in
snow water xequivatlent, and an increase in winter rainfall in snowmelt—dominated
basins in the western United States, particularly in lower-elevation Basins in the
5_

|
!
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Pacific Northwest, with a possible thr}eshold.e‘levatioﬁ of approximately 2500 meters.

Dettinger et al.v (2004) also found earlier peak runoff in three Sierra Nevada basins

averaging in elevation from approximately 1250 to 2800 meters, a trend that

hydrologica:l modeling suggests will continue throughout the twenty-first century.

i

~ Stewart et al. (2004), using regression modeling, found similar results for the

mountainous regions of the western United States. Knowles and Cayan (2004), in

investigating the impacts of climate change on hydrology in the San Francisco Bay -

“basin, found that snowmelt-driven changes in timing of peak runoff are dependent on

elevation, with the most significant effects in the range of 1300 to 2700 meters.

Morrison et al. (2002), modeling British Columbia’s Fraser River Basin, project a shift

in peak flow to twenty-four days earlier in the year and an eightéen percent decrease in

average peak flow, despite an average annual flow increase of five percent by 2099,

_ relative to the 1961 to 1990 baseline. Severe declines in runoff as a result of glacial

retreat Have. also been projected for ofher world regions, such as a decrease of up to
ninety-four bercent by 2100 in fﬁe Himalayan area (Akhtar et al. 2008)'.
E. Extreme Events '.

Améll (2003b) examined the impacts of climate change on hydrologic
variability 1n six basins in the United Kingdom through the twenty—ﬁrst century, vﬁth
fesults inchiding a slight increase in mean.monthly flow and a decreas.e in low flow
afnount of up to forty percent by the 2080s, with a corre'sboﬂding increase in

interannual hydrologic variability. Palmer and Raisanen (2002) predict that heavy

winter rainfall events in the United Kingdom and summer monsoons in Asia may

14
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increase by a factor of five during the twénty-ﬁrst century. Kleinen and Petschel-Held
(2007) estimated, using statistically downscaled climéte change-driven alterations of a

water balance equation, that up to twenty percent of the global pbpulation lives in river

~ basins that may experience greater flooding as a resilt of climate changé by 2100. In

a continental-scale modeling study, Lehner et al. (2006) predicted increases in flood

frequencies for northern Europe .and drought frequéncies for southern Europe.-

‘Kundzewicz et al. (2005) found that past and projected future largé floods in central

Europe may be related to anthropogenic climate change. Kay et al. (2006), using a
conceptual model driven by high-resolution RCM outputs through the 2080s, found
increases in flood 'frequency and magnitude for most of their fifteen study basins. in the
United Kingdom. Iﬁ six Australian basi;ls, Evans and Schreider (2002), using a
conceptual hydrological model driven by stochastic weather generator oﬁtputs, found
an increase in the magnitude of floods, despite a decrease .inA mean annual runoff. Kim
(2005) used Iregional climate models to predict ‘more thaﬁ one hundred percent
incréases in ninety-fifth percentile runéff in mountainqus regions of the western
United Stat'e;sl Mote et al. (2003) also predict increases in' Wiht& flooding in the
Pacific Northwest, particularly in smaller rainfall-dominated and transient vbasins,
because of increases in temperature and precipitation.x Milly et al. (2002) found an

increase in the observed frequency of large floods in major world river basins fhrough

 the twentieth century.

‘In -’an Ontario basin, however, Cunderlik and Simonovic (2005), using the US

Army Corps of Engineers’ Hydrologic Engineering Center Hydrologic Modeling



Systém (HEC-HMS) driven by a stochastic weather generator under two scenarios
fmm the Canadian Centre for Climate Mbdel’ing and Analysis, found a decrease in the
severity of high and low flow events as a result of climate .change. In British
Columbia, Loukas et al. (2602a) predicted an increase in flood frequency and
maénitude Ain a rainfall-dominated basin and a decrease in a snowmelt-dominated
basin. | These éontrasts in results indicate that differeﬁt regions may respond to cfimate
change with varying impacts on the frequency and severity of h)'/drological extremes,
because of differences between the basins in runoff generation processes. Snowmelt-
- dominated basins are highly seﬁsitive to changes in temperature, while rainfall-

- dominated basins are mostly influenced by changc;,s in precipitation. Additionally,
basiné with .signiﬁcant groundwater resources may be less sensitive to changes Ain
climate in the near term (Tague. et al. 2008). Modeli.n.g changes in soil moisture and
subsurface proc;esses as a result of climate change is an ongoing area of research.
2. Impécts of Climate Change on Water Quaiity‘ |

| Although water quality will probably be affected by‘climate; changé, fewer
studies tTable 2.2) have modeled these impacts than have modeled runoff and other
hydrological parameters, perhaps because it is Imore difficult to obtain comprehensive
water qpality data in many regions and because médeling cofnplexity increases with
the Ainclusi.on of water quality parameters (Whitehead 'e,t al. 2009). Because of the
uﬂceﬂainty iﬁvolved in the modeling process, the dynamics of water quality response
to climate change are not well-known. For watef quality studies, the spatial scale of |

the basin is especially important, because pollutant loadings are governed by local
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‘land-surface characteristics as well as by the more regional climatic processes.

Accordingly, the study basins referred to in Table 2.2 aré all meso-scale basins, with

areas ranging from approximately one thousand to three thousand square kilometers,

in order to facilitate comparison with the similarly-sized TRB.

Table 2.2: Previous basin-scale mo

water quali

deling studies of impacts of climate change on

1 Study Study . | Hydrological
Author{s) | Area GCM(s) Period | Model Results
: Decrease in runoff
and DO:; increase
Mimikou et . : in BOD and
al. (2000) Greece HadCM2; UKHI | 2050s | WBUDG - ammonium
. HadCM2; ' Decrease in runoff
Varanou et ECHAM; and nutrient -
al. (2002) . | Greece CSIRO; CGCM | 2080s | SWAT transport
Increase in winter
. runoff; increase in
Bouraoui et None 1965- annual/winter
al. (2004) Finland {retrospective) | 1998 SWAT nutrient transport
_ | HadAM3H,;
HADCM2;
Arheimer et ECHAM4/OPY | 2071- Increase in nutrient
al. (2005) Sweden | C3 2100 HBV loadings of 10-33%.
Imhoff et : 2010~ Increase in nutrient
al. (2007) Maryland | ECHAM4 2039 CAT loadings of 10%

Note: WBUDG = Water Budget; SWAT = Soil and Water Assessment Tool; HBV =
Hydrologiska Byrans Vattenbalansavdelning, CAT = Climate Assessment Tool.

Mimikou et al. (2000) used the physical hydrological model WBUDG and the

~ point source water quality model R-Qual to simulate impacté of climate change on

runoff, biological oxygen demand (BOD), dissolved oxygen (DO), and ammonium in

- aGreek basin. Because the climate scenarios included increased temperatures and

decreased precipitation, the results were decreased mean monthly runoff, particularly
in summer. Varanou et al. (2002) used SWAT to model the impacts of climate change,

derived from six GCMs, on runoff and water quality in a Greek basin. Because of
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reduced flows, concentrations of some pollutants may increase as a result of climate
éhange, particularly in the summer months, aiﬁnding similar to that of Mimikou et al.
(2000). In a retrospective study, Bouraoui et al. (2004) modeled runoff, suspended
solids, total nitroéen, and total phosphorus in a Finnish basinAw'ith SWAT, using
thirty-four years of historic climate data. They then removed the trends in temperature
and precipitation, ﬁﬁding that observed climate change has resﬁlted in increased
winter runoff and inéreased annual and winter nutrient transport of up to eighty-five

4 spercent, as a result of higher precipitation and associated flushing of the soil matrix.
Afheimer ét al. (2005) modeled the impacts of climéfpe change on nitrogen and
phosphorqs levels in a Swedish basin. Climate scengrios with increaséd precipitation
projected higher avefage river flows while others §vith decreased precipitation

‘ projected decreased flows, but the average overall nitrogeh loading in the basin for all
scenarios increased by ten to thirty-three percent by 2100. In a forecasting study,
Imhoff et al. (2007) used the Climate Assessment Tool (CAT), driven by 'regional

~ climate scepai‘ios, to project phéﬁgés in nutrient loadings as a result of climate change
for the period 2610-2039 in a Maryland basin. There were signjﬁcant differences
among land use types in their sensitivity‘to climate change, with agricultufal land
experiencing larger-climate-driven increaseé in' nutrient export than forest land,
findings that are similar to those Qf Chang et al. (2001). Overall, the water quality
results are closefy tied to basin hydroiogy in terms of flushing and dilution responses,

and cannot be examined independently.
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3. Impacts of Urban Dévelopment on Hydrology
It is well known that an increase in impervio,us surface area .acéompanied by

urban development significantly alters hydrologicdl response, in particular by
increasing the “flashiness” or quickness to and magnitude of peak flow from rainfall
events (Dunné and Leopold 1978). One major research question that has been
explored is whether theré exist thresholds of impervious surface area above which the
hydrologic response is charactesistically urban. Several studies have modeled the
hydrological response of basins to histoﬁéal or pétential future urban developiﬁent

(Table 2.3).

Table 2.3: Prevnous basin-scale modeling studles of impacts of urban
. development on hydrology. :

Study Bas|*n Study | Hydrological

Author(s) Area Size Period | Model Results

Wang Small 1974- Object- Iincrease in 100-yr flood.
(2006) Texas 2002 oriented GIS | peak of 20%

Nirupama Medium ' ‘ :

and ' S A

Simonovic ' 1974- None (trend

(2007) Ontario 2000 analysis) Increase'in flood risk
o Medium Current land cover has

higher mean/iow flow

Caoetal New -1 1990- : than prehistoric or
(2008) Zealand 2000 SWAT potential future scenarios

Note: GIS = Geographic Information System;, SWAT = Soil and Water Assessment
'Z‘Zoslmall basin is defined as <1 000 km’; a medium basin is 1 000—] 0,000 km?.

Wang (2006) conducted a retrospective analysis of the impacts of urban
development on flood l'risk in an approximately four hugdred square kilometer Texas
basin, using both thirty-meter digital elevation models and high—resolutiqn Light

Detection and Ranging (LiDAR) data. He found that, from 1974 to 2002, the basin

impervious surface area increased from approximately ten percent to over thirty-eight
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percent, with an accompanying increase in the hundred-year ﬂoﬁd peak of twenty
percent. In another retrospective analysis, Nirupama and Simonovic (2007) used data
on land ﬁse, me'.ceorology, _and ﬁydrology to estimate the increase in flood risk caused
by urban development in London, Ontario. This sfudy demonstrates that
aépr.oximateiy fifteen percént‘ impervious surface area may be a threshold above which
basin hydrology exhibits the «typic.al urban flashiness. Also, basin size influences
hydrologic Sensitivity to urban development, w1th smaller basins experigncihg

relatively greater impacts than larger ones. Runoff does not increase linearly with

 rainfall, and the amount and location of basin impervious surfaces affects the relation

between these variables (Dunne and Leopold 1978).
Cao et al. (2008) used SWAT to model runoff for past, present, and potential
future land cover scenarios in a New Zealand basin. They found that the current land

cover, which is dominated by plantation forests and pasture, results in higher mean

.and low flows than either the past scenario, with mostly native forests, or the potential

future spenario‘, which included an increase in the area of plantation forésts. While
this study did not model urban development, it illustrates the effects of different
vegetatioh communities on runoff, and that any changes between forest and |
agricultu_re land uses can also be significant for hydrology.
4. Impacts of Urban‘Development on Water Quality
A. Empirical Studies |

Much of the éxisting research of the impacts of urban dévelopment on water

quality is either empirical or statistical. In a study of forty-two sub-basins in
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Washington’s Puget Somd lowland, fanging in area from four to sixty-nine square
kilometers, Alberti et al. (2007) found that both greater a;mount and connectivity of
impervious surface area degré.dé water qﬁality and biqtic integrity, as measured by
indices of benthic mécroinvertebrate divefsity. In another empirical case stlidy,
Almeida et al. (2007) found that values of total fecal éoliform bacteria, Escherichia
coli, total heterotrophic bactéria, chemical oxygen demand (COD), BOD, and
phosphate were sigﬂiﬁcantly higher‘ iﬁ urban areaé than at undeveloped sites in an
Argentineaﬁ basin, paﬁicularly during the wet season, illustrating the negative impact
of urbaﬁ development onA water quality. .In three New Jersey basins with a comBihed
area of approxfmately 1200 square kilometers, Conway (2007) determined that a
threshold of impervious surfgce area of 2.4 to 5.1 percent resu]ts in negative water -
quality impacts, as measured by pH and specific conductance. Rose (2007) found that
solute concentrations in the baseﬂov»; ofa Georgia basin increased along a rural-tc;-

~ urban gradient, indicating increasing lev;ls of nonpoint source pollution in urban areas.
Tu et al. (2007)l found that, m their Maséachusetts study area, per capita developed
land use was a strong predictor of specific conductance, dissolved ions, and dissolved
solids. Boeder and Chang (2008) conducted a multi-scale empirical analysis of trends
in DO, COD, énd nitrogen levels.in Oregon’s Rock Creek basin, a sub-basin of the
Tualatin, from the mid-1990s to 2003 and found that forest cover is ﬂegatively
correlated with COD at the basin scale and positively correlated with nitrogen at the
local scéle. All these res;ults suggest that fhe scale of analysis significantly affects the

determination of land cover impacts on water quality parameters.
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B. Modeling Studies.

In addition to establishing empirical relations between level of urban
develepment and water quality, reseal;chers have also mddeled the response of watef
quality parameters to land use change (Table 2.4). Tong é.nd Chen (2002) used"
BASINS to ﬁodel the relation between land use and water quality in an Ohio basin
and found that agricul'_cural and urban lands were associated with high levels of

nitrogen, phosphorus, and fecal coliform bacteria. Im et al. (2003) compared the

" ability of two hydrological models, SWAT and HSPF, to simulate historical impacts

Of qrban development on hydrology, sediment, and nutrient transport in a Virginia
bssin, finding that observed water quality can be reasonably reproduced using these
models, and that nutrient and sediment loading was associated with higher levels of
urban development. Tang et al. (2005) used the Land Transformatiori Model (LTM), a
land use change model, in combination with the Long-Term Hydrologic Impact
Assessment (L-THIA), a physically-based hydrological model, to project land use
change }impacts oﬁ runoff and nonpoint source Water pollution in the Muskegon River

watershed in Michigan, and found that increases in pollutant loading were more

‘signiﬁcanf in some urbanizing sub-basins than at the scale of the entire basin. This

scale issue is related to the concept of urbanization thresholds, because basins where

the relative change in impervious surface area is greater may exhibit more sensitivity

to additional urban development. The location of development may also be significant;

increased impervious surface area in headwater regions tends to have more impact

than development further downstream (Tang et al. 2005).
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| Author(s) | Area Size*  period | Model Results
' Medium - . Higher levels of nitrogen,
Tong and phosphorus, and fecal
Chen . 1988- coliform bacteria on
1 (2002) Ohio 1994 BASINS urban/agricultural lands
: Medium , Increase in runoff volume,
Tang et al. 1995- . o nutrient transport, and oils
(2005) Michigan 2040 L-THIA - and heavy métals
: Small Both models accurately
Imetal. - 1994- simulated runoff, sediment,
(2003) Virginia 2000 | SWAT,; HSPF | and nutrient transport

Table 2.4: Previous basin-scale modeling studies of impacts of urban
development on water quality.

Study Basin  gstudy: | Hydrological

Note: BASINS = Better Assessment Science Integrating Point and Nonpoint Sources;

L-THIA = Long-Term Hydrologic Impact Assessment; SWAT = Soil and Water
Assessment.Tool; HSPF = Hydrologic Simulation Program — Fortran.

*4 small basin is defined as <1000 km?*' a medium basin is 1000-10,000 km?.

S. C:ombi‘ned Impacts of Climate Change and Urban Development on Water
Resources

Because both climate change and urban development are expected in many

regions, an increasing number of basin-scale hjdrological modeling studies take both

* changes into account in order to improve understanding of their interactions (Table

2.5). Heﬁon et al. (2002) used the Integrated Qﬁantity-Quality Model (IQQM), driven
by outputs from a regional climaté scenarid generator, to simulaté impacts of climate
change and proposed increase in forest cover f(')r- 2036 on runoff in an Australian baéin
and found that a ten percent ingreasé in forest cover results in a seventeen percent
decrease in runoff, while the climate change scenario only reduces runoff by five
percent. Chang (2003) modeled impacté of climate cﬁange and urban development on
runoff in a Pennsylvania basin, using the hydrochemical modei ArcView Generalized
Watershed Loading Function (AVGWLF) and found that impa;:ts were more

significant in small urban basins, illustrating the importance of scale in modelihg
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studies, a ﬁnding replicated in Chang (2004). Chen et al. (2005) used SWAT and the
: lumpeél Climate and Human Activities-sensitive Runoff Mndel (CHARM) to simulate
the effects of climate variation nnd land cnvef change over the past four decades in
China’s Suomo River Basin nnd found t‘hat climate variation explains sixty to eighty
percent, and land-cover change ‘explains twenty percent, of the changes in runoff.
| ~Samaniego and Bardossy (2006) developed a set of nonlinear mathematical models,
linked to a stochastic land use/land cover chanée ‘mode.:I, to simulate impacts of
climate and land use on runoff in a German basiri and found, usjng their worst-case
climate change and land use scenarios, an increase in winter runoff of seventeen to
forty-four percent by 2025. Davis Todd et al. (2007) ~usedvthe Variable Infiltration
Capacity (VIC) model to attribute obséfved changes in baseflow, streamflow, and
peak runoff to climatic change and urban development in Indiana, using fifty sfears of
histonic data, finding an increase in monthly baseflow and stfeamﬂow, but not in
precipitntion, indicating tnat non-climatic factors may be more significant. Similarly,
Cuo et al. (2009) investigated twéntieth-century land cover change and climate change
on Puget Sound Basin hydrology using the spatially distributed hydrological model
Distributed Hydrology-Soil-Vegetation Model (DHSVM), identifying that both land
cover and‘femperature change are important in upland areés, nvhile land cover change
is the primary driving force of hydrology 1n lanands. Harrison et al. (2008) assessed
. the impacts of climate change and urban development on wetland ecosys;tems in the

United Kingdom, finding that climate change affects the distribution of both high and
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low flows, and that urbanization incféases the flow sensitivity of wetland eéosy'stems,
particularly by increasing the sefzerity of low flows. |
Several studies have examined the combined impacts of climate change and
urban dévelopment on both water quantity and quality. Maximov (2003) used HSPF
to model impacts of climate change and land use changg on hydrology and nutrient
transport in Ohio’s Great Miami River. The hydrology results included an inéréaée in
phosphate concentrations of forty to fifty percent as a result of projected climatic and
land use changes. Ducharne ét al. (2007) examined the separate and combined
impacts of climate change, land cover change, and ~agricull'cural practices on the wéter
quality of France’é Seiné River, finding that climate change increases or slightly
decreases mean aﬁnual mhoff, depending on‘ the..climate model used, and increases
nutrient concentrations by up to twenty percent, but that this increas;: ;:an be mitigated
“by improved agricul@al practices, illustrating the importance of potential adaptation
measures in resource management. Beighley et al. (2008) s,imulatéd runoff and
_ nutrient transport for historic and future climate 'variability and land use in a coastal
basin in southern Californi;i ahd found that, with an increasé in basin urban area from
thirty-nine to fifty percent, the mean event ‘runoff will increase by two hundred percent »
by 2(.)'5 0, El Nifio years will be five times more likely than non-El Nifio yearé to
produce large runoff events, and nitrate and‘phosphate conceptrations will increase'to

five to ten times greater than baseline levels.
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6. Implications for Water Management
A. Adaptation in the Watér Sector

Nelson et al. (2007) define adaptation to en\'/irénmental change as “an
adjustment in ecoldgical., social, or economic systems in response to observed or
expecfed changes in environmental stimuli and their effects and impacts in order t.o
alleviate adverse impac%ts of change.” The related conéept of resilience refers to the
ability of a system to withstand change. Different regioné and 'differént sectors vary in
their resiliehce, and therefore in their capadity .for adaptation (Arnell 2000).

‘Milly et al. (2008) argue that climate éhange has undermined the principle of
stationarity, a central concept in water resourcé n.lanagement'which'holds that future
hydrologic events will be withih the range of past variability. Currently, water |
managers make decisions based on probability density funétions, which are generated
with observed data on the inverse ;elation between the frequéncy of an occurrence and -
its ma.gnitude.l Because climate change is likely to change both the méan conditions

_and fhe variability of hydrologic regimes, basing lbng-ferm manégerhént deqisions on
these functions is highly problematic, a. reality increasingly acknowledged by water |
résource'managers. | |
B. Modeling Water Mandge}nent

A fe‘w studies have gone beyond asking rﬁerely what the potential hydrological
impacts of future changes are likgly to be, to attempting to model potential adaptation
respénses of water resourée nianagers to these impacts (Table 2.6). Waters et al.

(2003) used the water resource model Personal Computer — Storm Water Management
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Model (i’CSWMM), driven by a syntheﬁc climate chahge scenario, to simulate the
management actions needed to maintaiﬁ peak discharge at cﬁrrent levels under a |
fifteen-percent increase in rainfall inténsity in an urban bgsih in Ontario. Payne et al.
(2004) used a macro-scale hydrélogical model, driyeﬁ by dynamically downscaled |
scenarios from the Uﬁited States Department of Energy and National Center for
Atmospheric Reséarch Parallel Climate Model (PCM), to evaluate climate change
adaptation options in the water rﬁanagement sector of the Columbia River Basin and
found that by shifting the tirriing of reservoir releases 'to‘ earlier in the season; they
were able to meet in-stream flow targets necessary for salmon habitat, buf wiﬁ a
decrease in hydropower production of nine to thirty-five percent. VanRheenen et al.
(2004) used a water resource model, driven by outﬁﬁts from a macroscale hydrological
model perturbed by étatistically downscéied PCM sceﬁarios, to examine the impacts of
. climate éhange on water management in California’s Sacrainento and San Joaquin
basins. They found that the model.ed adaptation measures could meet 6nly up to
ninety-six percent of environmental flow requirements in thé Sacraménto River Basin
and less than eighty percent in the San Joaquin River Basin by 2099, Fowler et al.
(2007) used the Mospa wéter management quel, driven by the UKCIP02 SRES A2
regional climate change scenario, to detehnine t§venty-ﬁrst century impacts of climate
change on the water supply system of northwestern England. They found that overall
available yield will decrease by eighteen percent, but that existing water infrastructure
and management practices should be sufficient to meet future demand. O’Hara and

Georgakakos (2008) assessed the water supply system in San Diego, California, as a

29



case study to develop a methodology for evaluating the need for changes in water

storage capacity as a result of climate change, finding an increase in future storage

costs under climate change, exacerbated by population growth.

Table 2.6: Previous basin-scale modeling studles of impacts of climate change on
water resource management.

Study Study Hydrological
1 Author(s) Area GCM(s) | Period | Model Results
Flooding can be
mitigated with
disconnected drains,
Waters et al. bioswales, and green
(2003) Ontario | CGCM2 | 2090s | SWMM streets
Columbia Decrease in
Payne etal. * | River 2070- hydropower production
(2004) Basin PCM 2098 VIC of 9-35%
96% of instream flow
targets met in the
Sacramento basin and
VanRheenen 1995- <80% in the San
et al. (2004) [ California | PCM 2099 CVmod Joaquin basin
Fowler et al. 2070- |. Decrease of 18% in
(2007) England. | HadCM3 | 2100 Mospa overall water yield
O’Hare and CGCM2; ‘| Expected increase in
Georgakakos HadCM3, | 2006- water storage costs of
(2008) California | ECHAM4 | 2030 abced 100-200 million dollars

SWMM = Storm Water Management Model; VIC = Variable Infiltration Capaczty,

C Vmod Central Valley model
' 7. Conclusion

As the trends of climate change and urban de;/elopment continue thréughout
the twenty-first century, there will b:e increasing demands by gévernments and other
institutions for reliable projections of how water resources may be affected. Although
" uncertainty will nev’ér be erédicated from what is necesséri!y a probabilistic exercise,
ongoing developments in the science and technoiogy of hydrological impact analysis
may improve researchers’ ability to generate realistic scenarios that will be of usé to

the water resource sector as it adapts to these changes. What is needed in particular
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are improved methods for reconciling tﬁe climate models’ precipitation forecasts,
.downscaling from GCMS to the regional and basin scales, including water quality
impacts in modeling studies, integrating the effecté of climate change and urban
development, and quantifying uncertainty in modeling outcomes. These issues will be
arich source of questions for researchers in a variety of disciplines in the years to

come.
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-
III: STUDY AREA

My study area is the 1,800-km? Tualatin River Basin (T_RB),l located to the
southwest of Poﬁlmd, Oregon, and including portions of ‘the cities of Beaverton,
Hillsboro, Lake Oswego, and Tigard (Figure 3.1). It originates in the Coast Range and
flows for a length of 134 kilorﬁeters before entering the Willamette River near West
Linn. Elevations range from 140 meters at the river’s source to 26 metefs at its mouth,

with very little elevation'change in the lower reaches (TRWC 1999).

W CWSgages
7] City boundarles 7
: C——Klometers

Figure 3.1. Location of the Tualatin Riv.er Basin within the state of Oregon.

The Tualatin River Basin was selected as the study area for several reasons.
. First, previous research on climate change impacts in the Pacific Northwest suggests
thé potentigl for significant hydrological changes in low-elevation basins, includipg
the Tualatin, as a result of increased evapotranspiration from higher terhperatures

(Palmer et al. 2004). Second, the basin is located in rapidly urbanizing Washington
o 32



. County, one of the féstest-growing régions of Oregon, making it an ideal area for
stu(iying the impacts of urban development. Finally, the basin’s moderate size and
rich availability of ﬂow and ;N_a.ter qualit}; data enab]e the sucAcessfuI applicgtion of the
Better Assessment Science Integfating Point and Nonpoint Sourpés (BASINS)
rﬁodelin;g system;

The Coast Range, where the headwaters of thelTualatin River afe located, was
formed by seafloor uplift approximately forty millién\years ago. The middle and

lower reaches ére characterized by the gentle topography of the Tualatin Plains. The
predominant séil type in the basin is the Casca\de series, which is a cléy loam with
moderate. to high erosive potential and high phoéphorus levels (USGS 2008b).

The marine west coast climate of tﬁe basin is characterized by moderate year-
round temperatures (mean Winfer low of 0°C and high of 17°C; mean summer low of
5°C and high o-f 28°C). Average annual precipitation is approximately 965
millimeters at Hillsboro, of which over seventy-ﬁve pe'r;:ent falls during the winter
months of Nover?xber through April (OCS 2008). Snowfall is limited, because of the
* basin’s modest elévations. “ | |

Average annual discharge at the mouth of the Tualatin River is approxirhately
43 cubic meters per second. The annual distribution of flows generally follows that of
preéipitation, with E.i winter peak and low flows of as little as fout cubi;: meters per
second during the dry summer (Figure 3.2). An annual total of aé rﬁuch as five cubic
meters per second of water is withdrawn from the Tuaiatin River by the Joint Water

-Commission for municipal supply, the Tualatin Valley Irrigation District for irrigation,
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and the Lake Oswego Corporation for hyd_ro_power generation. Two wastewater

treatment plants operated by Clean Water Services each discharge approximately 0.65

cubic meters of effluent per day into the Tualatin River during the wet season. A dam

on Scoggins Creek, a major tributary of the Tualatin River, stores irrigation water in

Henry Hagg Lake, which has a capacity of oyér fifteen million cubic meters and also

releases water for summer flow augmentation (USGS 2008b). The Oregon

Department of Environmental Quality has listed the Tualatin River or its tributaries as

impaired under Section 303 (d) of the Clean Water Act for dissdlved oxygen,

temperature, bacteria, and phosphorus (ODEQ 1998).
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Figure 3.2. Average annual hydrograph of the Tualatin River at West Linn (s1te #

14207500) for 1976-2006. Source: USGS (2008a).
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The TRB has experienced significant lana use changes during the 1990s and
2000s, with a grthh in urban area at the expense of forested and agricultural land
(Figure 3.3). The water category inc;eases between the two time periods because of
changes in the class aggregation scheme between the 1992 and 2001 National Land
Cover Dataset. The current land use is appr'oxirnately‘ forty—§ix percent agriculture,
seventeen percent forest, and twenty-five percent urban (Figure 3.4). Washingtoﬁ
County, where the basin is located, is one of the fasteét-growing éounties in Oregon,
with an estimated population »increasé of sixty-seven percent from 1990 to 2007
U SCB 2007). The two largest cities in the basin, Hillsboro aﬂd Beaverton, have also
experienced significant growth, with Beavértori growiﬁg by 10.7 percent and Hillsboro
by 20.3 percent between 2000 and 2006, making them the current fifth and sixth
largeét cities, respectively, in the state (OSOS 2008). This grox;v.th is expected to

continue and to fuel further urban development in the basin.
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| In addition to fhe economic value provided to the cities and farms in the region,
the water resources of the TRB also have significant ecological, cultural, and aesthetic
. values. Winter steelhead, a federally listed threatened species, is found in the Tualétin
| River and its tributarie; (TRWC 1599). Remnant wetlands are protected in the
Tualatin River National Wildlife Refuge and Jackson Bottom Wetlands Preserve.
Boating, fishing, hiking, and wildlife viewing are popular recreati_onal activities in the

basin.
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IV: BASINS/HSPF

1. BASINS and WinHSPF Model Description

Better Assessment Science Integrating Point and Nonpoint Source;s (BASINS)
is an integrated environmental ane;lysis: sSlstem driginally developéd by the United -
States Environmeﬁtal Protection Agency (EPA) in 1994 for use in evaluating
compliance with Total Maximum Daily Loads (TMDLS) of pollutants a.nd simulating
h)l'drologic' irﬁpacts of management decisions (_Don_igianv et al. 1995). BASIN Sis not. -
in itself a model, but includes a number of sub-models, the most important of which is
the Windows‘-based Hydrologic Simuiation Program — Fortran (WinHSPF). The most ,
recent version of BASINS inciudés é new Climate Assessment Tool (CAT), which.'
was designed specifically to investigate impacts of climate change on runoff and water -
quality ét the basin scale (Imhoff et al. 2007). BASINS also includes WDMUil, a
program for managing time-series data, and GeﬁScn, a post-processing tool used .to
display and evaluate results génerated by WinHSPF and other BASINS prograrhs.

The précursor to WinHSPF was the Stanford Wa;te'rshed Model (SWM), A
developed in the 1960s as one of the first continuous hydfological models used by
civil engineers (Donigiah and Imhoff 2002). SWM was succeeded by the Hydrocomp
Simulation Program (HSP), which éimulated water quality loadings in addition to
hydrology. During the 1970s, the EPA developed agficultural and nonpoint source
_pollution modéls, including the Agricultﬁral Runoff Management (ARM) and

~ Nonpoint Source (NPS) models. The culmination of these efforts was HSPF, which.



combined the functions of HSP, ARM, and NPS into one user-friendly program, first
publicly réleased in 1980.

Other programs now included in BASINS were originally devgloped by the
United States Geological Survey (USGS). Fo¥ example, the Wateréhed Data
Management (WDM) time serie_:s data file format, the output bo_st-broc_:essor GenScn,
and the autocalibration program HSPF Expert Calibration (HSPEXP) were dg:velopqd
by thé USGS during the 1980s and later (Donigian and Imhoff 2002). Iﬁ 1994, these
USGS tools, along with HSPF as the core hydrology model, were. integrated to create
the first version of BASINS. Today, BASINS/WinHSPF is one of the most common
hydrological mo.deling frameworks used by federal agencies, including the EPA,
USGS, and US Army Corps of Engineers, in additional to academic and private sector
researchers [eg., Nasr et al. (2007), Al-Abed and Al-Sharif (2008), Ribarova et al.
(2068)]. |

This widespread use of BASINS/WinHSPF is one of the main benefits of qs.ing'
these programs. Because of the rglatively large‘user community, technical suppért and
example applications are readily avAai'lable. Another advantage of BASINS/Win_HSPF
is its focus on integration of data and techniques from different government agencies.
The BASINS Data Download thl,' for example, allows user.s to easily obtain data
from numerous sources in one convenient application.., This availability of data
stfeamlines the modeling process and, to some extent, standardizes thé t'ybes of data

used in different regions of the United States.

39



The BASINS/WinHSPF modeling framework, while one of the most
comprehensive environmental analysis systems avéilable to fhe public, has great
potential for further improvements in the future. For exmple, explicit modeling of
habitat characteristics, further incorporation of land managelﬁent practices, and greater
use of remofely sensed data may enhance the usefulness of BASINS/WinHSPF for
understanding processes and making policy decisiéns, Such refinements are plaﬁned '
for future releases of the software (Donigian and Imhoff 2002).

The main BASINS application is a Geogfaphic Information Systems (GIS)-
based viewer. The GIS platform is the open-sburcg program MapWindoQ (USEPA
2001). In this application, most of the pre-procéssing. steps are completed, including
download of spatial and time-series data from the BASINS server ﬁsing’ the Data
Download tool. The default layerS' for a given Hydrological Unit Code (HUC) include
basin boundaries, a .digital elevation model (DEM), National Land Cover Dataset
(NLCD) grids, and Natioﬁal Hydrography Dataset (NHD) flowlines. GIS dgta ﬁdm
other sources can also be added in the form of shapefiles or grids. Another function of
the BASINS viewer is the ability to automatically or manuélly delineate v&afersheds,’ a
necessary pre-processiﬁg step for modeling hydrology with WinHSPF. Finélly, the
BASINS viewer includes basic GIS tools for editing and displaying spatial data.

| Time-series data used by WinHSPF are in the WDM format (USEPA 2001).
BASINS includes WDMUil, a progrém for creating, editing, and exporfing WDM
files. The major type of time series data necessary for runriing WinHSPF is hourly-

scale meteorological data. At a minimum, the program needs precipitation and
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‘evapotranspiration data, but other me£eorological Vaﬁables, including maximum and
minimum temperatures, wind speeds, and cloud co.vef,.ma.y also be included. These
' m@teorological data can be accessed for many weather statioﬁs in the United States
through the BASINS Data qunload tool or imported from text files. WDMUtil is
also the program used‘to store output time series from WinHSPF, including model-
gengrated flow and hydrological calibration parémetefs. Time series data can be
viewed and edited in WDMUtil or expér;ced to other programs.

WinHSPF is generally classiﬁed as a lumped conceptual hydrological model,
because it represehts phsféical processes based on idealized system behavior, and
reports output for the entire watershed defined by user-specified pointé (Watts 1997).
It calculates a water balance for selected points based on inputs of precipitation, with
hydrological parameters for different land cover classes (USEPA 2001). WinHSPF
uses separate water balance equations to calculate ‘runoff on pervious and impervious

~ land surfaces (Figure 4.1, Figure 4.2).
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Figure .1: SPF model structure for simulating wate balance on pervious land |
surfaces. Source: USEPA (2001).

Figure 4.2. HSPF model structure for simulating water balance on.impervious
land surfaces. : ‘

The WinHSPF module that simulates pervious land hydrology is called PWAT.
" Hydrological behavior is determined by seﬂzeral dozen parameters that are initially
estimated ﬁy WinHSPF based on fhe basin"s climatié, topog_faphic, and laﬁd',cover
characteristics, then adjusted manually or with the aid of an autocalibration program to

optimize model performance (USEPA 2000). Some of the major adjustable
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parameters include’lower'z'm‘d upper zone soil moisture storage, soil infiltration rate,
length and slope of overland ﬂow path, groundwater and 'interﬂow recession rates,
evaporation ;oefﬁcients, groundwater zone partitioning, vegetation iﬁterception, and
Manning’s n roughne;s coefficient (Table 4. l).A Evaporation parameters are estimated
based on vegetation type using crop coefficients. Initial soil moisture characteristics
are based on calibrated parameters originally derived from the Stanford Watershed
Model, estimated in hﬁmid climates by taking oné-eighth of the mean annual rainfall
and adding four inches (U SEPA' 2000). Other model parameters, such as length and
slope of the overland flow plane, are initially estimated from the DEM. Siope of the
overlan@_,;ﬂow plane, for example, is initially 'estimat_ed by dividing the basin area by

twice the length of all streams in the basin (USEPA 2000).
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Table 4.1: Hydrology calibration parameters for WinHSPF.

Name Definition : Units Determining Variables
FOREST | Fraction forest cover none Forest cover’
Lower Zone Nominal Soil Moisture
‘LZSN Storage inches Soils, climate
INFILT Index to Infiltration Capacity in/hr Soils, land use
LSUR Length of overland flow feet Topography
SLSUR Slope of overland flow plane ft/ft Topography
. : Baseflow recession
KVARY | Variable groundwater recession 1/inches | variation
AGWRC | Base groundwater recession none Baseflow recession
PETMAX | Temp below which ET is reduced deg. F | Climate, vegetation
PETMIN | Temp below which ET is set to zero deg. F Climate, vegetation
INFEXP Exponent in infiltration equation none Soils variability
- | Ratio of max/mean infiltration '
INFILD capacities none Soils variability
Fraction of GW inflow to deep :
| DEEPFR | recharge none Geology, GW recharge
Fraction of remaining ET from
BASETP | baseflow none | Riparian vegetation
AGWET | Fraction of remaining ET from active
P GW none Marsh/wetlands extent
, ' ' - | Vegetation type/density,
CEPSC Interception storage capacity -] inches land use
Upper zone nominal soil moisture Surface soil conditions,
UZSN storage inches land use
: Manning’s n (roughness) for overland Surface conditions,
NSUR flow ‘ none residue, etc.
' Soils, topography, land
INTFW Interflow inflow parameter none use '
' Soils, topography, land
IRC Interflow recession parameter none use 4
T Vegetation type/density,
LZETP Lower zone ET parameter ‘ none root depth

In additional to simulating hydréfo gy, WinHSPF also calculates mass balances
for selected water quality constituents. As with runoff, sediment loading is simulated
in HSPF with separate equations for pervious and impervious surfaces (Figure 4.3).
Sediment loading in WinHSPF geherally follows the Universal Soil Loss Equaﬁon
(USLE): | |

"A =R*K*L*S*C*P (1)
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where A = annual soil loss in tons per acre per year, R = rainfall erosivity factor, K =
soil erodibility factor, L = slope length factor, S = slope gradient factor, C = cover
management factor, and P = erosion control practice factor (Meyer and Wischmeier

1969).

Figure 4.3. HSPF model structure for simulating sediment transport.

The output of 4the sediment balance is the totallsediment load transported
(USEPA 2006). Major adjustable parameters that determine sediment processes
include coefficients for sediment washoff, soil matrix scour, solids washoff, and solids
accumulation rate, which are initially estimated and then adjusted during the
calibration process. Initial values are estimated from the input sediment load size

fractions, determined by soil type, and shear stress in the flow plane, a function of

topography (USEPA 2006).
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Another major water quality constituent modeled by WinHSPF is nutrient
loading, including total nitrogen and total phosphorus. They are botH simulated in
HSPF by a nutrient transport equation (Figm¢ 4.4), which takes the form:

N =NSTOR + A‘bFX + PREC*ADCN (2) |
where N = nutrient load; NSTOR = storage of n’utriént Sp_eéies in the soil layer in mass
per area, ADFX = dry atmospheric deposition ﬂux in mass per area per interval, PREC
= precipitation in depth per interval, and ADCN = concentration of nutrient species in
rainfall in ﬁass per vol@e (Bicknell et al. 2001). The output of the nutrient balance .
equation is the total load, which can be combined with runoff volume in o;der to

determine nitrogen and phosphorus concentrations (Bicknell et al. 2001).

Figure 4.4. HSPF'mddel structure for sir'm;lating nutrient transport.

| The nitrogen species modeled by WinHSPF are nitrate, ammonia, and organic
nitrogen (Bicknell et al. 2061). JInitial nitrogen storage is determined by soil nitrogen
content, a function of soil type and land cover, dry atmospheric dei;osition, and ‘
nitrogen rainfall concentration and amount of precipitation. Vegetation dyﬂamics are

simulated by an equation for plant uptake of ammonium and nitrate and return of
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organic nitrogen to the soil. Nitrogen fluxes, h'anslatea to export coefficients, are then
calculated as a function of soil nitrogen concentratioﬂ and temperature-corrected
reaction rate: |

FLUX = KK*CONC / (CS + CONC) (3)
where FLUX - amount of flux in rn‘illigrams’per' liter per time interval, KK =
temperature-corrected maximum rate in r_nilligrams pér liter per time interval, CONC
= conc’;_entration of nitrogen species in soil layer in milligrams per liter, and CS = the
half-saturation constant in milligrams per liter (Bicknel‘i etal. 2001).

PHosphorus is simulated in WinHSPF in the forms of organic phosphorus and -‘
adsorbed érthophosphate with sedimenf and as.phosphate.in solution (Bicknell et 4a1.
2001). As With nitrogen, initial phosphorus storage is mo‘deled as a function of éoil
content, dry deposition, and rainfall input. Phosphorus fluxes are determined by
adsorption, 'rﬁineralization, iinmobiliza-tion, and plant upfake reactions.

The final program in the _BASINS/WinHSPF modeling process is GenScn,
where output time éeries ﬁbm WinHSPF, including flow and other hydrological
parameters and sediment and nutrient loadings, may be viewed (USEPA 2001).
GenScn includes the capability to create.hydrographs, flow duration curves, and
compariéons of observed and modeléd flow. Output ’;ime séries can also be exported
as text files froml GenScn fqr use in other applications.

“I.chose to ﬁse BASINS/HSPF fo? this research for three primary reasoﬁs. First,
as one of the most commonly used public domain hydrological modeling systems,

BASINS has a large user community with abundant case study examples and technical
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support. Secénd, HSPF has an advantage over ma‘ny:other hydrological models in that
it simulates loadings of several wat& quality constituents in addition to hydrology,
thus allowing for comprehensive assessment‘of impacts on both water quality and
quantity.” Finally, unlike related models such as-SWAT, which was developed
primarily for agricultural watersheds, HSPF was intended for use in meso-scale, mixed
land use basins, similar to the TRB.
2. Previous Applications of BASINS/HSPF

Although'BASINS/HSPF was originally developed by the United States
. Environmental Protec.tion Agency (USEPA) for the purpose of evaluating pqllutant |
. Total Maximum Daify Loads (TMDLs), its user-friendly interface and comprehensivé
appfoach to r'nodelinglbasin-scale hydrology and '{zvater quality has enabled researcheré
to adap£ it for a variety of applications (Donigian et al. 1995). These research areas
include modeling the impacts of climate change, land use, and land management
scenarios on various hydrological and water quality parameteré, includiﬁg flow,
sediments, nutrients, aﬁd agricultural runoff. Other _researcfx é.ppliéations focus not on
Basin response to fu’;ure scenarios, but on evaluating th_e model’s performance based
on observéd data.
A. Evaluative Studies

In order fo ensure that models are able to produce reliable scenarios for
feéearch applications, it is necessary to evaluate their ability to simulate different
paraﬁaeters under a wide variety of conditions, a task indertaken by a number of

studies for BASINS/HSPF (Table 4.2). These studies achieved a wide range of fitness
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values, indicating that model performance is highly dependent on the parameters being

modeled, the conditions of the study basin, and the quality of observed data available.

To assess the performance of HSPF in simulating runoff and sediment loading,

Hayashi et al. (2004) used observed daily-scale data from China’s Upper Changjiang

River to compare with modeled output, in order to facilitate study of lo gging‘ practices

in this forested basin. They found that, although fhe model predicted flow well, with a

calibration R? of 0.69, it was less successful at simulating sediment, with

underestimations 6f up to seventy-nine percent of the suspended sediment load at

some locations, probably because the model is not optimized to perform at a daily time

step.
Table 4.2: Previous evaluative studles using BASINS/HSPF.
Study Basin Study
Author(s) | Area Size Period Results
Model underestimated daily sediment
Hayashi et 536,780 _ runoff volume, with calibration and
al. (2004) [ China km? . 1987-1988 validation R? of .69 and .68
Developed synthetic modification of
Wang and HSPF N simulation to improve
Linker 165,759 modeling of dissolved inorganic -
(2006) Maryland | km? 1985-1994 nitrogen
. ' | Achieved flow calibration R? of 0.51
Kim et al. _ ' for autocalibration and 0.49 for
(2007) ‘| Virginia 973 km? | 1985-2003 manual calibration
Jeon etal. | South , Achieved calibration and validation
(2007) | Korea 2523 km? | 1995-2004 R? of 0.97 and 0.98 for monthly flow
. HSPF achieved best model
Nasr et al. 15-96 performance for mean daily
(2007) Ireland km? 2000-2002 discharge and SWAT for P loading
Al-Abed ‘
and Al- ) .
Sharif _ .| Achieved calibration and validation
(2008) Jordan 3300 km? | 1988-1998 R? of 0.81 and 0.76 for monthly flow
. 95% confidence intervals of
Iskra and parameter uncertainty correspond to
Droste : 10% variation in spring maximum
(2008) ‘Ontario 3810 km? | 1990-2000 flow
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Another water quality constituent that is problematic to model with HSPF is
Mﬁogen, particulafly because of the compiex dynainics iﬁvolyed with plant uptake |

* during the growing season. Wang and Linker (2006) sought to address this limitation
by developing an algorithm that ihlproves the simulation of the relation between soil
moisture and plant nitrogen uptake, using a synthetic method that combines ,.
concenfration- and mass-based furctions. Thls algorithm may be a useful tool in
modeling aiaplications focused on the export of dissolved organic nitrogen from a
basin.

Model calibration is an often time-consﬁming process, the success of which
ultimetely determines the reli‘ability of modeling results. Accordingly, Kim et al.
(2007) compared the performance of a model manually calibrated in HSPF and one
autoealibreted usihg the BASINS'tool Parameter Estimation (PEST). The
‘autocalibration model fesulfs were somewh‘at closer in fit to observed data, with an R?
of O 51, than the manually callbrated model, with an R? of 0.49, suggestlng that such a
method of calibration is useful in obtamlng more rehable and ob_]ectlve results.

‘Because it is necessary to test models in a wide range ef conditions to be
confident in their bread app]ica’ei]ity, research applications in areas outside the
original development regions are of interest (Diaz-Ramirez et al. 2008). Jeon et al.
(2007) adapted the HSPF algorithms to simulate flow and water qﬁality in Seuth‘
Korean rice péddies. The modified model was able to reasonably reproduce observed

flow and water quality, with an R? of 0.97 at the monthly scale, providing an ek,ample
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of the adaptability of HSPF in'modeling areas with_ different hydrology from which the .
model \A}as originally develoﬁéd.‘ |

Another example of applying HSPF in a geographical region different from the
' basins for which it was primarily developed is a study by Al-Abed and Al-Sharif
(2008), who calibrated HSPF for flow in Jorcian’s Zarqga River Basin. The modél;s
goodness-of-fit was relatively high, demonstrating HSPF’s success in simulating
hydrology in arid regions. The ability of HSPF to perform well in areas as diverse as
fice paddies and deserts illustrates its high level of adéptability and suggests that its
flow equations are generally épplicable and not limited toa particular tszpe of
hyd'rological regirhé. |

Another type of ;esearch useful for model evaluation is comparison of different
modefs. Nasr et al. (2007) aésessed the relative ability of HSPF, the Soil and Water
~ Assessment Tool (SWAT), and Systéme hydrologique.Européen TRAN_Sport (SHE-
TRAN) for modeling flow aﬂd phosphorus export from three Iﬁsh basins. While
HSPF most accurately simulated basin hydrology, SWAT was fhe most successful of
the three models in simulating daily phosphorus loads. The authors believe HSPF’s
relatively inferior berformance may be because it has fewer iadjustable parameters in
its phosphorus module than SWAT, limiting its calibration ability. HSPF models |
organic phosphorus, sediment-adsorbed o'rthophosphate, and phosphate in solution
through a simplified fgnction of soil content, dry deposition, and rainfall input. Its |

fluxes are determined by adsorption, mineralization, immobilization, and plant uptake.
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Finally, it is useful to understénd how parameter uncertainty during the
calibration process affects modeling results. Iskra a;nd Droste (2008) performed a
sensitivity analysis of independent model calibrations using'méthod of moments,
’Moﬂte Carlo simulation, anc»i.resp(_)nse surface methods. They found thaf ninety-five
percent cbnﬁdence intervals for model parameters correspond to ten percent variations
'in maximum spring flows. This stildy demonstrates that, even with a high amount of
confidence in calibréted parameters, there is stili a signiﬁcaﬁt ;Lmount of uncertainty in
HSPF modeling results.

B. Scenario Modeling

Whilé model evaluation studies‘are ne_ceésary, the real purpose of such
reseafch.is to enable applications of the model for sfudying hydrological processes and
projecting impacts of managemént decisions (Table 4.3). For exar’nﬂe, Lafoche ét al.
(1996) used HSPF to assess how different applicatibn' levels of the herbicide atrazine
affect stream water qﬁality in a Québec agricultural basin. Through their modeling
results, they were able to determine the threshold Iével of aﬁplication that wéuld

negatively impact aquatic life, -
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Table 4.3: Scenario modeling studies usmg BASINS/HSPF

Basin | Study
Author(s) Study Area Size | Period | Results
Atrazine application rates of >4.5
Laroche et 0.78 | 1991- kg/ha result in concentrations that
al. (1996) | Québec km? | 1993 could negatively impact aquatic life
' : -Annual mean temperature increase of
3°C decreases annual flow by 21%;
} maximum vegetation cover
Albek et 414 | 1991- decreases flow by 37% and minimum
al. (2004) | Turkey km? 1994 cover increases it by 40%
’ Increased temperature and
. precipitation in climate change
1 Imhoff et ‘ 1900 | 2010- scenario increased N loadings by
al. (2007) | Maryland “km? | 2039 10.7%
- Highest-change urban development
C scenario (urban area increases from
Choi and , . ' 2.9% to 6.0%) increased annual
Deal 3528 | 1988~ | runoff by 1.7% and surface flow by
(2008) lllinois/Wisconsin | km? 1994 38.5%
Annual temperature increase of
1.57°C and annual precipitation
increase of 20% increases annual
sediment load by 5 tons/yr and
‘ chloride concentration by 9% on
Goénct S ' | barren land; sediment increases by a
and Albek : 1000 | 2004- ton/yr and chioride by 6% on
(2008) Turkey “km? | 2050 coniferous forest land '
Hunter ‘ ‘ 91% of suspended sediment and
and 84% of P exported during Q10 flows;
Walton ' 1602 | 1958- | loading of nitrate 6 times higher than
(2008) Australia . © o km? 1996 ‘| natural conditions
Ribarova .
etal. . 1040 | 2000- Post-flooding N loads increased by a
(2008) Bulgaria km?. [ 2003 | factor of 6 and P by a factor of 7
. Using groundwater increases number
Chung ' ' .| of day in-stream flow requirement is
and Lee 287 2003- met from 150 to 175; using inter-

(2009) South Korea km? | 2006 basin transfers incn_’eases it to 203 -

Albek et al (2004) is an example of an HSPF modeling study that estimates
changes in flow resulting ﬁom both climate change and land use change séenafios, for
a small sub-basin in Turkey. Asaresultofa éynthetié climate change écenario that
includes a 3°C inclfea}se in mean annual 'te‘rlnpefrature, annuél_ flows in the sub;basin

were projected to decrease by twenty-one percent. The land use scenarios resulted in
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more significant changes in ﬂow in this sub-Basin, with a decrease in annual ﬂow of
thirty-seven percent resulting from a scenario of maximum vegetation cover and an |
increase of forty percent for minimum vegetation cover, as a result of changes in
evapotranspirétion.

Because climate change impac’;s is a growing area of important research, the
latest version of BASINS includes a Climate Assessment Tool (CAi) specifically
designed to assist researchers in generating and evaluating the imﬁacts of climate
changé scenarios. Imhoff et al. (2607) demqnstrated CAT’s use in simulating flow
and nitrogen loading impacts of c]ir;late changein a Mafyland basin, with summer
temperature changes of plus or minus 2‘;C and aﬁnual precipitation changes of plus of
minus ten percent of the historical average.' Through a sensitivity analysis, they were
able to project the amount of nitrogen loading increase that would result from a series
of changes in temperature and precipitatioﬁ.

Choi and Deal (;2008) used HSPF in combingti(;n with a dynamic spatial modél
of urban growth to estimate hy&rological changes in a basin in the Midwestern United
States resulting frorﬁ a range of urban development scenarios. Forthe highest-change
urban development _s.cenar'io2 in which urban area increases from nearly three to six
percent, total runoff increases by less than two percent. The change in surface flow,
however, is more significant, with an increase of over thirty-eight percent.

Goncii and Albek (2008) created hypothcticél watersheds with differing land
use types and simulated sediment and chlorid‘e loading for these watersheds using a

climate change scenario for Turkey in which annual temperature increases by 1.57°C
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and annual ﬁrecipitation by twenty millimeters. In the watershed with barren land,
annual sediment_load incréased 'by ﬁve tons per year.and ghloride conéentfations by
nine percent. The increase in sediment load in the coniferous forest watershed was
smaller; at one ton per yéar, because of the lower _@off and increased soil stability of
the forestéd watershed. The increase in éhloride concentrations was higher for the
barren watershed, at nine percent, than the six percent increaée for the forested
watershed, because of both ;he lower erosion rate and higher buffering capacity of the
forest land. | |

Hunter and Walton (2008) conducted a retrospective modeling study to
examine the impacts of different land use types on loéding of suspended sediment and
ngtrients in a tropical Australian basin. They found that the ten percent highest flow
events account for ninety-one percent of the suspeﬂded ‘sediment load and eighty-four
percent of the total phosphorus load, but much less of the total nitrogen load,
illustrat_ing that sediment and phospﬁorus are much more strongly controlled by
surface erosion and flushing processes. Anothér significant finding was that nitrate
loading was approximately six times higher under cohtémporary land use than in pre-
development conditions, and that most. of the nitrate originated on sﬁgar. cane
plantations. | |

A potential area for increased research applications in HSPF is event-scale
nutrient loading. While most HSPF studies use a monthly tixﬁe scale or longer,
Ribarova et al. (2008) modeled how nutrient and phosphoru; concéntrations ina

Bulgarian river reépond to “first floods”, a rainfall event that occurs after a long dry -
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period. Using observed data, they were aBle to calculate the increases in nutrient
loadihg following these events and project the amount of additional loading that would
occur after precipitation events of varying magnitude and intensity. They found that-.
these ﬁrst ﬂood e-v'ents inéreased nitrogeri loading by a factor of six and phosphorus
loading by a factor of seven over baseline conditions. Under a scenario of increased
precipitation intensity under anthropogenic climate; changé, these results cduld mean
significant changes to bésin-scale nutrient dynamics, with a greater proportion of
expért occurring duripg fewer storms, causing pulses of nutrient-rich runoff, wi-th
potential negative implicatiohs for water quality. |

Finally, Chung and Lee (2009) used HSPF to model impacts of a number of
water resource management actions for a basin in South Korea. Under the b'aseline" '
po-action scenario, the number of days per yéar in which the in;stream flow target is -
~ met is 150. By supplementing derﬁan,d with groundwater withdrawéls, however, this
nuﬁber can be incréésed to 1-75, and use of inter-baéin transfers increases it to 203.
This study provides a rare éxamplé of HSPF being used to directly model water

management policies.
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V: DATA AND METHODS
1. Calibration/Validation Data
To calibrate and validate the hydrology and water quality niodels, I obtained
several categdries of data. These include elevation, soils, the watershed bbundary,
land cover, sﬁeamﬂow, water quality, and climate. The characteristics of thé;e
datasets are summarized below (Table 5.1).‘

Table 5.1: Summary of datasets used for hydrological and water qixality

modeling. :

Datasets ' Format Resolution | Source

| Digital Elevation Model (DEM) Raster 10m USGS (2004)
Soil Layer ' Shapefile | 1:20,000 | NRCS (2001)
Watershed Boundary Shapefile | NIA - USGS (2006)
Land cover Raster 30m NLCD (2001)
Streamflow gage data Axt N/A | CWS (2008)
Water quality data xt N/A CWS (2008)

Forest Grove climate data .wdm - N/A OCS (2007)

A. Base Cartography

Most of the base cartography data layers were obtained directly through the
BASINS Data Dowr;}oad tool. These included a soil shapefile from the State; Soil
Geographic Da}tabase (NRCS 2001), the Hycirologic Unit Code (HUC) Sub-basin
Level watershed boundary for the TRB (17090010), gnd ﬂowiines from the National'
Hydrography Dataset (NHDPlus 2007). Although a tHirty-meter Digital Elevation
Model (DEM) was available through the Data Downlbad tooi, I decided that this
spatial resolution was too coérse for accurate watershed delineation in the relatively
low-relief TRB. Accordingly, I imported a teﬂ-meter DEM from the United States
~ Geological Survey (USGS 2004) into ArcMap 9.2, along with the HUC boundary and

NHD flowlines, and used the ArcHydro Watershed Délineation tools to del'ineateltwo
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Table 5.2: Clean Water Services streamflow and water quality gage locations,
lengths of time series, and sub-basin characteristics.

- Basin | Basin Basin
i Time Latitude Longitude | Size | Elevation | Slope
Station ID | Location | Series ' : | (km?) | (M) (°) -
. Tualatin _ 123°7°'32" | 45°28'29" | 1730 | 501 23
3701002 | (lower) | 1991-2006 : '
Tualatin : : A
3701612 | (upper) | 1991-2006 | 122°39'18" | 45°20'22" | 282 | 629 | 32
3820012 | Rock . 122°56'52" | 45°30'8" | 192 | 415 15

C. Water Quality

“2003-2006

The instantaneous water Quality data, also from Clean Water Services (CWS

2008), were for the same gage locations and time periods as in Table 5.2,

~ Instantaneous water quality data of flow in cubic feet per second and concentrations of

dissolved sediment, nitrate, and orthophosphate in milligrams per liter were obtained

from CWS for the three sites. Because these data were irregularly sampled at

approximately two-week intervals, it was necessary to estimate continuous daily time

series for calibration and validation purposes. Accordingly, I fitted power functions to

the scatterplot relating flow to concentrations of the three constituents (Figure 5.2). In

the case of suspended sediment, the non-linearity of the data required that two separate

functions be fitted, one for flows below approximately eight cubic meters per second -

and one for flows above this threshold. I then used these funct_ions to estimate daily

concentrations of suspended sediment, nitrate, and orthophosphate, based on observed

flows, to use for calibrating and validating the sediment and nutrient models.
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Figure 5.2: Obsewed Tualatin River flow,.1991-2006, and a) s.uspended sediment,
below flows of 8 cms; b) suspended sediment, above flows of 8 cms; ¢) nitrate;
and d) orthophosphate. :
D. Climate

Using the BASINS Data Download tool, I obt;ained historicél climate data fqr
Forest Grové, including hourly average terﬁperature and total precipitation, from 1970
to 2006 (OCS 2006). Because the elevation at Forest Grove (55 metérs) is lower than
the mean elevation for the Basin (SOl‘meters), I modified the precipitation by adding
fifteen percent to each measurement for the TRB and Upper Tualatin River sub-basin,
based on the regression of elevation versus brecipitation‘ in the Parameter-elevation
Regressidns on Independent Slopes (PRISM) dataset (OCS 2008). This step e>nsures

that precipitation is not underestimated in the higher-elevation parts of the basin. For

the lower-elevation Rock Creek sub-basin, I left the precipitation unmodified.
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2. Scenario Data

To simulate the effects of potential futufe conditions on water resources in the
TRB, I selected several scenarios representing a range of climate change and urban
development in the basin (TaBlé 5.3). There were a total of eight climate change.
(Section 5.2.A) and two land use change (Section 5.2.B) scenaﬁos;, each of which I ran
separately. In addition, I combined the highest-change and lowest-change climate
scenarios with‘éach of the two land use scenaﬁos,.for a total of four combined
scenarios. | |

~ Table 5.3: Summary of cllmate change, urban development, and combined
scenarios.

Category Scenario Time Period Source
Climate BCCRA1B | 2040s; 2070s

Change - CCSM3 A1B CIG
CGCM3 A1B
PCM1 A1B
CCSM3 B1

1 CNRM3 B1
ECHAMS B1
IPSL4 B1
Urban Development | 2040s _ ‘
Development . PNW-ERC
. " | Conservation

HCHL 20405 20705 CIG. PNW-
. Combined HCLL : ERC

LCHL
LCLL :
- Note: BCCR = Bjerknes Center for Climate Research; C CSM = Commumty Climate
System Model; CGCM = Coupled Global Climate Model; PCM = Parallel Climate
Model; CNRM = Centre National de Recherches Meteorologiques;, ECHAM =
European Centre Hamburg Model; IPSL = Institut Pierre Simon Laplace; CIG =
Climate Impacts Group; PNW-ERC = Pacific Northwest Ecosystem Research
Consortium; HCHL = high climate/high land use change; HCLL = high climate/low
land use change; LCHL = low clzmate/hzgh land use change LCLL = low climate/low
land use change
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AA. Climate Change Scenarios

Because different general circﬁlation models (GCMSs) can produce widely
varying outcomes, I chose to use a total of seven GCMs to generate tﬁe climate change
-, scenarios, in order to generate a range of possible results (Table 5.4). Three of these
GCMs were dﬁven by the Intergovernmental Panel on Climate Change’s (IPCC) A1B -
emission scenario, three by the B1 emission scenario, and one, the Community
Climate System Model (CCSM), by both thé A1B-and B1 scenarios, for a total of
eight GCM/emission scenario combinatiéns. The A1B scenario is based on the |
assumption that future ecénomic growth will Be rapid; global population will peak in
fche middle twerify-ﬁrst century, and there will,bé a balance between fossil fuels and
‘new alternative energy sources. The B1 scenario uses the same population projections
as the A1B scenario, but assumes a shift in ‘the global economy away from material-
oriented industry téwards services and information, and a higher level of adoption of
alternative energy technology (IPCC 2000). I ran the eight climate scenarios for two

time periods: 2030 to 2059 (2040s) and 2060 to 2099 (2070s).
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Table 5.4: Summary of characteristics of GCMs used for climate change scenario

modeling.
Atmospheric Oceanic

Name’ Agency Resolution Resolution
Bjerknes Center '
for Climate
Research .
(BCCR) University of Bergen, Norway 2.8° 1.5°
Community ‘ : -
Climate System
Model v.3 National Center for- :
(CCSM3) Atmospheric Research, US 1.4° 1.125°
Coupled Global | Canadian Centre for Climate
Climate Model . | Modelling and Analysis,
v.3 (CGCM3) Canada 2.5° 1.8°
Parallel Climate | National Center for
Model (PCM) Atmospheric Research, US 2.8° { 0.67°
Centre National : '
de Recherches
Meteorologiques
v.3 (CNRM3) Meteo France, France 2.8° 1.875°%x2°
European :
Centre Hamburg ‘
Model v.5 -Max Planck Institute for :
(ECHAMS) Meteorology, Germany 2.8° 1.5°
Institut Pierre .
Simon Laplace Institut Pierre Simon Laplace,
'v.4 (IPSL4) France 2.5°%x3.75° 2°

The outputs of GCMs are far too coarse for hydrologic impact analysis at the

basin scale (Xu 1999). Accordingly, the GCM outputs were statistically downscaled

for the Pacific Northwest By the Climate Impacts Group (CIG). Time series of

maximum and minimum temperature, precipitation, and wind speed were provided by

CIG at one-sixteenth degree resolution, and the area-weighted average for the grid

cells comprising the TRB was computed. The resulting averaged time series became

~ the input to HSPF for climate change scenario médeling.

Figures 5.3 and 5.4 show the change in average rhonthly temperature compared

. to the baseline 1970-1999 climate. There are increases in temperature in all months,
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higher in magnitude in the 2070s, particularly in the sunimet. Figures 5.5 and 5.6
~ show the peicent change in precipitation from the baseline. While there is some
variation among models in terms of the direction of change, generally there are
increases in winter brecipitatioxi and decreases in summer precipitation, with a

significant overall increase apparent in the 2070,

WBCCRATB

4 ' m CCSM3 A1B
: : 0 CGCM4 A1B
351 o OPCM1 A1B |
' - m CCSM3 B1

& CNRM3 B1
@ ECHAMS B1
B 1PSL B1

Change in Average Temperature
(degrees C)

Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec
Month

Figure 5.3: Absolute change from baseline in average monthly temperature for
the 2040s according to eight climate change scenarios.
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Figlire 5.4: Absolute change from baseline in average monthly temperature for
the 2070s according to eight climate change scenarios.
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Figure 5.5: Percent change from baseline in total monthly precipitation for the
2040s according to eight climate change scenarios.

65



= BCCRA1B
< 200% B CCSM3 A1B
< : 0O CGCM3 A1B
& 150% - G PCM1 A1B
s m CCSM3 B1
a 100% - m CNRM3 B1
S m ECHAMS5 B1
& 509 - E IPSL4 B1
S ,
L g
T 0%
QO
2 -50%
©
=
© 100% - . :
Jan Feb. Mar Apr May Jun Jul Aug Sep Oct Nov Dec
‘ Month

Figure 5.6: Percent change from baseline in total monthly precipitation for the
2070s according to eight climate change scenarios.:

.B. Urban Development Scenarios
In order to sirﬁulate_ the impacts of urban develbpnient for the TRB, [ used two |
scenarios of possible land use for the 2040s, developed‘by the Pacific Northwest
' Ecosystém Research Consortium (Figure 5.7). These'took the form of thirty-méter
raster layers with Anderson land cover classifications (Anderson et al. 1976). Both
scenarios assume that the population of the Willamette River Basin, of which the -
Tualatin is a sub-bésin, will grow to 3,900,000; but. the type of gréwth that occurs

differs between the two scenarios.
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~ The developmént scenario assumes that market-oriented solutions will

dominate land use in the region. It felaxes many exisiirig zoning regulations that
protect rural areas from development and significantly expands the urban growth
boundariés. In contrast, the Iconservation scénario assumes that the pro?ision of
ecological services will be the priority driving land use in the ﬁ@é. This sceﬁario
concentrates most population growth within existing urba.n areas, while conserving
and restoring natural vegetation and wetla_ndé. The differences between tﬁe two
‘scenarios are illustrated in Figure 5.8, which shows that the d¢velopment ‘scenario has
a higher increase in its urban area, while the conservation scenario includes a |

substantial increase in the water/wetland class as a result of restoration activities.
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Figure 5.8: Changes from baseline in percent land use according to the two urban
development scenarios.

C. Combined Scenarios
In addition to simulating the effects of climate change and urban development

separately, I also modeled the combined impacts of these two changes. Iselected the
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climate change scenario with the highest average change in basin runoff (IPSL B1,
with an increase in annual runoff of sixteen percent) and the one with the lowest
average runoff change (CCSM3 B1, Qith a decrease in annual runoff of six percent). I
then ran each of these two climate change scenarios in combination with the
develoﬁment and conservation land usé scenarios, for a total of four combined
scenarios (high climate change/high land use .chang'e', high climate change/low land
use change, low climate change/high land usé change, and low climate change/lqw
land use éhange).
3. Model Calibratibn and Validation

Hydrological models such as HSPF simulate-a large number of pérameters that
determine the hydrologicai dynamics of a basin. The values of fhese parameters vaiy |
according to a basin’s size, topography, climate, vegetation, land use, and other |
watershed characteristics (Sarc;oshian and Gupta 1995). To ensure that a hydrological
model is simulating flows accurately in a particular basin, it must be calibrated and
validated using observed flow data: |

Several important rulés guide the calibration and validation process. First, all
adjustments to parameter values must have a valid physical basis, rather than being
arbitrary changes that improve the model fit without regard to thé basin’s hydrological |
processes. Ignoriné this rule results in models that may have a very high statistical
goodness-of-fit, but do not actually capture the processés at work, and éo are unlikely
to yield realistic results when run ﬁnder different conditions. Second, only one

parameter should be adjusted at a time. It is essential to see the result of changing one
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parameter, without it being ebscured bj(‘other unrelated changes. Finally, parameter
-values should be adjusted inCrementally.. This rule pfevents the modeler from
immediately making large changes that may be unnecessary and result in over-
parameterizai;ion of the nlodel.

I ran BASINS-WinHSPF at a daily timestep for the period 199Q to 2006 at the
Weiss Bridge station, near the mouth of the Tualatin River. The first year, 1990,
serves as an initialization year and was not included in the evaluation of goodness-of-
ﬁt I then divided‘ the remaining modeled periqd (1991-2006) inte two halves. The
first half (1991-1998) serves as the calibration ‘period, and the second half (1 999—2006)4
is the validation period. Both periods contain a combination of Wet, dry, and average
years (Figure 5.9). I manually calibrated the model for hydrology using an iterative
process, guided by USEPA (2000). To evaluate the model’s goodness-of-fit, I used
 the coefficient of detenninntion, or R?, oné of the most commonly used statistical
measures for model assessment (Weglnrczyk 1998). It is based en a regression of the
modeled flows on the observed flows. An R?of 0 inelicates no relationship between
variables, while 1 means that the independent variable is a;perfecf.predictor of the
dependent variable. For hydrological modeling, an R? of 0.8 has generally been
accepted as the minimum for a‘go.od fit for the calibration period (Watts 1997). The
appropriateness of using the coefficient of detenninetion fo; model evaluation has
been crificized, because this measure is sensitive to outliers and to systematic bias in
* the model (Legates and McCabe 19_99); Accordingly, I supplemented the model -

evaluation By also calculating the Nash-Sutcliffe model efficiency, E, and the annual
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deviation of runoff volumes, or the percent difference between modeled and observed
annual flow volume, to evaluate the model’s water balance, as suggested by Watts

(1997).
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Figure 5.9: Annual average flows for the Tualatin River at West Linn (USGS site
number 14207500) as departures from the mean annual flow for 1978-2007.

1. Hydrology Calibration and Validation

For the initial run in the calibration period .(‘1 991-1998), in which all
parameters were kept at their default values, the R was 0.587 for the calibration
~ period ( 1991-1998)'and 0.578 for the validation period (1999-200,6) (Figure 5.10).
Figure 5.11 showé that the model overestimates- peak flow in some years, while Table
5.5 inciicates that ,thel overéll annual flow in the calibration périod is underestimated by

over nine percent. This fit is insufficient for simulating basin hydrology.
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Figure 5.10: Observed flows versus modeled flows for the initial run, 1991-2006,
at the Weiss Bridge site, Tualatin River.
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Figure 5.11: Hydrograph of observed and modeled flows for the initial run, 1991-
2006, at the Weiss Bridge site, Tualatin River.
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Table 5.5: Observed and modeled annual flows for the initial run durmg the
calibration period (1991- 1998).

Simulated Outflow (cubic Observed Outflow (cubic Percent

Date meters) meters) Difference
1991 860,600,280 1,045,141,647 -17.7% |
1992 633,516,273 776,970,883 . -18.5%
1993 1,034,644,567 941,646,728 9.9%

© 1994 713,445,896 1,138,213,205 -37.3%
1995 1,5680,090,237 1,881,451,134 -16.0%
1996 +2,268,373,104 -2,448,198,330 -7.3%
1997 2,031,544,590 1,952,236,257 4.1% |
1998 1,871,191,951 1,928,013,574 -2.9%

Total 10,993,406,899 - 12,111,871,758 -9.2%

. To improve the goodness of fit over the initial run, I iteratively adjusted model
parameters. Table 5.6 contains the initial and final values of each parameter adjusted
during the calibration process. The general intent of the calibration was to increase the
overall surface flow, while reducing the magﬁitude of péak ﬂo§vs, in order to better
match the observed data. I first adjusted the parameters identified as the most
sensitive to calibration in USEPA (2000). This includes the lower zone nominal soil
mqisture storage, which is dependent on land cover type and determines the amount of
water that caﬁ be held by the soil. After increase of this value, in line with the TRB
soils” high silt and clay conter;t, flashy surface runoff was decreaséd. .Further
reduction of peak flows was achieved by slightly increasing the index to infiltration
capacity and interflow inflow parameter. Next, the base groundwater recession, or
rati‘o of current groundwater flow to that from twenty-four hours before, was lowered,

_ whic.h had the effect of decreasing overall basin flows. The léngth of ovérland flow
and Manning’s n were increased to their maximum recommended values, to account
for the surface roughness of the densely vegetated TRB. The fraction of groundwater

inflow to deep recharge was reduced, thus leaving groundwater reserves in the upper

73



.zone to contrii;ute to surface flow. The fraction of evapotranspirationA from baseflow
was redﬁced, forcing most evapotranspiration to come from stormflows. Finally, the
interflow recession parameter was increased, making interflow behave more liké
baseﬂow than overland flow. The overall impact of these changes is to make the
TRB’s ﬂox;vs less flashy and more depéndent onsﬁbsurfaée flow than in the initial run.

Table 5.6: Initial and final values of calibrated hydrology paraméters for the
Tualatin River-Basin. C

Effect
' Recommended | Initial | Final on

Parameter | Description Range Value | Value | Unit Runoff
Lower zone
nominal soil | 40- | 6.0- -

LZSN moisture storage* 3.0-8.0 6.5 8.0 in ]
Index to infiltration ' '

INFILT capacity 0.01-0.25 0.16 0.19 in/hr l
Base groundwater ‘

AGWRC. recession 0.92-0.99 0.98 0.92 ratio l
‘Interflow inflow o _

INTFW | parameter 1.0-3.0 0.75 2 none 1
Length of overland

LSUR flow 200-500 ° 400 500 ft i
Fraction of
groundwater inflow ‘

DEEPFR to deep recharge 0.0-0.2 0.1 0 raio - 1

. Fraction of ' :
| remaining

evapotranspiration

BASETP from baseflow 0.0-0.05 - 0.02 0.01 ratio Il
Manning's n :
(roughness) for ‘

NSUR overland flow 0.015-0.035 0.02 0.035 | none |

‘ . Interflow recession’ _
IRC parameter . 05-07 | 05 0.7 none l

*Note: Values of LZSN vary according to land use category.

After adjusting the model parame’;ers as outlined in Table 5.6, I evaluated the
modél fit for the calibration period of 1991-1998 and found an R? of 0.825 (Figure
5.12). Figure.5.13 shows that the problem of o&éresﬁmatio_h of peak flows has been

substantially reduced. Table 5.7 indicates that the absolute error between observed
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. ahd modeled annual flows has been reduced, so that the overall annual flow is now

overéstimated by approximately 3.5 percent.
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Figure 5.12: Observed versus modeled daily flows for the final run in the
calibration perlod 1991-1998.
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Figure 5.13: Hydrograph of observed and modeled flows for the final run in the
calibration period, 1991-1998, for the Tualatin River Basin.
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Table 5.7: Modeled and observed annual flows for the final run dufing the
calibration period (1991-1998).

: Simulated Outflow (cubic Observed Outflow (cubic Percent

Date meters) meters) Difference
1991 912,159,821 1,045,141,647 -12.7%
1992 . 824,705,958 776,970,883 6.1%

. 1993 1,024,406,668 - 941,646,728 8.8%
1994 1,149,728,423 _1,138,213,205 1.0%
1995 1,883,526,770 1,881,451,134 0.1%
1996 2,526,170,808 2,448,198,330 3.2%
1997 2,064,848,600 1,952,236,257 5.8%
1998 2,147,491,883 1,928,013,574 11.4%

Total 12,533,038,932 12,111,871;758 3.5%

During the final rﬁ.n, the calibrated model had an R? 0f 0.761 for the validation

period (1999-2006) (Figure 5.14). Figure 5.15 shows that the model continues to

overestimate peak flows during the validation period. The observed and modeled -

values are much closer to one another during moderate and low flows.
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Figure 5.14: Observed versus modeled dally flows for the final run in the
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Figure 5.15: Hydrograph of observed and modeled flows during the final run in
the validation period, 1999-2006, for the Tualatin River Basin.

The model performance 1mpr)oved significantly between the initial and ﬁnél
runs as a result of parameter adjustments made during calibration (Table 5.8). The
annual hydrograph of the observed and modeled ﬂow shows close agreement in most
months, although the model overestimates winter ﬂow (Figuré 5.16). There is alagin
observed peak flow of about 6ne month compared to modeled flow, a reflection of the
model’s tendency to overestimate the flashiness of basin runoff. Given the relatively
high final R? values, the model can be considered sufficiently calibrated.' Accordingly,
there are grounds for reasonabie confidence in the accuracy of the model.

Table 5.8: Comparison of hydrology model evaluati;)n paramefers betvw"een the

initial and final runs for. the calibration (1991-1998) and validation (1999-2006)
periods for the Tualatin River Basin.

Run Calibration R? | Calibration E | Validation R? | Validation E
Initial 0.587 0.72 - 0.578 0.36
Daily

Final 0.825 0.81 0.761 0.49
Daily e

Final 0.942 0.94 0.878 0.65
Monthly ‘
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Figure 5.16: Annual hydrograph of average monthly observed and simulated
flow for the entire period of observation (1990-2006).

In addition to modeling impacts of climéte chénge and urbap development for
ihe entire TRB, I also modeled changes in hyd'rolo'gy resulting from the land use
change séenapios for two sub-basins. The reason fdr the sub-basin modeling is that
land use may have more localized effects thén climate chaﬁge, particularly if the sub-
basin in question passes some threshold level of urban development, which is why I
examined sub-basin impacts only for urban development. I selected the two sub-
basins, the Upper Tualétin River above Springhill Road (CWS sit¢ #3701612) and the
tributary Rock Creek (CWS site #3820012), based on their availability of observed
data for calibration and validation purposes and thé diversity in their current land use,

which may determine their hydrologic sensitivity to future land use change. The
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Upper Tualatin sub-basin is predominantly forested A(Figure 5.17), while the Rock.

Creek sub-basin is highly urbanized (Figure 5.18).
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Figure 5.17: Land use in the Upper Tualatin River sub-basin for the baseline,

development, and conservation scenarios.
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Figure 5.18: Land use in the Rock Creek sub-basin under the baseline,
development, and conservation. scenarios.

Because 6f a large number of missing vaiues in the earlier part of the Rock
Creek observed datasef, I uséd a éalibration period of 2003-2004 and a validation
period of 2005-2006, while usihg‘ the same calibration (1991-1998) and ;/alidation
~ (1999-2006) periods for the Upper Tualatin as for the main basin-scale model. I
calibrated the two sub-basins’ hydrologic models ;eparately and found that the Rock
Creek model had the best fit when parameters were the sarﬁe as for the main TRB |
hydrology model. The Upper Tualatin River hydrology model calibration paraméters

. are shown in Table 5.9,
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Table 5.9: Initial and final values of calibrated hydrology parameters for thg.

Upper Tualatin River sub-basin.

' Effect
Recommended | Initial Final on
Parameter | Description Range Value | Value | Unit | Runoff
: Index to infiltration - : '
INFILT | capacity 10.01-0.25 0.16 0.17 | in/hr l
Base groundwater A
1 AGWRC recession 0.82-0.99 0.98 0.92 | ratio !
i Interflow inflow ‘ .
INTFW parameter 11.0-3.0 0.75 " 2| none !
Fraction of
groundwater inflow ' ratio 1
DEEPFR to deep recharge 0.0-0.2 0.1 0
’ Manning's n
- (roughness) for .
NSUR overland flow 0.015-0.035 0.02 0.035 | none l
Interflow recession ' '
IRC - parameter 0.5-0.7 0.5 0.7 | none l

~ The Upper Tlialatin model somewhat underestimates peak flows in the

calibration (Figure 5.19) and validation (Figure 5.20) periods, probably because of the -

sub-basin’s higher elevation, but the overalllﬁt is reasonable (Table 5.10). The Rock

Creek model, meanwhile, has a lower but still sufficient fit in the calibration period

(Figure 5.21), with some missing observed datain the winter of 2006 during the

 validation period (Figure 5.22), but an adequate overall fit nonetheless (Table 5.11).

The Rock Creek model somewhat overestimates peak flows, probably because of the

sub-basin’s high amount of urban land, which is uniformly modeled as impervious

surface area, despite the existence of bioswales, permeable pavement, and other

sustainable stormwater management techniques. Given the fit of these models, there

are grounds for reasonable confidence in the accuracy of the modeling results at the

sub-bé.sin scale, although not as much as for the basin-scale model, because of the

lower fit and relative scarcity of observed data.
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Flgure 5.19: Hydrograph of observed and modeled flows for the final run in the
calibration period, 1991-1998, for the Upper Tualatin River sub-basin.
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Figure 5.20: Hydrograph of observed and modeled flows for the final run in the
validation period, 1999-2006, for the Upper Tualatin River sub-basin.

Table 5.10: Hydrology model evaluation parameters for the calibration (1991-
1998) and validation (1999-2006) periods for the Upper Tualatm River sub-basin.

Period Daily R? | Daily E | Monthly R? | Monthly E
Calibration 0.79 0.70 089 | - 077
Validation 0.72 0.69 0.82 0.78
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Figure 5.21: Hydrograph of observed and modeled flows for the final run in the
calibration period (2003-2004), for the Rock Creek sub-basin.
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Figure 5.22: Hydrograph of observed and modeled flows for the final run in the

validation period (2005-2006), for the Rock Creek sub-basin.

Table 5.11: Hydrology model evaluation parameters for the calibration (2003-

periods for the Rock Creek sub-basin.

2004) and validation (2005-2006

) Monthly | Monthly
Period Daily R? | Dailly E | R? E
Calibration 0.70 0.40 0.92 0.69
Validation 0.34 0.94 0.84

0.76
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2. Sediment Calibration and Validation

I used a similar procedure to calibrate the sediment model as that used for

hydrology. Table 5.12 shows the parameters adjustéd during the calibration process.

The major adjustments made were to the coefficient and exponent in the soil

detachment equation, the daily reduction in detached Sedimént, the exponent in the

sediment washoff equation, and the fraction of solids removed per day from

impervious surfaces.

parameters.

Parameter

Description

Rebommended Range

Table 5.12: Initial and final values of calibrated sediment

!nitial Value

Final
Value

Unit

Effect.
on
Load

| KRER

Coefficient
in the soil
detachment
equation

0.15-0.45

0.325

0.15

none

JRER

Exponent
in the soil
detachment
eguation -

1.5-2.5

2.5

none

AFFIX

Daily
reduction in
detached
sediment -

0.03-0.1

0.03

0.1

ratio

JSER

Exponent
inthe
sediment
washoff
equation

1.5-2.56

2.5

none

REMSDP

Fraction of
solids
removed

‘per day

0.03-0.2

0.03

0.2

ratio

After parameter adjustment, the final model fitin the calibration period was an R? of

approximately 0.72 (Figure 5.23). While the model fit is good for the lower amounts

of sediment, the peak loadings are somewhat overestimated (Figure 5.24). This
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deficiency in the model is likely the result of the similar overestimation of peak flows

in the hydrology model.
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Flgure 5.23: Observed versus modeled suspended sedlment load for the final run
in the calibration period, 1991- 1998
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Figure 5.24: Time series of observed and modeled suspended sediment loads for
the final run in the calibration period, 1991-1998. -
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~ The R? for the final run in the validation period was approximately 0.55
(Figure 5.25). This is lower than for the calibration period, as expected. The

overestimation of peak loading is more severe for the validation period (Figure 5.26).
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Figure 5.25: Observed versus modeled suspended sediment load for the final run
in the validation period, 1999-2006. '
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Figure 5.26: Time series of observed and modeled suspended sediment loads for
.the final run in the validation period, 1999-2006.
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Table 5.13 summarizgs the modei evaluation statistics for the calibration and
K validation periods. The R? values fall below the-target of 0.8, and the Nash-Sutcliffe
model efficiency values are also lower than desiréd, although they are positive; |
meaning the model does exp‘l"ain soﬁe of tﬁe variance in sediment loads. The
relatively poorer performance of the sediment model can be explained by the faét that
it includes gll of the uncertéinfy of the hydrology model, plus additional uncertainty
from the sediment transport equations, ‘thus leading to cascading errors. Additionally,
thé observed sediment data are not as reliable as the observed hydrology data, because
they are estimated frém irregﬁlar sal_'nples rather than measured continuously, so it is
inﬁerently more difficult to match the modeled to thé observed time series. The |
sediment model’s performance is, however, adequate for average conditions; it is
maiﬁly ih the higher loadings that the ovefestimations are significant. Accordingly,
the peak loading results should be treated with caution, but the average loadings can
be considered reasonably accurate (Table 5.14).

Table 5.13: Sedimelit model evaluation parameters for the calibration
(1991-1998) and validation (1999-2006) periods.

' Monthly | Monthly
Period Daily Rz | DailyE | R? E
Calibration - 0.72 0.24 0.78 0.27

Validation © 0.55 0.45 0.59 0.49
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Table 5.14: Modeled and observed annual sediment loads for the final run during

the calibration period (1991-1998).

Observed Sediment Load (metric | Modeled Sediment Load (metric | %

Year tons) tons) Difference |
1991 ~ 19075.19 32457.87 . 70%
1992 12112.78 10931.03 -10%
1993 14551.71 17204.63 18%
1994 21417.38 20726.85 -3%
1995 46617.96 47919.51 3%
1996 79611.61 77507.20 -3%
1997 53152.63 49726.42 6%
1998 47584.42 - 50872.32 7%

Total 294123.68 307345.82 4%

3. Nutrient Calibration and Validation

As with the hydrology and sediment models, I used an iterative procedure to

adjust parameters in the nutrient loading model. I modeled two nutrient constituents:

dissolved nitrate (NOj3") and total orthophosphate (PO4). Compared to the hydrology

and sediment models, fewer nutrient parameters were.sensitive to calibration. Table

5.14 shows the calibration parameters for nitrate only. Orthophosphate load was

simulated by making it a function of sediment load, because it readily adsorbs to

sediments, with no further changes made to the calibrated hydrology and sediment

parameters.

Table 5.15: Initial and final values of calibrated nitrate parameters.

Recommended Initial . Final
Parameter | Description Range Value Value -
ACQOP Rate of NO3 accumulation 0-1 0 0.1
SQOLIM NO3 storage 0-10 0 1
: NO3 sub-surface
10QC concentrations 0-5 0 1

After parameter adjustment, the nitrate model achieved an R? in the calibration

-period of 0.42 (Figure 5.27) and 0.50 in the validation period (Figure 5.27). The
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wéakﬁess of this model fit can be explained By several factors. First, as stated
previously, few of the HSPF nitrate model parameters are sensitive to calibration and,
unlike with orthophosphate, sediment cannot be used as a proxy for nitrate ldading,
because the t\lJvo constituents do not correlate. This is an example of the relative
weakness of HSPF in simulating nit;ate as compared to other models, such as SWAT.
. Second, the relation between obsefved flow and nitrate concentration samples is
negative (Figure 5.29). This indicates that, unlike with sediment and ortHophosphate,
increased flows have a dilution rather than ﬁushing effect on nitrate concentrations.
Accordingly, nitrate loading is predominantly controlled by factors other than flow,
most likely yegetation growth and groundwater concentrations, and the ability of |
HSPF, which is primarily a surface runoff model, to accurately simulate these
processes is lirﬁited. As can be seen in the time series for the calibration (Figure 5.30)
and validation (Figure 5.31) periods, there are large discrepancies in both the |
magnitude and timing of peak nitrate loads. The evaluation statisfics (Table 5.15)
“indicate thélt the fit is insufficient for confident modeling of scenarios. I have
nevertheless contiﬁued with the nitrate sceqario modeliné, but -the results should be

treated with great caution.
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Figure 5.27: Observed versus modeled nitrate load for the final run in the

calibration period, 1991 1998.
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Figure 5.29: Observed flow and nitrate concentration samples for the entire

observed data period, 1991-2006.
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Figure 5.31: Time series of observed and modeled nitrate loads for the final run
in the validation period, 1999-2006.

Table 5.16: Nltrate model evaluation parameters for the callbratlon (1991-1998)
and vahdatlon (1999-2006) periods.

. Monthly Monthly
Period = | Daily R? | Daily E E
Calibration 0.42 0.25 0.47 0.32
Validation 0.50 0.41 0.53 0.44

The orthoi)hosphate load, modeled as a function of sediment load, achieved an
R? of approximately 0.93 in both the calibration (Figure 5.32) and validation (Figure
| 5.33) périods. The calibration (Figure 5.34) and Qaliciation (Figure 5_.35) time series
.show that tlhe4 model somewhat underestifnates peak loads. The model evaluation
statistics, however, indicate that the fit is \‘/ery good (Table 5.17), probably because
orthophosphate is highly sensitive to thé flushing effects of increased flow. Unlike
'nitrate; there are grounds for a high level of &onﬁdence in the chnario modeling

results for orthophosphate.
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Figure 5.32: Observed versus modeled orthophosphate load for the final run in
the calibration period, 1991-1998.
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Figure 5.33: Observed versus modeled orthophosphate load for the final run in
the validation period, 1999-2006. :
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Figure 5.34: Time series of observed and modeled orthophosphate loads for the
final run in the calibration. period, 1991-1998.
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Figure 5.35: Time series of observed and modeled orthophosphate loads for the
final run in the validation period, 1999-2006. ’

Table 5.17: Orthophosphate model evaluation parameters for the calibration
(1991-1998) and validation (1999-2006) periods.

Monthly | Monthly
Period DailyR? | DailyE | R* E
Calibration 0.93 0.82 0.99 0.94
Validation 0.93 0.83:| 0.99 0.95
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| VI: RESULTS
1. Impacts of Climate Change on Hydrology
A AMean Hydrology
~ Figures 6.1 and 6.2 show the changes in mean monfhly flow from the baseline ,
period (1970 1999) resulting from the elght climate change scenarios for the 2040s
and 20705 respectwely Although there is some varlatlon among the scenarios, the
general pattern is increases in winter flow and decreaees in summer flow, with
somewhat greater changes in magnitude by the 2080s, as illustrated by Figure 6.3,
which shows the average changes from all eight scenarios for the 20463 and 26705.
Table 6.1 ’shows- these average monthly changes as percent change from the baseline
The changes in ﬂow are significant at the 0.05 level or hlgher for the BCCR AIB
- CGCM3 AlB CCSM3 B1, and IPSL4 Bl scenarios, accordmg to a two-tailed t-test
(Table 6.2). Table 6.3 shows a matrix of multiple paired comparisons of differences in
flow among the eight climate scenarios for the 2040s, with significance assessed using
the false discovery rate, following the procedure described in Mch;ide (2005). Table

6.4 shows the same information for the 2070s.
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Figure 6.1: Absolute changes in monthly flow resulting from the eight climate
-change scenarios for the 2040s. :
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Figure 6.2: Absolute changes in monthly flow resultmg from the elght climate
change scenarios for the 2070s.. . :
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Figure 6.3: Absolute changes in monthly flow, averaged for all eight cllmate

change scenarios, for the 2040s and 2070s.
Note: Error bars represent maximum and minimum changes in flow for each month.

Table 6.1: Percent changes in monthly flow, averaged for all eight climate change
scenarios, for the 2040s and 2070s. -

2040
Month Change 2070 Change |
Jan 3.97% 10.74%
Feb 4.49% 9.33%
Mar 7.13% 1.72%
Apr 5.82% 5.50%
May -4.59% -6.72%
Jun -15.28% -24.12%
Jul -26.34% -39.91%
Augr -35.00% | -30.39%
Sept - -22.63% -22.76%
Oct -11.37% -17.60%
Nov -3.54% 8.65%
Dec 6.92% 12.68%
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Table 6.2: Results of two-tailed t-test for significance of changes in ﬂow
compared to the baseline for the eight climate change scenarios.

Scenario 2040 2070

BCCR

A1B -2.31 | 4.03**
. CCSM3

A1B 0.73 -1.06

CGCM3

A1B 0.31 -9.64**

PCM1 A

A1B -0.72 -1.65

CCSM3

B1. 2.07* 1.48

CNRM3

B1 - 1 -0.01 -1.67

ECHAMS

B1 o1 1.32 -0.29

IPSL4 B1 -7.19** | -8.41**

- *Significant at the 0.05 level.
**Sionificant at the 0.01 level.

Table 6.3: Two-tailed t-test results from multiple palred compansons of

differences in flow among the eight climate changé scenarios for the 2040s, with
s_gnlficance assessed using the false discovery rate.

BCCR | CCSM3 | CGCM | PCMI | CCSM3 | CNRM | ECHA | IPSL4
Model | AIB AlB ' 3AIB | AIB Bl 3Bl M5B1 | Bl
BCCR
AlB - 5.40* 5.05% | 279* | 6.65%  [2.77* | 3.62% | -2.69*
CCSM3 , , -
AIB 5.40% | - -10.59* | 2.94* | 1.25 2.50% | -2.05% | -8.27*
CGCM ,
3AIB | -5.15% |-1059% |- 8.22% | 11.84* |7.84* |9.01* |2.58*
PCM]1 A A
AlB 2.79% | -2.94% 8.22¢ |- 428% | 0.20 0.91 -5.73%
CCSM3 1 ‘
‘Bl 6.65* | 125 11.84* | 428% |- 371* | -338*% | -9.56*
CNRM A
3 Bl 2.77* | -2.50* 7.84* | 0.20 371% |- 0.63 -5.49%
ECHA
M5B1 |[3.62* | -2.05* 9.01* | 091 -3.38* | 0.63 - -6.56*
IPSL4
Bl . 22.69% | -8.27* 2.58* | -573* |-956* |-549* |-6.56% |-

*Significant at the 0.05 level.
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Table 6.4: Two-tailed t-test results from multiple paired comparisons of
differences in flow among the eight climate change scenarios for the 2070s, with
significance assessed using the false discovery rate.

BCCR | CCSM3 | CGCM | PCMI. | CCSM3 | CNRM | ECHA | IPSL4
Model | AIB | AIB 3A1B | AIB Bl |3BI M5Bl | Bl
BCCR . | .
AIB |- 5.99* 550+ | 3.81* | 843* |3.01% |4.00% | -2.06*
CCSM3 . . A
AlB 599 |- | -1142% | 231% [2.55% | -2.87% | -2.14* | -827
CGCM : .
3AIB | -550* |-1142* |- 934* | 13.74* |839% |9.72* |3.61*
PCMI1 ‘
AIB 3.81*% | -231% 9.34* |- 487 | -067 |022 -6.04*
CCSM3 -
Bl 8.43* | 2.55* 13.74* | 487* |- [-530% |-477* |-10.77*
CNRM | . '
3 Bl 3.01% | 2.87* 839* | -067 |-530% |- 090 | -5.14*
ECHA i : -' :
MSB1 | 4.10% | -2.14* 9.72¢ | 022 -4.77¢ | 0.90 - -6.39*
IPSL4 | , _
Bl | 2.06* | -827 3.61% | -6.04% |-10.77* | -5.14* | -6.39% |-

*Significant at the 0.05 level.
Figures 6.4 and 6.5 show‘the seasonal changes in flow resulting from the eight
‘cliniate change scenarios. Heré, the nearly uriiforrﬁ deqlines in summer ﬂow and
incréases in winter flow can be cleérly seen. Figure 6.6 shows these seasonal changes
averaged 4for all eight climate chanée scenarios. Table 6.5 shows the relative
magnitude of the averaged changes, which includes a ten percent increase in winter

flow and a thirty-seven percent decrease in summer flow by the 2070s.
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Figure 6.4: Absolute changes in seasonal flow resultmg from the eight climate

change scenarios for the 2040s. ,
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Figure 6.5: Absolute changes in seasonal flow resulting from the eighf climate

change scenarios for the 2070s.
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'Figure 6.6: Absolute changes in seasonal flow, averaged for all eight climate
change scenarios, for the 2040s and 2070s. :

Table 6.5: Percent changes in seasonal flow, averaged for all eight chmate change
scenanos, for the 2040s and 2070s. :

B. Extreme Hydrology

2040 2070
Season | Change Change
Winter 5.10% 10.43%
Spring - 5.40% 1.88%
Summer -19.97% -37.16%
Fall . -5.93% 1.86%

In addition to modelmg changes in the mean hydrology, I also examined

- potential changes in extreme hydrologlcal events resultlng from climate change

Figures 6.7 and 6.8 show the modeled flow duratlon curves for the baseline, 2040s,

and 2070s, for the high-change (IPSL4 B1) and low-change (CCSM3 B1) climate

scenarios, respectively. The lowest five percent of flows, those exceeded ninety-five

percent or more of the time, are of lower magnitude under the climate change

scenarios than the baseline. This means that, under climate change, lower low flows

should be expected.’
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Figure 6.7: Daily flow duration curves for baseline and future periods resulting
from the high-change climate scenario, plotted with a logarithmic scale.
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' Figure 6.8: Daily flow duration curves for baseline and future periods resulting
from the low-change climate scenario, plotted with a logarithmic scale.

It is not only the low flows that are likely to b§: affected by increas¢d
hydrologic variability under ciimate change. The flow duration curves for only the
highest five peréenf of flows, those exceeded less than five percent of the time, show
that thesg flows are higher in magnitude under climate'(.:hange than the baseline for
both the high—change and low-change climate scenarioé F igures A6.9 and 6.‘1 0). The
rpagnituderf these increases in high flow ranges from sixty-nine to eighty percent for
the hiéh-c’hange scenario and twgnty-ﬁve; to thirty-two percent for the low-change
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scenario (Table 6.6). Except for the low-change scenario in the 20405, these changes
are all 31gn1ﬁcant at the 0.01 level (Table 6. 7). This analysis indicates that the TRB is

| likely to experience increased hydrologlc variability as a result of chmate change, with

lower low flows and higher high flows.
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Figure 6.9: Flow duration curves for the baseline and future period fi‘?e—percent
highest flows resulting from the high-change climate scenario.
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Figure 6.10: Flow duration curves for the baseline and future period five-percent
highest flows resulting from the low-change climate scenario.
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-Table 6.6: Percent changes in five-percent highest flows for the 2040s and 2070s
resulting from the high- and low-change climate scenarios.

High Low
-| Period | Change Change
2040s 80% 25%
2070s 69% 32%

Table 6.7: Results of two-tailed t-test for significance of changes in fifth-
percentile flows compared to the baseline for low-change and high-change
climate scenarios. '

Scenario 2040 2070
Low- :
Change | -1.89 -3.68""
[ High-— |7 ,

Change | -4.25** | -5.63**
**Significant at the 0.01 level.

C. Soil Moistufe Deficit and Flow Partitioning
In addition to mean and ektreme ruﬁoff, I also modeled changes in several
other hydrological pérameters resulting ffom the climate change scenarids. Figures ‘
6.11 and 6.12 show changes in potential evapotranspiration (PET) as it relates to
precipitation for the high- and low-change climaté scenarios, respectively. The
smmher soil moisﬁﬁe deficit, when PET exceeds precipitation, is proj ecfed to grow
more severe as a result of climéte change, because of decreasing precipitation and
increasing PET from higher temperatures. Figures 6.13 and 6.14 show changes in the
| partitioning of runoff into surface ﬁow and groundwéter flow as a result of ciimate
change for the high— and low-change scenarios. Currently, the dry summer conditions
a.fe 'ameliorated by ;1 relatively steady input of groundwater, But as gféundwater flows
become more seasonally variable, these s;Jmmer groundwater flows will decline.
Consequently, groundwater mz;y not reliably supplement summer flows under a future

of climate change..
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Figure 6.11: Precipitation and potential evapotransplratlon for the basellne and
‘high-change climate scenario. ,

mmm Baseline Precipitation
B 2070 Procpfation 4 :
‘400 - e B assine Potential Evapotranspiration : 40
-~ 2040 Potential Evapotranspiraﬁon =
350 - ~%— 2070 Potential Evapotranspiration . 35.0
,,,,, =
T 300 - 308
E 2
- 250 - 25 g _
L 200 o E
g 2001 VL E
£ 150 - 154
g ] S
a 100 10 E
50 T 5 8
: a
Jan - Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec
Month ‘

Figure 6.12: Precipitation and potential evapotranspiration for the baseline and
low-change climate scenario.
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Figure 6.13: Surface and groundwater flows for the baseline and high-change
climate scenario. ' ‘ ‘
mmm Baseline Surface Flow
180 T | ' 28 2040 Surface Flow T 40
160 + e 2070 Surface Flow . ‘ 435 -
-+ Baseline Groundwater Flow m
o 140 T O 2040 Groundwater Flow t+30 E
g 120 A o 7\ —»— 2070 Groundwater Flow ;
A 25 o
2 100 i
2 20 g
o 80 £
- 15 3
E® g
0 40 10 §
)
20 A 5
o - i . L | e e ; 0
Jan Feb Mar Apr May Jun Ju Aug Sep Oct Nov Dec
Month

- Figure 6.14: Surface and groundwater flows for the baseline and low-change
climate scenario.

2. Impac'ts of Urban Development on Hydrology A
A. Basin-Scale Mean Hydrology | ,

Figure 6.15 shows the results of the development and conservation land use

scenarios on monthly flow in the entire TRB. The development scenario results in

»
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increased flow in each month, while the conservation scenario decreases each month’s
ﬂbw. This is probably becéuse the development scenario inclucies a large increase in
urban land, with its associated impervious surfaces, while the conservafion scenario
includes increased wetland area because of restoration activities, resulting in increased
storage of precipitation. Table 6.8 shows that that the average magnitude of these
changes is approximately a twenty-one percent increase for the development scenario
and a sixteen percentdecreasevfor the conservation scenario. These changes are

significant at the 0.01 level for both scenarios (Table.6.9).
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Figure 6.15: Absolute changes in monthly flow resulting from the development
and conservation land use scenarios for the Tualatin River Basin.
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Table 6.8: Percent changes in monthly flow resulting from the development and
conservation land use scenarios for the Tualatin River Basin. ‘

Month Development | Conservation
January 25% -10%
February . 26% - -10%
March - 27% -9%
April 27% -9%
May  25% -11%
June 24% -13%
July 27% | -13%
August 10% -33%
September 11% -28%
October 9% . -28%
November ' | 18% -18%
December 25% -11%
Average . 21% -16%

Table 6.9: Results of two-tailed t-test for significance of changes in flow
compared to the baseline for the development and conservation scenarios for the
Tualatin River Basin. )
Scenario t
Development | -11.64™*
Conservation | 6.79™
**Sionificant at the 0.01 level.

- Figure 6.16 shows the éeasonal changes in basin-scale flows resulting from the
urban development scenarios. Again, the pattern of increased flows for the
dévelopment scenario and decreased flows for the conservation scenario is clear. The
relative magnitude of the changes is fairly uniform across all seasons, With an averaée
increase of approximately twenty-six percent for the development scenario and an

average decrease of ten percent for the conservation scenario (Table 6.10).
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Figure 6.16: Absolute changes in seasonal flow resulting from the development
and conservation land use scenarios for the Tualatin River Basin.

Table 6.10: Percent changes in seasonal flow resulting from the development and
conservation land use scenarios for the Tualatin River Basin.

Season | Development | Conservation
Winter 25% -11%
Spring | 26% -9%
Summer . 27% -9%
Fall 26% -10%
'| Average - 26% -10%

B. Basin—Scale Exlreme H)ldrologz

As with climate chenge, I created flow duration curves for the baseline,
development, and consewélion land use scenaries, to determine whether urban
development will affect hydrologic variability in the basin. Flows are higher for the
development scenario than the baseline, and lower for the conservation scenario
(Figure 6.13). Fifth-percentile flows are twenty-three percenf higher than baseline for
the development scenario and fourteen percent 10vsler for the conservation scenario

(Table 6.11). This means that flooding is more likely to occur under the development
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scenario than present conditions and, under the conservation scenario, it is somewhat
- less likely to occur. The changes are significant at the 0.01 level for the development

scenario, but not for the conservation scenario (Table 6.12).
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Figure 6.17: Flow duratlon curves for the baseline, development, and
conservation land use scenarios. :

Table 6.11: Percent changes in five-percent highest flows resultixig from the
development and conservation land use scenarios.

Change in High
‘Scenario Flow
Development 23%
Conservation -14%

Table 6.12: Results of two-tailed t-test for significance of changes in five—percent
highest flows compared to the baseline for development and conservatlon land

- use scenarios.

Scenario t ,
Development | -3.30**
Conservation 1.71

**Significant at the 0.01 level.
C. Basin-Scale Flow Partitioning
Figure 6.18 shows the partitioning of runoff into surface and groundwater
_ﬂow,é under the baseline, development, and conservation land use scenarios.
Groundwater flows are highei than baseline for the conservation scenario, and lower

than baseline for the development scenario. This is in line with the overall pattern of
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hydrological changes in the basin, with increased wetland area providing a source of
flows in the conservation scenario, while the higher impervious surface area of the

development scenario limits groundwater recharge.

' = Baseline Total Flow o
120 T . 50
' @m® Development Total Flow g | 45
100 + & onservation Total Flow )
n —+ Baseline Groundwater Flow E
5 80 —— Development Groundwater Flow -39 z
g —x— Conservation Groundwater Flow 30 o
T 60- 25 §
3 20 $
-g 40 15 g
@ 10 2
20 A O
5
0 gl Lo

Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec
Month - .

" Figure 6.18: Surface and groundwater flows for the baseline, development, and
conservation land use scenarios.

D. Sub-Basin Impacts

The hydrologic changes resulting from urban development in the two
separately modeled sub;basins are substantially different from thdse'in the TRB as a
whdle. In the Upper Tuaiatin River sub-basin, both land use scenafios include
substantial increases in monthly flow, particularly the development scenario, aé a
result of the increase in urbaﬁ area (Figure 6.19). Average monthly flows more than
double under the development scenario and increase by approximately fifty-four
percent under the conservation scenario (Table 6.13), which are highef—magnitude
changes than those at the basin scale. Eigure 6.26 shows these changes at the seasonal

scale. The relative magnitude of the changes is fairly uniform across seasons for the
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conservation scenario, but much higher in spring and summer for the development
scenario (Tahle 6.14). The reason that runoff increases under the conservétion
'scenario in the Upper Tualatin River sub- basm while. it decreases at the scale of the
entlre TRB, may be that there is actually anet loss of Wetlands in the Upper Tualatin
(Figure 6.21). The changes in ﬂow are significant for both scenarios at the 0.01 level

(Table 6.15)."
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Figure 6.19: Absolute changes in monthly flow resulting from the development
and conservation land use scenarios for the Upper Tualatin River sub-basin.
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Table 6.13: Percent changes in monthly flow l;esulting from the development and
conservation land use scenarios for the Upper Tualatin River sub-basin.

Absolute Change in Flow (cms)

Winter

Spring

Season

Month 1 Development | Conservation
January 22% 53%
February 38% 53%
March 52% 53%
April 95% 53%
May 193% 54%
| June - 248% 55%
July 515% 60%
August 601% - 57%
September |. 93% 54%
October 17% 52%
November -10% 53%
December 2% 53%
Average 155% 54%
7 - B Development |
m Conservation

Summer

Fall

Figure 6.20: Absolute changes in seasonal flow resulting from the development
and conservation land use scenarios for the Upper Tualatin River sub-basin.

Table 6.14: Percent changes in seasonal flow resulting from the development and
conservation land use scenarios for the Upper Tualatin River sub-basin.

Season | Development | Conservation
Winter 21% 53%
Spring 113% 53%
Summer - 455% 57%
Fall 33%. 53%
Average 155% 54%
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Figure 6.21: Percent changes in land use in the Upper Tualatin River sub-basin
under the development and conservation scenarios. :

Table 6.15: Results of two-tailed t-test for significance of changes in flow
~ compared to the baseline for the development and conservatlon seenarios in the

U

per Tualatin River sub-basin.
Scenario t.

Development | -18.23**
Conservation | -21.19**

**Significant at the 0.01 level.

Figure 6.22 shows the changes in monthlykﬂow resulting from the land use

scenarios in the Rock Creek sub-basin. Both scenarios cause flow increases in all

months, but the magnitude of the increases is much larger for the development .

scenario, with annual flow more than doubling, as opposed to a modest five percent |

averége increase for the conservation scenario.(Table 6.18). As in the Upper Tualatin

River sub-basin, the absolute increases are fairly uniform throughout the year for the

conservation scenario, but significantly higher in summer for the development

scenario (Figure 6.23, Table 6.17). The hlgh magnitude of these changes can be

explained by the increases in urban area for both scenarios, and the decrease in
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wetland area for the development scenario (Figure 6.24). The changes are significant

. for both scenarios at the 0.05 level (Table 6.16).
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Figure 6.22: Absolute changes in monthly flow resulting from the development
and conservation land use scenarios in the Rock Creek sub-basin.

. Table 6.16: Percent changes in monthly flow resulting from the develoﬁlhent and
conservation land use scenarios in the Rock Creek sub-basin.

Month Development | Conservation
January 35% 4%
February 26% 4%
March - 76% 4%
April 4% | . 4%
May 1 49% 4%
June 159% - 5%
July 647% 5%
August 678% 9%
| September 214% 9%
-October 38% 9%
November 66% 7%
December 27% 5%
Average 172% |. - 6%
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Figure 6.23: Absolute changes in seasonal flow resultmg from the development
and conservation land use scenarios in the Rock Creek sub-basin.

Table 6.17: Percent changes in seasonal flow resulting from the development and
conservation land use scenarios in the Rock Creek sub-basin.

Season’ | Development | Conservation
Winter 29% 4% |
Spring - 56% 4%
Summer 495% 6%
Fall 106% 8%
Average 172% 6%
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Figure 6.24: Percent changes in land use in the Rock Creek sub-basin under-the
development and conservation scenarios.

Table 6.18: Results of two-tailed t-test for significance of changes in flow
compared to the baseline for the development and conservation scenarios in the
Rock Creek sub-basin.
Scenario t
Development | -17.86**
Conservation | -2.22*
*Significant at the 0.05 level.
**Significant at the 0.01 level.

3. Combined Impacts of Climate Change and Urban Development on Hydrology
A. Mean Hydrology |

- In addition to modeling the separate impacts of climate change and urban
development on basin hydrology, I also modeled their combined impacts, since both
types of changesw are likely to occur in the TRB over tﬁe next several decades. AI ran
the hydrology 'rnodei under the highest—qhange and lowest-change "climate scenarios in
combination with the develbpment and conservation land use scenarios, for a total of

four combined,scenarids [(HCHL = 'hi.gh (IPSL4 B1) climate/high (developmen_t) land
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use; HCLL = hlgh climate/low (conservatlon) land use; LCHL = low (CCSM3 B1)
climate/high land use; LCLL = low chmate/low Iand use)]. Flgures 6.25 and 6.26
s.howi the resrllts of these comblned scenarios for the 2040s and 2070s. The general
pattern is the same as for the climate change scenarios, with irrcreases in winter flow
and mostly decreases in summer ﬂow, and there. are greater differences between the
climate change scenarios than between tlre 1and use scénarios. This indicates that
climate change is likely to more signiﬁcantly impact rrydrology than land use change
in the TRB over the study period. For the 2040s, the increases in winter flow range
from eleven percent (LCLL in February) to sixty-nine percent (HCHL in J anuary)
(Table 6 19). For the 2070s, this increases to a minimum winter increase of twelve
percent (ECHL and LCLL in February) and a maximum increase of seventy-eight
percent (HCHL and HCLL in January) (Table 6.20). The changes in flow are
s1gn1ﬁcant at the 0.01 level for all scenarios except LCLL (Table 6 21). All pairs of
combined scerrarios have significant differences in ﬂows for the 2040s and 2070s,

~ except those with the same climate scenario (Table 6.22 and 6.23)..
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Figure 6.25: Absolute changes in monthly flow resulting from the combined
climate change and urban development scenarios for the 2040s.

Note: HCHL = high climate/high land use change; HCLL = high climate/low land use
change; LCHL = low climate/high land use change; LCLL = low climate/low land use
change. _
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Figure 6.26: Absolute changes in monthly flow resulting from the combined
climate change and urban development scenarios for the 2070s.

Note: HCHL = high climate/high land use change; HCLL = high climate/low Iand use
change; LCHL = low climate/high land use change; LCLL = low climate/low land use
change.
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Table 6.19: Percent changes in monthly flow resulting from the combined cllmate
change and urban development scenarios for the 2040s.

Month | HCHL | HCLL LCHL LCLL
Jan 69% 68% 36% 35% |
Feb 57% 57% | . 12% | 1% [
Mar 30% 30% 17% 17%
Apr 50% 50% 54% 55%
May 30% 28% -19% -20%
Jun 12% 8% 27% | -31%
Jul -38% -41% -49% -50%
Aug 47% | -54% -53% -60%
Sep -22% -33% 4% -10%
Oct 93% 77% 101% 84%
Nov 61% 57% 45% 41%
Dec 52% 50% 23% 22%

Table 6.20: Pércent changes in monthly flow resulting from the combined climate
change and urban development scenarios for the 2070s

Month | HCHL |HCLL |[LCHL |LCLL
Jan 78% 78% 44% 44%
Feb 65% 65% 12% 12%
Mar 14% 14% 20% 19%
Apr 32% 32% | . 44% 45%
May 1% 0% -18% -18%
Jun 9% | . -22% | -40% -43%
Jul -38% -43% -62% -64%
Aug -50% -57% -35% -46%
Sep 4% |  -18% | . -20% -31%
| Oct 66% 51% 73% 56%
Nov - 73% 68% |- 53% 49%
Dec 69% 68% 26% 25%

Table 6.21: Results of two-tailed t-test for significance of changes in flow
compared to the baseline for the four combined climate change and urban
development scenarios.

| Scenario 2040 |. 2070
HCHL -19.88** | -22.35™
HCLL -19.49™ | -21.91*
LCHL -11.62* | -13.056**
LCLL -0.52 -0.55
**Significant at the 0.01 level,
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Table 6.22: Two-talled t-test results from multlple paired comparisons of
differences in flow among the four combined climate change and urban
development scenarios for the 2040s, with significance assessed using false
discovery rate. ' ‘ ‘

Scenarios | HCHL HCLL LCHL LCLL
HCHL . 0.50 8.76* 9.37*
HCLL 0.50 - 8.76" 8.90*
LCHL 8.76* 8.76* - 0.60
LCLL 9.37* 8.90* 0.60 -

*Significant at the 0.05 level.

Table 6.23: Two-tailed t-test results from paired multiple comparisons of
differences in flow among the four combined climate change and urban
"development scenarios for the 2070s, with significance assessed using false
discovery rate.

Scenarios | HCHL HCLL LCHL LCLL
HCHL - 0.57 9.96* 10.62*
HCLL 0.57 - 9.43* 10.09*
LCHL 9.96* 9.43* - 0.65
LCLL 10.62* 10.09* 0.65 -

*Significant at the 0.05 level.

Figures 6.27 and 6.28 show the changes from the combined scenarios at the
seasonal scale for the 2040s and 2070s. Overall, there are decreases in summer flow
and increases in the other seasons. Increases in winter flow range from twenty-three
(LCLL) to fifty-nine (HCHL) percent for the 2040s (Table 6.24) and twenty-seven

(LCLL) to sevénty-oﬁé (HCHL) percent for the 2070s (Table 6.25).
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Figure 6.27: Absolute changes in seasonal flow resulting from the combined
climate change and urban development scenarios for the 2040s.

70 - & HCHL
: m HCLL
60 4 | O LCHL
LCLL

50 -

Absolute Change in Flow (cms)
w
o

20 -

10 A : .

10 .Winter Spring Summer Fall
'Season

Figure 6.28: Absolute changes in seasonal flow resulting from the combined
climate change and urban development scenarios for the 2070s.
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Table 6.24: Percent changes in seasonal flow resultmg from the combmed climate
change and urban development scenarios for the 20403

Season | HCHL HCLL LCHL LCLL

Winter 59% |  58% 24% 23%
Spring 36% " 36% 24% 24%
Summer 7% -12% -35% -39%
Fall 60% 54% | 51% 44%

Table 6.25: Percent cbanges in seasonal flow resultmg from the combmed climate

change and urban development scenarios for the 2070s.

| Season | HCHL HCLL LCHL LCLL
Winter 71% 70% 28% 27%
Spring 125% 125% 93% 93%
Summer -27% -32% -44% -48%
Fall 66% | - 58% 51% 44%

B. Extréme Hydrology

I generated ﬂ;>w duration curves to éxamine diffefences in extreme flows
'among‘ the four combined climate change and urban de\}elopment scenarios compared
to the Baseline for the 2040s anci 2070s (Figures 6.29 and 6.30). Under most scenarios,
ﬁﬁh—peréentile flows more than double (Table 6.2 6). _These changes are significant ét :
the d.Ol level (Table 6.27). For the 20405, significant differences exist only between
HCHL and LCLL at the 0.05 level (Table 6.28), while there are no significant

differences between paired scenarios for the 2070s (Table 6,29).
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Figure 6.29: Flow duration curves for the baseline and future periods resulting

from the four combined climate change and urban development scenarios for the

2040s.
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Figure 6.30: Flow duration curves for the baseline and future periods resulting

from the four combined climate change and urban development scenarios for the

2070s.
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Table 6.26: Percent changes in five-percent highest flows resulting from the four
combined climate change and urban development scenarios.

Scenario 2040 2070
HCHL 181% 146%
HCLL 178% | 143%
LCHL 121% 123%
.LCLL 87% 120%

Table 6.27: Results of two-tailed t-test for significance of changes in five-percent
highest flows compared to the baseline for the four combined climate change and
urban development scenarios.

Scenario 2040 2070
HCHL -7.18** | -9.28**
HCLL -7.10* | -9.18**
LCHL -7.73** | -11.66**
LCLL . [ -7.46* [ -11.23*"

**Significant at the 0.01 level.

Table 6.28: Two-tailed t-test results from multiple paired comparisons of
differences in five-percent highest flows among the four combined climate change
and urban development scenarios for the 2040s, with significance assessed using
the false discovery rafe.

Scenario | HCHL HCLL LCHL LCLL
HCHL - 0.12 1.98 2.14* .
HCLL 0.12 - 1.84 1.99
LCHL 1.98 1.84 - 0.20
LCLL 2.14* 1.99 0.20 - -

*Significant at the 0.05 level.

Table 6.29: Two-tailed t-test results from multiple paired comparisons of
differences in five-percent highest flows among the four combined climate change
and urban development scenarios for the 2070s, with significance assessed using
the false discovery rate.

.Scenario | HCHL | HCLL LCHL LCLL
HCHL - 014 | 0.71 0.96
HCLL 0.14 - 0.55 0.80
LCHL 0.71 0.55 - 0.31
LCLL 0.96 0.80 0.31 -

C. Flow Partitioning
- Figures 6.31 and 6.32 show the partitioning of toté.l runoff into surface and

groundwater flows under the baseline and four combined climate change and land use
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change scenarios for the 2040s and 2070s, respéctively.. For all four combined
scenarios, groundwater ﬂqws are lower than the baseline, as a result of the increased
éeaéonality of precipitation under élimate change an'd the increased impervious surface
area from urban development. Again, the tWo combined scenaﬁos with the same
climate changq scenario are more similar to one another than the two with the same

land use scenario.

‘ El Baseline Surface Flow
180 1 = HCHL Surface Flow - T 45
160 + HCLL Surface Flow 140
mm LCHL Surface Flow : ks —_
— 140 1+ mm LCLL Surface Flow 135 B
M 1 »- Baseline Groundwater Flow o
€ 120 & . -~ HCHL Groundwater Flow L 30 3
- : —— HCLL Groundwater Flow )
% 100 + —+— LCHL Groundwater Flow L 25 i
= 4 —— LCLL Groundwater Flow -
) _80 1 . B 20 §
[}
g 60 - -15 8
B 40 - 10 3
20 - -5 ©
0 _‘ E i iz 5 £ p i L. O
Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec
: Month

Figure 6.31: Surface and groundwater flows for the baseline and four combined
climate change and urban development scenarios for the 2040s.
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Figure 6.32: Surface and groundwater flows for the baseline and four combined
climate change and urban development scenarios for the 2070s.

4. I-mpa'cts of Climate Change on Sediment Loadiﬁg

' The modeled impacts of cliﬁlate changé on sdépended' sediment loading
closely track the hydrological changes. Figures 6.33 and 6.34 show the monthly
changes in sediment loading for the 2040s and 2070s resulting from the climate
: chaﬁge scenarios. As with rﬁnoff, the scenarios produce different results, but the
general plattern is increasiﬁg winter and decreasing summer loadings pnder climate
change. These changes are significant at the 0.05 level .for all scenarios except PCM -

A1B and ECHAMS B1 (Table 6.30).

127



imen

5000 - ®BCCRA1B
. o M CCSM3 A1B
S 4000 : | 0CGCM3 A1B
g8 : - |mPCM1 A1B
2 & 30001 ' M CCSM3 B
€L CNRM3 B1
S E W ECHAMS B1
£3 B IPSL4 B1
£ o m
(&
3 = = T T T T ii
E;
[7d
o
K]
<

Sed

Jan Feb Mar Apr May Jun- Jul . Aug Sep ‘O'ct Nov Dec |
‘ ' . Month

Figure 6.33: Absolute changes in monthly suspended sediment load resulting
from the eight climate change scenarios for the 2040s.
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Figure 6.34: Absolute changes in monthly suspended sediment load resulting
" from the eight climate change scenarios for the 2070s.
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Table 6.30: Reéults of two-tailed t-test for significahce of changes in suspended

sediment load compared to the baseline for the eight climate change scenarios.

Scenario 2040 2070
BCCRA1B | -6.72** | -5.43*"
CCSM3 A1B | -6.72** | -5.43**
CGCM3 A1B | -13.51** | -16.77*"
PCM1 A1B . -023| -0.83
CCSM3 B1 -3.81** | -3.85**
CNRM3 B1 -1.42 | -2.26*
-ECHAMS B1 --0.54 -1.11
IPSL4 B1 -12.36** | -15.12**

*Significant at the 0.5 level.
**Significant at the 0.01 level.

Figures 6.35 and 6.36 show these changes in sediment loading for the 2040s
arid 2070s at a seasonal scale. Again, the pattern of increased winter-and mostly

decreased summer loading is evident, with higher-magnitude changes in the 2070s.

Figure 6.37 shows the average changes for all eight scenarios. Table 6.31 shows the

relative magnitude of the average changes, which for the 2040s includes a decrease in

summer sediment loading of twenty-five percent and an increase. in winter loading of

thirty-eight percent.
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Figure 6.35: Absolute changes in seasonal suspended sediment load resulting:
from the eight climate change scenarios for the 2040s.
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" Figure 6.36: Absolute changes in seasonal suspended sediment load resulting
from the eight climate change scenarios for the 2070s.
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Figure 6.37: Absolute changes in seasonal suspended sediment load, averaged for
all eight climate change scenarios, for the 2040s and 2070s.

Table 6.31: Percent changes in seasonal suspended sediment load, averaged for
all eight climate change scenarios, for the 2040s and 2070s.

2040
2040 2070 2040 2070 Standard 2070 Standard
1 Time | Change | Change | Range Range Deviation Deviation
Winter 38% 81% | 2169.82 | 2884.41 798.78 971.12
Spring 44% 20% 346.22 475.81 132.39 148.54
Sum -25% 38% .7.25 6.33 3.00 2.61
Fall 60% 600% 728.47 | 1387.27 255.39 460.56

S. Impacts of Urban Development on Sediment Loading

As with the climate change scenarios, the response of suspended sediment

loéding té the land use scenarios is similar to the hydrological response. Figures 6.3'8
and 6.39 show the modeling results of urban devélopment impacts on sediment
R)ading at fhe monthly and seasonal scales. As with basin flow, there are increases in
- sediment loading ﬁﬁder the development scenario and decreases under the
conservation scenario, indicating that sediment load is essentially a proxy for surface

flow. Asindicated in Table 6.33, the relative magnitudes of these changes average an
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eighteen percenf increase for the development scenario and an eighteen percent

decrease for the conservation scenario. The changes are significant at the 0.05 level or

higher for both scenarios (Table 6.32).
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Figure 6.38: Absolute changes in monthly suspended sediment load resulting
from the development and conservation land use scenarios.
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Figure 6.39: Absolute changes in seasonal suspended sediment load resulting
from the development and conservation land use scenarios.
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Table 6.32: Percent changes in seasonal suspended sediment load resulting from
the development and conservation land use scenarios.

Season | Development | Conservation
Winter 9% - -18%
Spring - 11% ~17%
Summer 53% -8%
Fall 1% -28% |
Average 18% -18%

. Table 6.33: Results of two-tailed t-test for significance of changes in suspended
sediment load compared to the baseline for the development and conservation
scenarios. : :

Scenario t
Development | -2.53*
Conservation | 5.21**
*Significant at the 0.05 level.
**Significant at the 0.01 level.

6. Combined Impaets of Climate Change and Urban Development on Sediment
Loading
| Figures 6.40 arld 6.41 show the mO'deled changes in sediment loading resulting
from the combined climate change and urban development scenarios for the 20405 and
2070s. Sediment loading increases in all months, except for decreeses in summer
loading under most scenarios. As can be seen in Figures 6.42 and 6.43, the high
climate change scenarios generél]y have greater inc;eeseé in sediment loading than
either of the low' climate change seenarios, indicating lhat climate change is more
likely thah urban development to impact future sedifnent dynamics in the basin.
Tables 6.34 and 6.35 indicate that the magnitude of the increeses is signi’ﬁc'ant, with a
doubling or more of sediment loading for most scenarios, while the summer decreases
are more modest. The changes are significant for all scenarios at the 0.01 level (Table

6.36).
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Figure 6.40: Absolute changes in monthly suspended sediment load resulting

from the combined

climate change and urban development scenarios for the

2040s.
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Figure 6.41: Absolute changes in monthly suspended sediment load resulting
from the combined climate change and urban development scenarios for the

2070s.
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" Figure 6.42;: Absolute changes in seasonal suspended sediment load resulting
from the combined climate change and urban development scenarios for the
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Figure 6.43: Absolute changes in seasonal suspended sediment load resulting
from the combined climate change and urban development scenarios for the

2070s.
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Table 6.34; Percent changes in seasonal suspended sediment load resulting from

the combined climate change and urban development scenarios for the 2040s.

Season |HCHL |HCLL |{LCHL |LCLL

Winter 425% 451% 270% 261%
Spring 129% 146% 164% |1 156%
Summer 54% 49% -61% -67%
Fall 569% 595% 460% 430%

Table 6.35: Percent changes in seasonal suspended sediment load resulting from

_ the combined climate change and urban development scenarios for the 2070s.

Season | HCHL HCLL LCHL LCLL

Winter 410% 436% 269% 259%
Spring 41% 53% 53% 47%
Summer -52% -59% -77% -81%
Fall 769% 812% 537% 503%

“Table 6.36: Results of two-tailed t-test for significance of changes in suspended

sediment load compared to the baseline for the four combined climate change .

and urban development scenarios.

Scenario 2040 2070
HCHL .| -14.07*" | -16.97**
HCLL -14.37*" | -17.35™
LCHL -13.26** | -13.55™
LCLL -13.20** | -13.43** |-

7. Impacts of Climate Change on Nﬁt_rient Loading
A. Nitrate Loadz'ng

HSPF has the capability to simulate loading of dissolved organic nitrogen
‘ (DIN), ammonium (NH4"), and nitrate (NO3"). 1 chose nitrate as the nitrogen species
to model,‘ because I had more obseryed data for this parameter with which to calibrate
- the model than for the other constituents. I modeled the impacts of climate change on
nitrate loading in the TRB. As indicated by Figures 6.44 and 6.45, there is signiﬁcaht
variability in the nitrate loading response aﬁong the climate chahgé scenarios. At the
seasonal scale, most scenarios result in ihcreased winter loading and decreaées in the

other seasbns (Figufes 6.46 and 6.47), essentiaily following the hydrological changes.
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This pattern can be more clearly seen in the seasonal average changes among the eight
~ sceharios (Figure 6.48).' By the 2070s, there is a decline in su'mmer' loading of
approximately forty percent and a more than doubling of winter loading (Table 6.37).
The changes are signjﬁcant at the 0.05 level for all séenarios except CCSM3 A1B

 (Table 6.38).
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Figure 6.44: Absolute changes in monthly nitrate load resulting from the eight
climate change scenarios for the 2040s.
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- Figure 6.45: Absolute changes in monthly nitrate load resulting from the eight
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Figure 6.46: Absolute changes in seasonal nitrate load resulting from the eight
climate change scenarios for the 2040s.
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Figure 6.47: Absolute changes in seasonal nitrate load resultmg from the eight
climate change scenarios for the 2070s. :
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Figure 6.48: Absolute changes in seasonal nitrate load, averaged for all eight
climate change scenarios, for the 2040s and 2070s.
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Table 6.37: Percent changes in seasonal nitrate load, averaged for all eight
climate change scenarios, for the 2040s and-2070s..

Season | 2040 2070
Winter - 149% | 179%
Spring 4% __-5%
‘| Summer -35% -41%
Fall 290% 295%

Table 6.38: Results of two-tailed t-test for significance of changes in nitrate load
compared to the baseline for the eight climate change scenarios.
Scenario 2040 | 2070 ‘ ‘ '
. | BCCR A1B -1.12 | -2.99*
1 CCSM3 A1B 1.11 0.58
CGCM3 A1B | 12.82* | 7.59*
PCM1 A1B | -2.04* -0.39
CCSM3 B1 3.04™ | 3.78*"
CNRM3 B1 2.30* 0.97
ECHAMS-B1 | 2.54* 2.01*
IPSL4B1 - 1.22 | 4.06*
*Significant at the 0.05 level.
**Significant at the 0.01 level.

B. Orthophosphate Loading

Changes inbrthophosphafe loading closely track changes in flow and sediment
loading. Figures 6.49 and 6.50 show the general pattern of increases in winter and
decreases in summer. Figures 6.51 and:6.52 show these changes at the seasonal scale.
The averaged changes among all _s;cené,rios include increases in winter and fall and
decreases in sﬁmmer orthophosphate loading (Figure 6.53). The relative magnitﬁde.of
the changes reaches a winter increase of tweﬁty-six percenf and a summer decrease of
nine percent (Table 6.39). The 'chang'ges are signiﬁcaht at the 0.05 level or higher for

Aall scenarios except CCSM3 A1B and Bl and ECHAMS B1 (Table 6.40).
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Figure 6.49: Absolute changes in monthly orthophosphate load resultmg from the
eight chmate change scenarios for the 2040s.
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Figure 6.50: Absolute changes in monthly orthophosphate load resulting from the

eight climate change scenarios for the 2070s.
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Figure 6.51: Absolute changes in seasonal orthophosphate load resultmg from the
elght climate change scenarios for the 2040s.
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Figure 6.52: Absolute changes in seasonal orthophosphate load resulting from the
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Figure 6:53: Absolute changes in seasonal orthophosphate load, averaged for all
eight climate change scenarios, for the 2040s and 2070s.

Table 6.39: Percent changes in seasonal orthophosphate load, avéraged for all
eight climate change scenarios, for the 2040s and 2070s.

Season 2040 2070
Winter 16% 26%
Spring 2% | 4%
Summer 8% | -9%
Fall 43% | 62%

Table 6.40: Results of two-tailed t-test for significance of changes in
orthophosphate load compared to the baseline for the eight climate change
scenarios. :

Scenario 2040 2070
BCCR A1B -1.31 | -2.79**
CCSM3 A1B 0.92 -0.57
CGCM3 A1B | -2.28* | -11.81**
PCM1 A1B 3.70* 1.46
CCSM3 B1 1.88 1.48
CNRM3 B1 -1.46 | -3.02*"
ECHAMS B1 1.58 0.32
IPSL4 B1 -6.48™* | -7.12**
*Significant at the 0.05 level.
**Significant at the 0.01 level.
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8. Impacts of Urban Development on Nutrient L;)ading

. A. Nitrate Loading

The patterns of nitrate loading under the land use scenarios differ greatly from

the changes in hydrology 6f in other water quality constituents. In most monfhs,
nitrate loading significantly declines under botil scenarios, most erly because of a
loss of cropland, which is the majér source of nitrate exbort in the basin (Figure 6.54).
Figure 6.55 shows ﬁese declines at the seasonal scale.‘ The average annual decline
has a magnitude of approximately twenty-two percent under the development scenario
and forty-three percenf under the conservation scenario (Table 6.41). The changes are

; signiﬁéant at the 0.01 level for both scenarios (Table 6.42).
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Figure 6.54: Absolute changes in monthly nitrate load resulting from the
development and conservation land use scenarios.
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Figure 6.55: Absolute changes in seasonal nitrate load resulting from the
d‘evelopment and conservation land use scenarios. '

Table 6.41: Percent change in seasonal nitrate load resulting from the
development and conservation land use scenarios.

Season | Development | Conservation

. | Winter | -3% - =30%
| Spring | -30% -46%
Summer -28% -49%
Fall - 27% -48%
Average -22% -43%

Table 6.42: Results of two-tailed t-test for significance of changes in nitrate load
_ compared to the baseline for the development and conservation scenarios.
'|_Scenario t '
.| Development | 11.52**
Conservation | 24.84**
**Significant at the 0.01 level.

B. Orthophosphate Loading

The modeled changes in orthophosphaté resulting from the iand use scenarios
are similar to the préjét.:tea changes in flow and sediment loading. Figures 6.56 and -
6.57 shéw these changes at the monthly and seasonal scales, with significant decreé.ses

in orthophosphate loading under the conservation scenario and smaller increases under
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the development scenario, as a result of the hydr'ologicai changes. The average annual
"increase for the deVeloprnent scenario is approximately seven percent, and the avérage
“decrease under the cpnservation sceriarid is thifty-two percent (Table 6.43). The

changes are significant at the 0.01 level for the conservation scenari§ only (Table

6.44).
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Figure 6.56: Absolute changes in monthly orthophosphate load resulting from the
development and conservation land use scenarios.

146



g Development
m Conservation

-70

Absolute Change in Orthophosphate
Load (kg/day)
A
o

Winter Spring ' Summer Fall

.Season

Figure 6.57: Absolute changes in seasonal orthophosphate load resulting from the
development and conservation land use scenarios.

Table 6.43: Percent changes in seasonal orthophosphate load resulting from the
development and conservation land use scenarios.

Season | Development | Conservation
Winter 1% -31%
Spring _ 3% -30%
Summer 14% . -33%
Fall 12% . -34%.
Average 7% -32%

Table 6.44: Results of two-tailed t-test for significance of changes in
orthophosphate load compared to the baseline for the development and
conservation scenarios. :
Scenario t
Development -1.13
Conservation | 17.21**
**Significant at the 0.01 level.

‘9, Combined Impacts of Climate Change and Urban Development on Nutrient
Loading
A. Nitrate Loading

The patterns of change for the combined impacts of climate change and urban

development on nutrient loading are more similar to those for climate change alone
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than to land use change alone. ‘Generally, nitrate loéding increases in the winter and
decreases in the summer under the combined scenarios (Figures 6.58 and 6.59). Again,
there are more difference between the high- and low-change climate scenarios than
between the two land use scenarios, suggeéting that climate change may be a mbre
important determinant of changes in nitrate loading than ﬁrban dévelopment (Figures
6.60 and 6.61). For the 2040s, the winter increase reaches forfy—ﬁve r;ercent and the
summer decrease reaches sixty-thfee percent for HCLL (Table 6.45), while in the
2070s the winter increase reaches up to fifty-two percent and the summer decrease is
sixty-six percent (Table 6.46). The changes are signiﬁca.nt at the 0.0‘5 level or higher

for all scenarios (Table 6.47).
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Figure 6.58: Absolute changes in monthly nitrate load resulting from the
combined climate change and urban development scenarios for the 2040s.
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Figure 6.59: Absolute changes in monthly nitrate load resulting from the
combined climate change and urban development scenarios for the 2070s.
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Figure 6.60: Absolute changes in seasonal nitrate load résulting from the
combined climate change and urban development scenarios for the 2040s.
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Figure 6.61: Absolute changes in seasonal nitrate load resulting from the

combined climate change and urban development scenarios for the 2070s.

Table 6.45: Percent changes in seasonal nitrate load resulting from the combined

climate change and urban development scenarios for the 2040s.

Season | HCHL HCLL LCHL LCLL

Winter 42% 45% 13% 15%
Spring -15% -9% 26% | -21%
Summer -61% -63% -59% -62%
Fall 1% 2% 6% 7%

Table 6.46: Percent changes in seasonal nitrate load resulting from the combined

climate change and urban development scenarios for the 2070s.

Season | HCHL’ HCLL LCHL LCLL

Winter 48% 52% 14% 16%
Spring -28% -23% 27% -22%
Summer -60% -63% 63% |- -66%.
Fall -1% 0% 6% 6%

Table 6.47: Results of two-tailed t-test for significance of changes in nitrate load
compared to the baseline for the four combined climate change and urban
development scenarios.

Scenario 2040 2070
HCHL -3.17** -0.94
HCLL -5.29** | -3.07**
LCHL 3.92* 4,67
LCLL 1.91 | 2.57*

*Significant at the 0.05 level.
**Significant at the 0.01 level.
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B. Orthophosphate Loading

The changes in orthdphosphate' load resulting from the combined scenérios
generally follow those resulting from climate change. There are dec-:reases in the
summer and increases'in the other months (Figures 6.62 and 6.63). Figures 6.64 and
~6.65 show these changes at the seasonal scale. In the 2040s, the maximum winter
increase in orthophosphate loading is approxi-mately fifty percent and the maximum
summer decrease is thirty-nine percent (Table 6.49). In the 2070s, this range increases
to a maximum winter increase of fifty-six percent and a maximum summer decre'asé of
férty-three percent (Table 6.48). The changes are significant at the 0.01 levél for all

scenarios (Table 6.50).
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Figure 6.62: Absolute changes in monthly orthophosphate load resulting from the
combined climate change and urban development scenarios for the 2040s.
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Figure 6.63: Absolute changes in monthly orthophosphate load resulting from the
combined climate change and urban development scenarios for the 2070s.
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Figure 6.64: Absolute changes in seasonal orthophosphate load resulting from the
combined climate change and urban development scenarios for the 2040s.
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" Figure 6.65: Absolute changes in seasonal orthophosphate load resulting from the .

combined climate change and urban development scenarios for the 2070s.

Table 6.48: Percent changes in seasonal orthophosphate load resulting from the
combined climate change and urban development scenarios for the 2040s.

‘Season | HCHL HCLL LCHL LCLL

Winter '50% 40% 19% 10%
Spring 88% 76% 57% 47%
‘| Summer 9% - -8% -23% -39%

Fall 82% 55% 95% 65%

Table 6.49: Percent changes in seasonal orthophosphate load resulting from the
combined climate change and urban development scenarios for the 2070s.

Season | HCHL | HCLL LCHL LCLL
Winter 56% 46% 20% 11%
Spring 56% 45% 55% 45%
Summer -9%. 27% -26% -43%
“Fall 79% 51% 74% 47%

- Table 6.50: Results of two-tailed t-test for significance of changes in
orthophosphate load compared to the baseline for the four combined climate
‘change and urban development scenarios.

Scenario 2040 2070
HCHL -22.97** | -24.03**
HCLL -19.65** | -20.28**
LCHL -15.61** | -16.73**
LCLL -11.93** | -12.68**

**Significant at the 0.01 level.
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| VII.: DISCUSSION

1. Impacts of Climate Change on Hydrology

The'modeling results ffom this study found that climate change is likely to
significantly affect water resources in the TRB during the'twventy.-ﬁ.rst century, vﬁth
potential average increases in winter flow of ten percent and summer decreases of
thirty-seven percent b}’f the 2070s. . These resuits are similar to the ﬁnding_s of
Franczyk and Chang (2009), who used the Spil and Water Assessment Tool (SWAT),
driven by a downscaled ECHAMS A1B scenaﬁo and a range of syﬁthetic scenérios,
including an increase in ﬁean monthly témperature of 2 or 4°C and increéses in mean
winter precipitation and decreases in mean summer I;recipitation of ten or twenty
percent, to model impacts of climate changé on runoff in the Rock Creek Basin for the
2040s. The findings in this study are also in line with those of Mote et al. (2003), who
used four GCMs,A with temperature increases ranging frofn 1.5t0 3.2°C and
_ precipitationA changes ranging.from -2 to +22 percent, to dfive the Variable Infiltration
Capacity (VIC) model to predict changes in the flows of the Columbia River, and
found winter increases‘of up to twenty-two percent and summer decreases of six -
perceﬁt for the entire Columbia Basin. The magnitude of tﬂe flow chéngés found in'
the present research is greater than that found for the Columbia River Basin because of
the TRB’s smaller afea and the greatef range of ciimate ségnarios and longer study
period used. A study with a more similai'ly-sized rain-fed basin in a marine west coast
climate, the Upper Campbell River in British Columbia, whose flows were modeled

using the University of British Coiumbia (UBC) Watershed Model under the CGCM
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Al climate scenario, with a tempe;atufe increase of 3.5' to 4.1°C and an annual

| precipitation increase of about thirteen pefcent, resulted in a seventy-one percent
increase in winter flows and a fifty-nine percent decrease in summer flows (Loukas et
al. 2002b). While m}lch attention is often given to iﬁipactsbf climate change in
snowmelt;dominate& basins, the results of allAthese studies indicate that changes can
b‘e signiﬁycant in rain-fed‘ basins as well, becaﬁse of changing precipitation patterns and

_higher evapotranspiration. Hamlet and Letténma.ier (2007) found that the diminished
snowpack is likely to decrease flood risk in snowmelt-dominated basins @der climate
change, because these basins will lose their primary source of spriﬁg flow, while
transient and rain-fed basins show a wide range of respoﬁses, often including an
increase in flood risk, particularly in winter and spring.

" These types of hydrological changes are particularly signiﬁcaht in regibns‘like
the Pacific Northwest that have 'pr_onounced seasonal variability of precipitation and
therefore of water availability. The results of this study suggest that the TR]S will
experience lower.low flows and higher high flows in the future as a resEllt of climate
change. These ﬁndings are in agreement with those for other midlatitude basins. Ina
study of six United Kingdom basins, Arnell (2003b), using a lumped conceptual
hydrological model driven by the UKCIP98 climate scenario, which includes
temperature increases of 0.78 to 2.08°C and precipitatioﬁ decreases of five to twenty-

“five percent, found that the magnitudé of the ninety-ﬁffh percentile flow may decline
by up to fifty percent by the 2080s. Other studies have focuséd on p_rédicted changes

in high flows resulting from climate change. For example, Milly et al. (2002)
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statistically modeled impacts of quadrupling atmospheric carbon dioxide
concentrations on the flows of twcnty-nine large river basins around the world. ‘This
study found large changes in the Qné-hundred-yéar flood magnitude for sevéral large
rivef basins in riorthwestern North Ameﬁca, inclﬁding an increase of fifteen pefcent
for the Yukén River and seventeen percent for the Fraser River..

Changes in hydrological variability may be more significant for water resource
management than changes in mean hydrology. While annual basin runoff may not
change much (for thé 2070s cdmpositq climate change scenario‘;:ompared fo the
baseline, ¢ = -2.00, which is not.signiﬁcant),: amplified _seasoﬁality of flows can brov_e
problematic in areas like the TRB. Tiw basin has already expefienced problems with
damaging flooding, notably during the spring of 1996, and 'regularly suffers from
sumfrler low flows that degrade the river’s ecological and aesthetic value through high
wéter temperatures and poor water quality (Boeder and Chang 2008). The results of
this study ihciicate that such problems are likely to worsen as a résult of climate |
change and land use change. Increased hydrologic Vafiébility poses a challengeAfor
water resource managers, who have traditionally relied on the concept of stationarity,
the assumption tl;at the probabi'lity distribution of climatic and hydrological Variables

does pof change over time (Milly et al. 2008). In light of climate change, there have
been calls for a new paradigm in water resource management to accomrriodate? the
future of potentially increased variability. The }ir'lstitutional conservatism of many

water resource management agencies and the long lifespan of much water
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infrastructure, however, represent significant obstaéles to incorpofatiné climate
chaﬁge impacts into water resource managerﬁent in the near term.
2. Impacts of Urban Development on Hydrolbgy

' The modeled changes in land use in this study resulted in an average increase
in basin runoff of twenty-one percént under the dévelopment scenario and an évérage
decrease of sixteen percent under the conservation scenario. The results from. the
dévelopment-séenario are similar to those of Tang et él. (2005), who modeled a meso-
scale Michigan basin using the Loﬁg-Term Hydrologic Impact Aésessmént (L-THIA)
model and found an increase in runoff of about twenty-five percent under a scenario of
urban spréwl in which basin urban area increases from less than five percent to .eleven
to twenty percenf, depending on the éub—basin. In tllle‘ TRB, tﬁe urban area increases
from nearly seventeen to over twenty-six perceﬂt in the development scenario. In the
cbnservation scsanario, meanwhile, urban area increases to only nineteen percent, while
the water and wetlands category increases from less than one percent to'nearly two
perceht, because of wetland resforatjqn activities. These differences expléin why the
development scenario results in an‘ increase in basin runoff While the ponsewation
scenario causes a decrease, and illusﬁates the importance of land use policies in
managing basin hydrology.

In the Upper Tualatin River sub-basin, both land use scenarios caused a

significant increase in flow. In the Rock Creek sub-basin, the development scenario
caused a large increase in basin runoff, while the conservation scenario only slightly

increased flow. This latter change is similar to that found by Franczyk and Chang
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(2009), who used scenarios of up to a fourteen percent increaée in urban land cover in
their SWAT ﬁxodeling study of the Rock Creek sub-basin. In this stﬁdy, urban land
use increased from sixty-one vt'o seventy-two percent under the development sceﬁario
and to sixty-seven percent under the conservation scenario. In the Upper Tualatin
River sub-basin, meanthiie, Aurban land use increased from two to ﬁvé percent under .
the development scenario and decreased slightly under the conservation scenario.
| Thf: sensitivity of hydr'ologicai response to urban dévelopment is typicaily
nonlinear (Dunne and Leopold 1978). That is, the same percent increése in ﬁrban area
may have a srﬁaller effect in an already highly urban basin than in a relatively
> undevelopéd basin (Nirupama and Simonovic 2007). While I did not conduct a
.sensitivity analysis in this study, some tentative cor;clusioﬁs about threshold levels of
basin urban development can be made based on the modeliné results. First, the sub-
basin with the largest ovérall changes in runoff is the Uppér TﬁB, which has the |
Jlowest initial urban area (two percent), as well as highef elevations and steeper siope
than the rest of the basin. Because this basin is largely undevelépéd, it may be more
sensitive-than tﬂe prban basins to any increase in.impervious sprfac’e area, 4because it
has not reéched the threshold level of urban developmeht. The basin with the smallest
overall response to the land use change scenarios was the TRB as a whole, even
| though the percént increase in urban area under the dévelopmeﬁt scenario (nine
percent) is similar to that for the Rock Creek sub-basip (eleven percent). This is most
likely a result of the difference in the water and wetlands category betw;en the land

use scenarios for the two basins; in the TRB, an increase in wetland area partially
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ameliorates some of tﬁe increased runoff aesoeiated with urban development,.while
wetland area decreases in the Rock Creek .sub-basin under the development scenario. -
Because the de{/elopment and conservatien scenarios are based on the same population
growth assump‘eions? the very different hydrological ;eselts they generate illustrate that
the type of growth po.lvicies‘we ehooee to pursﬁe — sprawling urban growth or compact
sustainai)le development — can significantly influence besin hydrology.
3. Combined Impacfs of Climate Change and Urban Development on Hydrology

The mo&eling results from th'e combined climate-change and urban
development scenarios suggest that these two changes will jointly increase winter flow
by up to seventy-one percent and decrease summer flow by up to forty-eight percent
by the 2070s. These changes are similar in pattern but greater in magnitude,
compared to the combined climate change and land use change modeling results of
Franczyck and Chang (2009) for the Rock Creek Basin, in Which there was a
maximum of a twenty-four percent increase in runoff. The larger changes found for
the TRB are Iikely the result of this s‘eudy’s greater range of climate change scenarios
and longer time period, as well as differences in spatial scale and hydrologic models
used for impact assessment. - | |

In compérison to the urban de.velopment scenarios aloﬁe, the combined
scenarios generally predict larger changes in runoff.' Additionally, the combined high
climate change scenarios tend to be more similar to.oné epother than the combined
high-land use change scenarios. These differences suggest that the climate change

scenarios have more significant impacts than the land use change scenarios on the
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hydrology of the TRB over the study period. Baxlagé et al. (2002), Chang (2003), and
Franczyk and Chang (2009) also found that basin hydrology is more sensitiye to
~ climate change than land use change. |

The combined scenarios aléo generally predict higher increases in winter
runoff and higher decreases in s@mer runoff than the climate change Scenarios alone.
| The results of this stpdy, then, indicate that urban development will exacerbate the
problems of increased seasonal variability in flows caused. by climate change. This is
‘because the greater impervious surface area associated with urban development means
a higher propqrtiqn bf rainfall becomés surface runoff rather than groundwater -
recharge, thus increasing the overall flashiness of the basin. The reduced infiltration
may lead ultimately depleté aquifers, which are an imﬁortant source of cool water
dur_ing the summer dry period. While some of thi; groundwater recharge can be made
up by increased winter precipitation, the higher-'intensit}; storms pfoj ected under
climate changé scenarios can overwhelm the iﬁﬁltration capacity of 'the soil, leading to
increased surface runoff and flooding. Urban development may the;efore contribufe
to the increased seasonality of hydrology in the TRB associated with climate change.

' Examining. the separate and combined poténtial impacts of climate change on
basin hydrology leads to a conéideraﬁion of the dynamics of élimate éhange mitigation
and adaptation. Mitigation refers to steps taken to prevent climate change from
occurring, such as reducing greenhouse gas emissions or increasing carbon sforage.
Adaptation, in the corifext of climate change, is the process of deliberately taking

actions, such as increasing reservoir storage or instituting water conservation policies,
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to reduce the harm caused by anticipated climate cﬁange. Thgre is often a tension

. between these two types of action, with mitigation being seen as proactive and
adaptation as primarily reactive. While mitigation of ‘greenhoﬁse gas concentrations is
clearly necessary to reduée the severity of climate change ip the future, 'é.daptafion is
also necessary, particularly at the local scale, because the inertia of the rélimate system
means that some climate change in unavoidable as a result of past emissions (Nelson
et al.' 2007). One way to reconcile mitigation‘a.nd adéptation is to recognize their
differing’ scales of implementation. Because the atmosphere is a global'Systerri? :
greenhouse gas emissions from any source in the world contribute‘ to the problem, so
coordinafed glbbal actioﬁ is necessary for sﬁcqessful mitigation. The.impacts'of
climate change, however, are highly place-specific, aﬁd therefore so aré the actions
needed for adaptation. 'fhg TRB is likely to be affected by climate change during. the
twenty-first century, regardless of ény international mitigation efforts, but locél and
regional policymakers have a far greater degree of control over how water resource
management in the basin adapts to climate change impacts. The modeiing results of -
this study, which show substantial differences in hydrological response between
develbpinent—oriérited and conservation-oriented urban growth, suggest that >01.1e
pot.entially powerful way to adapt to climate change impacts in the TRB is to plan for
compact development with preservation and restératién of natural vegetation and
wetlands. An urban development pattern similar to that in the conservation land use
scenario used in 't.his study may pértially ameliorate some of the winter flooding and

summer low-flow conditions projected to result from climate change in the basin.
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4. Sediment and Nutrient Loading
The modeling results of this study indicate that suspended sediment and
orthophoéphate loads are highly dependent on flow in the TRB, and changes in the
loadings of these water quality constituents resulting from climate change and urban
development are likely to closely track hydrological changes. Because increased flow
can affect water quality through non-linear flushing or dilution effects, hovyever,
increased load does not necessarily imply higher concentrations of pollutants, nor does
reduced load entail lower concentrations. The strong relation between flow and
sediment and orthophosphate load is in line with what one would éxi)ect, because -
sediment loading is controlled largely by er_osioﬁ and scour by surface runoff, and
o.rt'hophosphaite‘ tends to adsorb to so.il particleé and so is highly correlated with
sediment. Under climate change, wfnter suspended sediment load increases by an
average of eighty-éne percent under the clima'pe change scenarios. This is a higher-
magnitude change than the average ten percent increase in winter flow, indicating that
‘ the rel.atjon between flow and sedirﬁent loading is noﬁlinear. As aresult of ﬁrban '
development, modeled suspended sediment load increases by an average eighteen
percent under the development scenario and decreases by eighteen percent under the
conservation scenario. These changes closely track the hydrological changes of an
average twenty-one‘percént increase in flow under thé development scenario and a
sixteen 4percent decréase under the conservation scenario. Unlike with climate change,
* the magnitude of the increase in sediment léad is not gréater than the magnitude of the

increase in flow, probably because the increase in impervious surface area associated
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with the development scenario deiqletes the source of sediment for export. The
nonlinear‘response of sediment loading is again evident in the combined sce.narios,' in
which wintersuspended sediment Ioaaing more than doubles while summer loading
decreases by up to eightyjdne percént by the 2070s, cqmparéd to an increase in winter
flow of up to seventy-one percent and a decrease in summer flow of up to fqrty-ei ght
percent.

Under the climate change scenarios, winter orthophosphate load increases by
an average of twenty-six percent and summer load decreases by an average of nine

percent by the 2070s, changes whichAare consistent with the pattern 6f hyd;blogical
| change, and also with the results of Arheimer et al. (2005), who modeléd a fifty
percent increase in total phosphorus transport in a Swedish basin under climate change.
The orthophosphaté response to land use change is also similar to the hydrological -
résponse, with an average seven percent increase under the development scénario and
a thirty-two percent decrease under the conservation scenario. The combined scenario
results also closely track tﬁose for hydrofogy and suspended sedimeﬁt, withupto a
fifty-six percent increase in winter load é.nd a forty-three percent decrease in s@mef

load by the 2070s.

There is mq?e variability in the nitrate modeling results, probably because
nitrate load is less affectf;d by surfaée runoff flushing effects than sediment and
orthophosphate are. Nevertheless, the general pattern of response to climate chaﬁge
still holds, with a projected doubling of winter nitrat'e load and an average decrease of .

forty-one percent in summer load by the 2070s. Bouraoui et al. (2004) modeled

o
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increases in winter nutrient transport nearly as large (up to eighty-five percent)as a .
fesult of climate change in a Finnish basin. Imhoff ét.al. (2007), in contrést, fbund |
only a ten percent increase in total nitrogen loads caused by climate éhange ina
Maryland watershed, pro-babl'y because that study examineci changés only at the
annual rather than the seasonai scale. Nitrate load is likely to decrease in the summer
not only because of diminished flow, but also because of v.egétation uptake during the
grbvﬁng ‘season. The degreaées in nitrate loads under fhe urban devélopment scenarios
are likely to be the result of loss of agricultural crppland from the bé.seline of

| seventeen percént to eight percent under the development scenario and ten percent
under the conservation séenario. Agricultural land exports more nitrate than any other
land use type in tﬁe basin, although this study did ndt explicitly consider fertilizer
applications. When the climéte chaﬁge and land use scenarios are combined, the
résults are similar to those for hydrology, with up to a fifty-two percent increase in
yvinter nitrate load and a sixty—six percent decrease in summer load by the 2070s.

* As with hydrology, the doﬁlinant pattern of change in water quality parameters
under climate charige and urban development is increased seasonality. It is likely that
the conibination of higher-intenéity ‘precipitati(.)n and higher impefvious surface area
will flush éigniﬁcanf amounts of pollutants'into TRB streams during winter étorms,
and the lower summer flows will reduce the cap;acity for dilution. Existing water
quality problems in the basin, therefore, may worsen over the twenty-first century;‘
although the impacts can be somewhat ameliorated by conservatibn-oriented land use

planning,
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5. Caveats

There is a considerable amount of uncertainty in the results of any modeling
study. The first major type of uncertainty is inherent in the climate impabt analysis
" process. Studies have shown tha;( the most significant source of uncertainty in‘ the
climate impact modeling chain is. the General Circulation Model (GCM) (Graharh et al.
2007). Because GCMS model extremely complex intAeraction\s' among the atmosphere,
oceans, and land surface, and tﬁey differ in the physical assumptiéns upon which they '
are based, their simulated forcings in response to a given increase of greenhouse gas
concentrations vary. One way to avoid GCM biases in cljmate impact analysis is to
use a variety of GCMQ and generate a Fangé of possible rgsulté., which is the approach
- taken in-this study.

Another major source of unéertainty in climate impact studies is the choicé; of
emission scenario used to drive the GCM.‘ The Intergovemmental Panel on Climate
Change (IPCC) emission scénar{os are based on assumptions about global p,opulationl
grthh, economic development, energy usé, ';cmd te_:chnolééy, which are impossible to
verify in advance. As with GCMs, one way to address "[his uncertainty is to use
multiple emission scenarios to generate a range of poséi.ble results, Which was done in
this study. There is also a question of whether ¢missions scenarios are in line with the
urban development scenarios.- Using a high—deyelopment land use ‘scenaﬁo in
combination with a low-emission scenario, for exampie‘, may possibly be unrealistic. _

_The next source of unceﬁainty in the modeling chain is in the downscaling

from GCM output to a scale appropriate for hydrological modeling. A variety of
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statistical and dynamic downscalihg techhiques are available, each with its own
benefits and drawbacks. In this study, statistical @wnscal_ing produced a grid of
climate inputs at a sufﬁcieﬁtly fine spatial resolution for hydrological modeling at the
basin scale. Because only one downscaling téchnique was uséd, however, it is
impossible to quantify the uncertainty introduced by the downscaling.

- Finally, there is uncertainty in the hydrological model itself. While HSPF has
been used extensi\}ely for scenario modeling of both runoff and water quality, it has
limitations. The most fundamental of these is -that, like any i)hysically-based model, it
requires calibratioﬁ so that the user can ensure that it is reasonably reproducing
observed flow in the study basin. While the model evaluatioh statistics indicate
relatively stroﬁg goodnes§-of-ﬁt.to observed data for flow, sédimént, and
orthophosphate, this is not a guarantee that the model’s predictions for future scenarios
are accurate. Whenever va hydrological model is run outside the parameters for which
it was \"alidated, it is possible that the results are spurious changes caused by over-
tuning of the model during calibration (Beven 2008). Comparison of multiple
evaluation statistics, such as coefficient of detenﬁination and Nash—Sutcliffe modei
efficiency, is recommeﬁded to avoid-over-estimating the accuracy of the model results,
which is the approach that was taken in this study.

Whilé the above cavéats apply to any climate impact or hydrological modeling
study, more specific limitations of this stﬁdy must also be addressed. For one,
additional assumptions are necessitated by the use of lénd use scenarios. These

scenarios make assumptions about population growth and zoning laws in the basin,
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and results based on them are only as valid as those assumptions. Also, HSPF does
not model tﬁe impacts of sustainable stormwater management technologies, which are
increasingly being implemented in the TRB and may significantly affect ﬂm;v in urban
areas.

Additional uncertainty is introduced by this study’s use of HSPF es a \;vater
quality model. Water quality is dependent on flow, so sediment and nutrient lead
estimates encompass all of the uncertainty associated with a hydrological model, plus
additional uncertainty specific to the weter quality modules. Because HSPF is
primarily a runoff medel, it has fewer adjustaele parameters for calibration of water
quality than of flow. This was particularly a problem for nifrate, for which I was
unable to calibrate enough perameters to achieve a sufficiently high goodness-of-fit.
Nitrate may be influenced more by subsurface proeesses and vegetation dynamics,
neither of which HSPF explicitly simulates, than by surface flow. HSP‘F. also does not
dynamically adjust channel width, slope, or other geomorphic parameters, WhiCi’l
affects its \ability to model changes in both ﬂow and water quali"ty. In partieular, the
inability of the model to simulate channel widening and _deepening.as discharge
increases may result in overestimates of average flow. Furtherrnere, altheugh HSPF is
capable of modeling point source as well as nonpoint seurce pollution, I did not
i_ncorporate potential changes in point sources because of lack of data, and instead
assumed ‘Fhat point sources will rer.nain the same in the future. :

 Finally, this study 1s based entirely on scenario modeling, which is the process

of assuming that, given certain future conditions, outcomes will change accordingly. I
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did not perform aAsensitivity analysis, whic'h would allow me t(.), for example, estimate
how much flow will increase for a given percent incre;ase in precipitation or
impervious surface area. A limitatioﬁ of thisA study, therefore, is that the results are
valid only inasmuch as the climate change and urban development scenarios used

actually occur.
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VIII: CONCLUSIONS

This study examined the impacts of climate change and urban development on
water resources in the TRB. I used the Hydrologic Simulation Program — Fortran
(HSPF), part of the Bettef As_sessment Science Integrating Point and Nonboint
Sources (BASINS) modeling system, to project the potential impacts on basin‘
hydrology and sediment and nutrient loading resulting from a series of seﬁarate and
combined scenarios of climate change and urban deVeiopment. The model evaluation
 statistics indicate hiéh goodneés-of—ﬁt for_ the calibrated hydrology, suspended
| seciiment, and orthophosphate models comi:)ared to observed data. Proj.ected impacts
of climate chénge include higher winter flows, lower summer ﬂowé, increased
hydroiogic V&iability, increases in winter sediment and nutrient loading, and
decreases in summer sediment and nutrient lbadiﬁg. At the basin scale, the
development land use scenario results in increased runoff, increased sediment and
orthophosphate loéds, and decreased nitrate loads, while the conservation scenario
.prociuces decreased ;'unéff and decreased sediment and nutrient loads. The combined
climate change and urban dévelopment scenarios 'generally produce hydrologicalAand
water dﬁality results that track the reéults from climate o;hange alone, suggesting that
the wa;cer resource irripac;ts) frofn climate cha.ngé afe more significant than those from
land use change in the TRB over the study period, although this needs to be éonﬁrrﬁed
v‘lfithAa sensitivity analAysis. ‘The development and conservation scenarios do differ in

their hydrological and water quality outcomes, however, thus representing a potential

169



opportunity for local adaptation to cliﬁate change by pursuit of sustainable urban
development. |
The main contribution of this research is as a case smdy application of the
HSPF model in émeso-sCale urban basin in the Pacific Northwest. It is one of the few
studies to model changes in both water quantity and quality resulting frorfl both
climate change and urban develppment. Most existing research focuses on.only one
type of change or one type of impact, no doubt» Because of the difﬁcult.y involve& in
| selecting multiple scenarios, calibratirig and validating severai differént modéls, and
evaluating and comparing tﬁe results. It is important, however, to assess thé combined
influence of climate change and urban development in basiﬁs like the Tualatin,
because both,éhé.xlges are likely to occﬁ during the coming centuiy and because the
two types of chaﬁge may amplivfy or ameliorate one another’s effects. Understanding
the‘relative importance of climate change and urban development in determining
future cdndiﬁionél is important for water resource management, because local
" “policymakers have more control over land use policy than global climate policy.
Furthermore, much of the existing research has focuséd on only thé hydfologipal
changes resulting from élimate change and urban development, but water quality is
also likely té be affected by these changes, as this study demonstrates. By fnodeling :
basin response to the potenfial range of future conditions, this study providesa .
comprehensive view of the types of challenges likely to be faced by water resource
managers in the TRB over the twenty-first century, and provides an example that may

be followed in other basins.
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While this research represents an initial effort of cha;a;:terizing basin response
to future changes as fully as possible, great potential éxfsts to improve and expand
upon the current study. One way to do thié is to eiperiment with different scenarios.
,Forwexample, while this study used downscaled General Circulation Model A(GCN.I)'
output, use of synthetic scenarios is an alternative type of climate impaét analysis.
Synthetic scenarios with a fange of absolute terﬁperat#re increases and peréent
increases and decreases in precipitation would allox;v for the estimation of sensitivity
ﬁuesholds, or how much a given change in a climate variable affects a given
hydrolo gical or water quality vaﬁable. A similar app:oé,ch could be used for
estimating sensitivity to urban devélopment, with synthetic land use scenarios
representing ihcrer'pental increases in impervious surface area. An advantage of the .
sens'itivity analysis approach is that it would allow for direct comparison of the climate
change and urban development scenarios, so that it would be possible to deﬁnitivély .
state which type of change is more significant in the basin. It would also allow for
identification of thresholds of climate change and urban development, or levels of
change that have ecologically significant results.

Another way to expand upon the current study would be to include more water
quality paramete.rs. Climate change and urban cievelopinent. are likely to affect ﬁot
only suspended sediment, orthophosphate, and nitrate loads, but also temperature,
dissolved oxygen, other nutrient specieé, and other ecologically significant water
qhality constituents. Thesé variables can be modeled in HSPF or, perhaps more

reliably, with a water quality model. Also, adding current and potential future point
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sources of pollutants 'and best management practices would undoubtedly improve the
simulation of water quality in the basin. The water quélity analysis éould be further
improved.by inclusion of changes in concentrations, rather than merely 'loads,.of
constituents, because this measure has greater ecological signiﬁca:tice.

An obvious way to expand this study would be to repeat the anaiysis in other
basins. In particular, it might be instructive to model impacts of climate change and
urban development in a similarly-sized basin that is dominated by snowmélt. Itis
likely tﬁat the climate change impacts woﬁld differ in such a basin, because of the
increased sensitivity to winter temperature and the importance of the §pring snowmelt
peak in'maintaining summer flows, but it is unclear whether there would be any
difference in -a higher-elevation basin’s sensitivity t(} land use change, or in how water
quality is affected by hydrological changes;,. |

Finally, there is potential to build upon this research by more explicitly
considering the impacts on water resource management in the basin. Because the
Tualatin River provides drinking water for several large and growing cities, it is
impoftant to uﬁderstand the size of the population that can be served by TRB
withdrawals in a future of climate change, given changes in water supply and demand.
The changes in the amount of water that can be provided to bésin residents resulting
from different management actions, such as i;l'creasing reservoir storage, installing
water-efficient appliances in homes and businesses, and restricting outdoor water use,

could be examined through the use of a water management model. This would
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provide managerﬁent agencies and othér policy-makers in the basin with the
information needednfor effective long-term planning. |
As»concm"reﬁt_ climate change and urban development progress in .the TRB,
water resources ﬁll be affected in both their quantity and quaiity.' Despite thé |
signiﬁc_:ant uncertainty involved, hydr(;logical modeling studies, such as this one, are
useful for projecting the likely direction and m'agnitude.of these changes so tha’; water
~ resource managers are prepared to adapt. This work is nec.essaryv in order to ensure
that thé economic, aesthetic, recreational, and ecological values of river basins will

continue to be provided in the future.
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