





Figure 4. 5. Salt volume (SV) in the Columbia River estuary for the contemporary condition
(CC; year 2010) and six scenarios of sea level change. Histograms at the top panel show the
distribution of SV. The lower panel shows the timeseries of SV.
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Figure 4. 6. Isoline map of bottom salinity response to a) contemporary condition and for six
scenarios of sea level change: b) -0.04 m, ¢) 0.27 m, d) 0.63 m, ¢) 0.97 m, f) 1.27 m, g) 1.77 m
on September 28" in the Columbia River estuary.
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PV (m?)

Figure 4. 7. Plume volume (PV) in the Columbia River estuary for the contemporary condition
(CC; year 2010) and six scenarios of sea level change. Histograms at the top panel show the
distribution of PV. There are zoom-in views of parts of original histograms for each scenario.
The lower panel shows the time series of PV.
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Figure 4. 8. Isoline maps of surface salinity response to (a) a scenario of sea level change of
1.77 m; (b) contemporary condition (CC); (c) the difference in surface salinity between current
condition and 1.77 m SLC (Surface salinity at 1.77 m scenario minus CC) on June 21" in the
Columbia River estuary and the Pacific Ocean. The black contour line delineates salinity= 28
psu.
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Figure 4. 9. Salinity intrusion length for six scenarios of sea level change as a function
of river discharge at Bonneville Dam. CC: contemporary condition.
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Figure 4. 10. Percent changes in shallow water habitat (SWH) at eight reaches for six scenarios
of sea level change relative to the contemporary condition The range of color bars reflects the
different scenarios. In each bar, the lighter color indicates the maximum and minimum, the
darker color indicates the 25th and 75th percentile, and the white circle indicates the average of
each indicator for each scenario
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Figure 4. 11. The change in SWH (calculated for each element) with a 1.77 m sea level rise
relative to the contemporary condition throughout the Columbia River estuary when the highest
value of SWH was seen at most reaches on June 14™. The positive values reflect more SWH
availability with a sea level rise of 1.77 m, while the negative numbers indicate less SWH
availability with the same rise in sea level.
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Figure 4. 12. Percent changes in juvenile Chinook salmon habitat (SH) at eight reaches for six
scenarios of sea level change relative to the contemporary condition The range of color bars
reflects the different scenarios. In each bar, the lighter color indicates the maximum and
minimum, the darker color indicates the 25th and 75th percentile, and the white circle indicates
the average of each indicator for each scenario.
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Chapter 5

Conclusions and future work

5.1. Contributions

The river-dominated, mesotidal Columbia River estuary under the influence of nutrient-
rich upwelled coastal water with a highly regulated flow has served salmonids in their
journey by providing nursery and migratory habitats and food resources (Bottom et al.,
2005). However, the structural and functional attributes of the Columbia River estuary
have long been influenced by human activity and environmental variability (Dalton et
al., 2013; Mantua et al., 1997; NRC, 2004b). This has led to 13 species of Pacific
salmon and steelhead, being listed under the U.S. Endangered Species Act (Ford, 2011;
Weitkamp et al., 2014). Variability and changes in salmon habitat-supporting system
affect the status and trends of specific stocks. Therefore, evaluation of the system’s
variability in the contemporary state, as well as predicting the system changes under
future scenarios, are essential to design restoration plans and to enhance management-
level decision-making processes for optimizing hydropower systems and navigation
channel to preserve future salmon habitat.

The research presented in this dissertation provides new information about the
variability and change of the Columbia River’s habitat-relevant estuarine physics

response to both sea level changes and a seismic subsidence by using a pre-existing
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modeling and monitoring infrastructure (SATURN; Baptista et al. 2015), and newly
refined definitions of regionally accepted indicators. The main research

accomplishments of this dissertation are presented in the following subsections.

S.1.1. Refined set of criteria to characterize juvenile Chinook
salmon habitat as a function of predictable physical
factors

We introduced a refined habitat computation method which was defined initially by
Bottom et al. (2005) and later modified by Burla (2009) and Bottom et al.(2011). This
method combined 15 years (2000-2014) of skill-assessed simulation results from a 3D
circulation model with the best available empirical understanding of juvenile Chinook
salmon response to hydrodynamic variables (including depth, temperature, velocity,
salinity, and dissolved oxygen levels) found in the Columbia River downstream from
the first dam (Bonneville Dam). This methodology was still based on hydrodynamic
variables, but differed from the previous methods in five major ways: 1) We defined
salmon habitat on a volumetric rather than surface basis by recognizing that juvenile
salmon use vertical mobility for their benefit. 2) The methodology distinguished
between nursery habitat (where depth is less than 2 m) and migratory habitat (where
depth is more than 2 m). 3) It also classified nursery habitat based on different life
stages of juvenile Chinook salmon, by applying stage-specific velocity thresholds. 4)
We replaced binary thresholds (either O or 1) for these variables by penalty functions
(between 0 and 1) to quantify the optimal habitat for juveniles by recognizing that
temperature and salinity influence both habitat access and quality. 5) We introduced the
effects of ocean-derived hypoxia by adding low dissolved oxygen penalty throughout

the upwelling season to account for biological stress on juvenile Chinook salmon in the

129



brackish waters of migratory habitat, as well as to highlight habitat availability for those

salmon that might be affected by low dissolved oxygen concentrations.

5.1.2. Characterized temporal and spatial variability of
salmon habitat over a 15 year period (2000-2014)

We characterized the seasonal and inter-annual variability of juvenile Chinook
salmon habitat by filtering high-resolution, 15—year simulations of baroclinic circulation
in the estuary through our refined habitat criteria.

Our results indicated that nursery habitat increases is typically an order of magnitude
smaller than migratory habitat. Most available nursery habitat concentrated in specific
geomorphic reaches (reaches C and F in the USGS 2011 classification) with extended
shallow regions. We found that not only is habitat seasonally modulated by temperature
at all reaches, but that less habitat is available in the summer and winter. In reach C,
these findings are also supported with a higher mean density of juveniles in optimal
temperatures (10-16 °C) and a lower mean density in suboptimal (less than 10 °C) and
stressful temperatures (more than 19 °C) (Roegner and Teel, 2014).. We also found that
at most reaches, the estuary offers more nursery habitat for fingerling than for fry,

which is initially relevant to the water velocity regime in each reach.

For years 2000-2014, we found that the temporal variability in migratory habitat to
be minor. This is in contrast with the temporal variability in nursery habitat, which we
found to be strong and region specific. Nursery habitat responds primarily to river
forcing in the upper reaches and to tides in the lower reaches of the estuary. As a

consequence, the inter—annual variability of nursery habitat is lower in the lower
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estuary, where tides are dominant, and higher in the upper reaches where river

discharges are dominant.

For example, higher river discharge during spring and summer 2011, as well as a
relatively high and early freshet in 2012 (relative to the 2000-2014 mean river
discharge), drastically increase nursery habitat at the upper reaches. Conversely, lower
river discharge during spring and summer 2001 (relative to the 2000-2014 mean river

discharge) reduces nursery habitat at these reaches.

Our analysis of the contemporary variability of the estuarine habitat provided a
valuable baseline for assessing future changes due to climate, navigation channel,

seismic subsidence, and flow regulation.

5.1.3. Determined the effect of a large CSZ subduction on the
estuary and its ability to provide estuarine salmon
habitat

We characterized estuary response to the largest Cascadia Subduction Zone earthquake
with the M,, (moment magnitude) of 9.1 by using habitat-relevant indicators (including
salinity intrusion length, salt volume, shallow water habitat, and juvenile Chinook
salmon habitat). These indicators were compared between contemporary condition and
conditions resulting from the largest CSZ earthquake as developed by the Oregon
Department of Geology and Mineral Industries and collaborators (Witter et al., 2013).
Our results suggested that subsidence would change estuarine physics and
associated fish habitat. For low river discharges (e.g., in September), the effect is
particularly pronounced with salinity propagating upstream nearly 15 km, causing a

major (~94%) loss of freshwater habitat.
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Some fish out-migrating to the ocean could benefit from this as plume volume also
increased during the freshet from 1.10x10'" m? in the contemporary system to 1.49x10"!
m’ under the largest CSZ earthquake condition.

Changes in shallow water and salmon habitat varied strongly across the lower
estuary, and there would be winners and losers in terms of reaches, stocks, and period.
At the lower estuary (reach A and B), where subsidence was more than 2 m, the estuary
would provide an average of ~26% less shallow water and juvenile Chinook salmon
habitat relative to the contemporary system. Reach A would lose habitat during May,
when Spring Creek Group fall fingerling was the predominant stock (96%), and during
March, when West Cascade fall and Spring Creek Group fall fry were predominant
stocks (50%, 40% respectively), while reach B would lose habitat throughout the year.
In contrast, reach C, where the subsidence was less than 2 m, provided more habitat
relative to the contemporary system because more area was inundated and salt Could
not propagate that far.

We did not assess any major change in shallow water habitat and habitat for juvenile

Chinook salmon where there is no subsidence at upper reaches.

Determined the influence of SLC on the estuary and its ability

to provide estuarine salmon habitat
We described the estuary response to future sea level changes by utilizing

habitat-relevant indicators (including, salinity intrusion length, salt volume, shallow
water habitat, and juvenile Chinook salmon habitat) for a reference simulation (db33
[year 2010]) of the contemporary system and for six scenarios of sea level changes.

Our result indicated that by passing specific thresholds (approximately ~1 m off the

coast), rising sea levels would drastically increase the extent of ocean influence on the
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estuary (as measured by salinity intrusion length), and would substantially reduce the
seasonal influence of freshwater on the continental shelf (as measured by plume volume
during river freshets). Specifically, in response to high-end sea level rise scenario (1.77
m), the Columbia River would be deeply altered by salinity where salinity will
propagate upstream to Port of Portland and plume will be disappeared during low river
discharge.

On average, almost 12% to 203% of water volume would be permanently
changed to saltwater when sea level increases from 0.27 to 1.77 m, respectively, which
is seen with the SV indicator.

We identified that salinity propagation inside the estuary is a nonlinear function
of river flow, especially in the range of medium to large flow (~ 8000 m3/s). With less
than 8000 m3/s river discharge at Bonneville Dam, SIL and SV will extend more than
100% with changing sea levels of more than ~1 m. Rapid changes in the future suggest
that there might be an important threshold in river discharge in response of sea level
rises more than 1 m.

Consistent with the increase in salinity intrusion, freshwater plume size will
decline with sea level rise by 100% passing a 1 m sea level rise relative to the
contemporary system.

In a habitat perspective, rising sea levels will alter shallow water—and
specifically—salmon estuarine habitat within the estuary in complex spatial and
temporal ways. There will be winners and losers in terms of reaches, stocks, and
migration periods, which will be critical to consider in designing long-term plans for

restoration and hatchery programs.
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Reach D, E, F, and G provide more shallow water habitat and habitat for juvenile
Chinook salmon under the scenarios of sea level rise relative to the current system. The
results showed the middle reaches (D and E), from Longview to the Port of St. Helens,
having higher variability than the two ocean-influenced reaches at the lower estuary.

In contrast, with SLR more than 1 m, reach B and H will lose habitat during May,
when the Upper Columbia River summer/fall fry and Spring Creek Group fall fingerling
are predominant stocks (60%, 90% respectively). When SLR is more than 1.27 m, reach
C also loses habitat during May, when West Cascade fall fry, West Cascade fall, and
Spring Creek Group fall fingerling are predominant stocks (96%, 40%, 50%
respectively).

Though we reported shallow water habitat as an integrated value for each reach, the
, spatial pattern of SWH (values for each element) responses were not homogenous
within each reach. In fact, SWH may increase in some areas, while decreasing in other
areas at the same reach. For instance, in June 14", part of Cathlamet Bay experiences
increased SWH near Marsh Island, while at the same time loses SWH at the mouth of
Gray’s Bay when sea level rises by 1.77 m relative to the contemporary condition.

Although we determined the impacts of ultimate values of all possible scenarios of
sea level changes at year 2100, these changes would happen earlier than 2100 if sea

level followed the trend of the high-end scenario.

5.2. Contributions to management
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Using a pre-existing regional infrastructure system that consists of a Virtual
Columbia River modeling system and SATURN observation network resources, and
adding refined indicators of estuarine habitat, our results:

a) Offered a refined method to quantify juvenile Chinook salmon habitat. Although
the thresholds were already defined for juvenile Chinook salmon (Bottom et al., 2005;
Burla, 2009; McCullough, 1999; Roegner et al., 2011; Roegner and Teel, 2014; Volk et
al., 2010), the methodology itself is applicable to other aquatic species when the
thresholds are available

b) Suggested that a possible sea level rise threshold of more than ~ 1 m will alter
salinity regime and fish habitat; and

c¢) Provided scientific guidance on the impacts of future changes (sea level change
and seismic events) and their effect on long-term design plans for restoration and
hatchery programs. Based on the estimated sea level rise threshold, we suggest that
restoration project managers and hatchery designers consider the vulnerability of site
locations to sea level rise in order to enhance the improvement of freshwater habitat
resilience.

There is always a degree of uncertainty about how, when, and where this system
will experience the impact of sea level changes. However, an extensive and continuous
monitoring system will help track ongoing changes and therefore, prevent permanent

system damages.

5.3. Uncertainty

Evaluation of the impact that future changes might have on the Columbia River
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estuary comes with some degree of uncertainty, ranging from the definition of the
scenarios, to their simulation and the interpretation of the results. In spite of these
uncertainties, the potential for massive change in the estuary due to either a CSZ
subsidence or sea level rise is too important to be ignored.

Quantifying the degree of uncertainty wasn’t an objective of this research; however,
we did identify the following sources of uncertainty in our analysis:

* Uncertainty in the 3D hydrodynamic model, which arises as a result of errors
in the model configuration, input data (e.g. atmospheric, ocean, and river
forcing), and grid resolution.

* Uncertainty in the Cascadia earthquake deformation model for both the
structure and input data. For instance, while this grid resolution is adequate
for capturing the change in indicators, it may not be sufficient for capturing
the detailed changes in bathymetry in the response to the largest CSZ
earthquake near small islands in the estuary.

* Uncertainty in global sea level change projections, which originate from
three sources of uncertainties: natural variability, future emission of
greenhouse gases, and climate modeling.

* Uncertainty in regional sea level change projections resulting from
uncertainty in eustatic global sea level rise rate and regional vertical land
movement calculation.

* Uncertainties resulting from the use of atmospheric, river, and ocean forces
for the year 2010 in future sea level change scenario simulations, as well as

for the contemporary condition. We focused only on sea level change
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impacts in the Columbia River estuary and the cumulative impacts of
climate change, including temperature rise, change in hydrologic stream
flow regimes were not considered in this study. Uncertainty in the
computation of indicators and the definition of the criteria. For instance, we
compute plume volume as a proxy for the freshwater impacts on the
continental shelf and its important role in out-migration of some salmon
stocks and steelhead. However, the plume volume, which was used by Miller
(2013; 2014) and Burla (2010), is defined only based on salinity distribution
(salinity less than 28 psu), which is a physical aspect of freshwater plume
and we didn’t consider the biological and chemical characteristics of the
plume, as well as the interactions among chemistry, physics, and biology in

the plume.

Uncertainty in the nature of sedimentary adjustments in sea level change and
post-Cascadia Subduction Zone earthquake. There is a range of rebounding
rate from decades to nearly a century that coseismically subsided wetland
rebounds their pre-earthquake elevation. (Hughes et al., 2002)

Uncertainty in not considering a sediment model in our analyses. Since there
were minor differences between the calculated salmon habitat and salinity
intrusion length (calculated from model outputs) by using only a circulation
model and by using a sediment model and a circulation model, we only run

circulation model.
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5.4. Future work

This thesis contributed significantly to characterize contemporary variability and

demonstrate the potential for change in magnitude and variability of estuarine habitat in

the Columbia River estuary. However, much remains to be learned, and research along

the following and other directions deserves consideration:

There have been several modifications to the juvenile Chinook salmon
habitat calculation beginning with Bottom et al. (2005), progressing with
Burla (2009), and continuing on with this research. The computation method
should continue to advance, by adding penalty for food limitation and
predation to the indicator. Also, coupling a hydrodynamic circulation model
with a biogeochemical, sediment, and individual-based model, which creates
an ecosystem-based model, would more effectively track juvenile salmon
movement than just using a hydrodynamic circulation model alone. The
products for these models including physical variables, chlorophyll and
sediment concentration, net ecosystem metabolism that covers biological
production, and a random-displacement particle tracking method would help
to accurately track specific juvenile salmon stock movements through the
lower estuary.

Our research used the year 2010 for river, ocean, and atmospheric forces for
both the contemporary system and for future change scenarios. For sea level
change simulations, we only added sea level rise values to the elevation at
the ocean boundary and used the large CSZ earthquake scenario’s post-

deformation bathymetry map. Atmospheric, River, and ocean Forces were
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kept the same for sea level change scenarios and the contemporary
condition; however, river and ocean conditions will change by 2100. Recent
research regarding future changes in the Columbia Basin reveals decreasing
temperatures and precipitation in the summer and earlier and higher river
discharge at the Dalles by the year 2100 (Rupp et al., 2016). Future research
involving sea level rise simulations should consider the impacts of climate
change, including temperature rise, change in hydrologic stream flow
regimes individually and cumulatively.

Because of multiple uncertainties mentioned in the previous section, a
formal uncertainty analysis is necessary to best utilize our results for risk-
based decisions. An uncertainty analysis can create an entire set of possible
results and their likelihood of occurrence. To address the uncertainty
associated with the quantification of indicators, the Monte Carlo (MC)
method may be used. The variables’ (model outputs) uncertainty can be
characterized as parametric uncertainty and its propagation to the indicators
computation results can be assessed using the MC method. A total of 1,000
realizations of physical variables can be generated and used for the MC
simulation. The mean and the 5™ and 95™ percentiles of each variable can be
th

obtained from 1000 MC simulation and the credible interval between the 5

and 95" percentiles will indicate the predictive variance.
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