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a b s t r a c t

There is increasing evidence that our planet is warming and this warming is also resulting in rising sea
levels. Estuaries which are located at the interface between land and ocean are impacted by these
changes. We used CE-QUAL-W2 water quality model to predict changes in water temperature as a
function of increasing air temperatures and rising sea level for the Yaquina Estuary, Oregon (USA). Annual
average air temperature in the Yaquina watershed is expected to increase about 0.3 �C per decade by
2040e2069. An air temperature increase of 3 �C in the Yaquina watershed is likely to result in estuarine
water temperature increasing by 0.7e1.6 �C. Largest water temperature increases are expected in the
upper portion of the estuary, while sea level rise may mitigate some of the warming in the lower portion
of the estuary. Smallest changes in water temperature are predicted to occur in the summer, and
maximum changes during the winter and spring. Increases in air temperature may result in an increase
in the number of days per year that the 7-day maximum average temperature exceeds 18 �C (criterion for
protection of rearing and migration of salmonids and trout) as well as other water quality concerns. In
the upstream portion of the estuary, a 4 �C increase in air temperature is predicted to cause an increase of
40 days not meeting the temperature criterion, while in the lower estuary the increase will depend upon
rate of sea level rise (ranging from 31 to 19 days).

Published by Elsevier Ltd.
1. Introduction

There is increasing evidence that our planet is warming, and this
warming is altering terrestrial and aquatic ecosystems, including
estuaries. Numerous studies have documented rising water tem-
peratures in estuaries (Ashizawa and Cole, 1994; Nixon et al., 2004;
Preston, 2004; Seekel and Pace, 2011) and streams (Kaushal et al.,
2010); however, to detect these trends in individual estuaries,
long-term (80e100 years) temperature datasets were needed.
Unfortunately, such long-term datasets are not available for most
estuaries. Estuarine water temperature is an important factor
influencing the rates of biological, chemical, and physical processes
in estuaries as well as the distribution and health of aquatic life
(Roessig et al., 2004). Water temperature is also an important factor
influencing water quality in estuaries and streams (Murdoch et al.,
2000). Rising water temperatures may increase the severity and
n).
extent of hypoxia (Rabalais et al., 2009), increase pathogen levels
and outbreaks of infectious diseases (Burge et al., 2014), and in-
crease the frequency, intensity, and duration of harmful algal
blooms (Moore et al., 2008). In addition, many organisms are sen-
sitive to relatively small temperature increases (1e2�) above which
they presently experience, and these changes can influence the
mortality and distribution of these organisms, especially in
temperate environments (Kennedy et al., 2002).

The primary climate drivers which influence estuarine water
temperature are solar radiation, temperatures of the river, air and
the ocean, and changes in river discharge and wind stress. The ef-
fect of climate change on estuarine water temperature will vary
with estuary configuration, estuary type, and location within the
estuary; consequently more information is needed on how tem-
perature in estuaries will respond to these drivers. Although there
is considerable uncertainty in climate projections, we present an
example of using model simulations to estimate how estuarine
water temperatures will change and how the drivers vary with
location.

In the Pacific Northwest (PNW), cooler water temperatures
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typically occur near the estuary mouths due to cool water being
advected into the estuaries from the coastal ocean during periods of
coastal upwelling (Hickey and Banas, 2003; Brown and Ozretich,
2009). Due to the strong influence of the coastal ocean on condi-
tions in PNWestuaries, rising sea level has the potential to mitigate
warming water temperatures in these systems.

In most Oregon estuaries during the dry season (MayeOctober),
there is a longitudinal gradient in water temperature (Roegner
et al., 2010), with maximal temperatures in the tidal freshwater
regions. In the upriver portion of the estuaries and streams, water
temperatures at times exceed the temperature criterion for the
protection of migration and juvenile rearing of salmon and trout
that Oregon has established in State rules. Temperature is the most
common cause of water quality impairments in Oregon coastal
streams and estuaries (US EPA, 2006) and climate change is likely to
increase the frequency and duration of these water quality
impairments.

There are multiple ways that climate change may influence
water temperatures in the Yaquina Estuary. The water temperature
criterion for migration and rearing of salmon and trout is presently
exceeded in the Yaquina Estuary (http://www.deq.state.or.us/wq/
assessment/2010Report.htm); however, there are no published
studies which address the spatial and temporal extent of this ex-
ceedance. This study evaluates the relative impacts of increasing air
temperature and sea level rise on water temperatures and ex-
ceedance of the temperature criterion in the Yaquina Estuary. These
factors were selected because we have better confidence in their
projections than in some other expected climate-change related
changes. (Kennedy et al., 2002). In addition, freshwater inflows to
the Yaquina Estuary may decline by as much as 20% during the
summer due to climate change (Steele et al., 2012). Additional
model simulations were performed to quantify sensitivity of water
temperature to this expected decline in freshwater inflow. Changes
in ocean temperature, wind stress, and coastal upwelling will also
influence estuary water temperatures, but due to high degree of
uncertainty in projections for these factors they were not included
in this study and are only briefly discussed in the Discussion.

2. Study area

Yaquina Estuary is a small, drowned, river valley estuary located
along the central Oregon coast (44.62� N, 124.02� W) of the United
States (Fig. 1), with estuarine and watershed areas of 19 and
650 km2, respectively. The Yaquina watershed is primarily forested
and silviculture is the dominant land use (Lee and Brown, 2009).
The estuary experiences strong tidal forcing with mixed semi-
diurnal tides with amean range of 1.9m and a tidal prismvolume of
2.4 � 107 m3 (Shirzad et al., 1988). Approximately 70% of the vol-
ume of the estuary is exchanged with the coastal ocean during each
tidal cycle (Karentz and McIntire, 1977). Yaquina Estuary receives
freshwater inflow primarily from two tributaries, the Yaquina River
and Elk Creek, which have similarly sized drainage areas and
contribute approximately equally to the freshwater inflow (State
Water Resources Board, 1965). During NovembereApril, rainfall is
high and the estuary is river dominated. From May to October,
rainfall and river flow decline and the estuary switches to marine
dominated. Previous studies have demonstrated that water quality
conditions within the Yaquina Estuary during the summer are
strongly influenced by coastal upwelling occurring on the shelf,
which results in frequent intrusions of cold water (8e10 �C) during
upwelling and warmer water temperatures (~15 �C) during
downwelling conditions (Brown and Ozretich, 2009). The estuary is
well-mixed under low flow conditions, and partially-to well-mixed
during high flow conditions (Kulm and Byrne, 1966; Burt and
McAlister, 1959).
3. Materials and methods

3.1. Modeling

Estuarine temperature was simulated using a two-dimensional,
laterally-averaged hydrodynamic, and water quality model (CE-
QUAL-W2; Cole and Wells, 2000). This laterally-averaged model is
well suited for long narrow systems such as rivers and estuaries
(e.g., Lung and Bai, 2003; Chang and Lawler, 2011). Water quality
surveys in the Yaquina Estuary show that gradients in temperature
and salinity are primarily in the along-estuary direction with some
evidence of vertical stratification (Brown et al., 2007). The model
has the capability to include riverine inflow, tidal- and wind-
forcing, and surface heat exchange.

In the model simulations, Yaquina Estuary was represented by
325 longitudinal segments spaced approximately 100-m apart with
each segment having 1-m vertical layers with the model domain
extending from the tidal fresh portion at Elk City, Oregon to the
mouth of the estuary. For these model simulations, 2004 was used
as a base year to include in simulations the daily and seasonal
variability in ocean water temperature, meteorological forcing,
freshwater inflow, and stream temperatures. This year was selected
based on the availability of boundary condition data for develop-
ment of the model (summarized in Table 1) and estuarine water
temperature data for model calibration.

There are two main tributaries to the Yaquina Estuary, the
Yaquina River and Elk Creek and the confluence of these two trib-
utaries is at Elk City. The Yaquina River is gauged by the State of
Oregon Water Resources Department near Chitwood, Oregon
(Station 1430600), which is 13 km upstream of Elk City. A rela-
tionship was developed between daily average flow at Elk City
(including ungauged flow from Elk Creek) and daily average flow at
Chitwood using historic data available from EPA (data from 1972 to
1977) and Oregon Department of Environmental Quality (ODEQ,
data from 1997 to 2003). Flow at Elk City (m3 s�1) was modeled as
1.8699 * Flow at Chitwood (m3 s�1) þ 2.2 (r2 ¼ 0.96). The upstream
boundary condition was specified using Chitwood discharge data
from 2004, corrected for ungauged flow at Elk City.

Declining stream flows during the low flow period have the
potential to influence water temperatures. Freshwater inflows to
the Yaquina Estuary may decline by as much as 20% during the
summer due to climate change (Steele et al., 2012). To explore the
importance of streamflow on estuarine water temperatures, an
additional case was simulated reducing freshwater inflows by 20%
from May through September.

Water surface elevation data from NOAA Station 9435380 pro-
vided the downstream tidal forcing in the model. The rate of sea
level rise varies along the Oregon coast due to tectonic uplift. The
present rate of sea level rise in the vicinity of Yaquina Estuary is
1.22 mm y�1 (Burgette et al., 2009). Sea level rise projections in the
vicinity of the Yaquina Estuary (Newport, Oregon) are for an
elevation of sea level of 6.8 ± 5.6 cm by 2030, 17.2 ± 10.3 cm by
2050, and 63.3 ± 28.3 cm by 2100 (National Research Council, 2012)
relative to sea level observed in 2000. To explore the sensitivity of
estuarine water temperatures to rising sea level, model simulations
were performed using present sea level and projected sea level
increases of 30, 60, and 90 cm.

Flood tide water temperatures near the entrance of the Yaquina
Estuary are closely correlated with inner shelf water temperatures
(Brown and Power, 2011); hence flood tide water temperatures are
a suitable boundary condition. For these simulations, the down-
stream water temperature and salinity boundary conditions were
specified using flood-tide (twice daily) observations from 2004
measured at the Hatfield Marine Science Center by the U.S. EPA.
Downstream water temperature boundary condition data are
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Fig. 1. Location map showing Yaquina estuary and watershed and location of stream water temperature at Elk City, air temperature stations (South Beach, Toledo, Blodgett, and
Corvallis), and estuarine water temperature stations (see inset, Locations AeF), and river discharge (Chitwood).

Table 1
Data sources used in model development.

Data type Station name Data source Years of data
used

Frequency Use

River discharge 1430600 State of Oregon Water Resources Department (http://apps.
wrd.state.or.us/apps/sw/hydro_report/)

2004 Daily Model boundary condition

Tide data South Beach
(9435380)

NOAA (http://tidesandcurrents.noaa.gov/) 2004 6 min Model boundary condition

Downstream salinity
and temperature

OSU Dock EPA, collected as part of this study 2004 6 min; extracted
flood tide values

Model boundary condition

Wind data and
dewpoint

NWP03 NOAA (http://www.ndbc.noaa.gov/station_page.php?
station¼nwpo3)

2004 Hourly Model boundary condition

Air temperature Toledo Georgia Pacific Mill 2004 Min and max daily Model boundary condition
Corvallis
(CRVO)

http://www.usbr.gov/pn/agrimet 2000e2004,
2008e2010

Daily Model boundary condition
using Equation (1)

South Beach
(SBEO3)

http://www.ndbc.noaa.gov/station_history.php?
station¼sbeo3

2008e2010 Daily Comparison to CMIP5 data

Toledo
(KORTOLEDO4)

http://www.wunderground.com/ 2008e2010 Daily Comparison to CMIP5 data

Blodgett
(MAR662)

http://www.wunderground.com/ 2008e2010 Daily Comparison to CMIP5 data

Newport US Historical Climatology Network (http://cdiac.ornl.gov/
epubs/ndp/ushcn/ushcn_map_interface.html)

1970e1999 Daily Comparison to CMIP5 data

Stream temperature Elk City EPA, collected as part of this study 2000e2003 Daily Equation (1)
Estuarine temperature A, D, E, and F

A, B, C
EPA, collected as part of this study 2004 Continuous cruises Assess model performance
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presented in Fig. 2. For all model simulations, the ocean tempera-
ture boundary condition was held constant at 2004 conditions.

Meteorological forcing was included using hourly wind and
dewpoint data from NOAA Station NWP03 and air temperature
from Toledo (Table 1). Due to lack of cloud cover observations, cloud
cover data was back calculated as follows. Using the formulation in
CE-QUAL-W2, the theoretical clear sky solar radiation was calcu-
lated based on the geographic location of the study site and then
compared against the observed photosynthetically-active radiation
data measured by the US EPA adjacent to the Yaquina Estuary (see
Fig. 1). Daily cloud cover was calculated by varying the cloud cover
until the observed and estimated short wave radiation matched.

The estuarine model requires boundary condition information
on the temperature of river water that flows into upstream
boundary of the model domain. Observed stream temperatures
were fromMay 2000 through June 2003 andweremeasured hourly
using a Yellow Springs Instruments (YSI) 6920 Multi Parameter
Water Quality Monitor (Sigleo and Frick, 2007). Water temperature
sensor accuracy is estimated to be ±0.15 �C. The instrument was
deployed at 0.5 m depth on a floating dock to maintain a constant
depth.

These data were used to develop a statistical model of daily
average stream temperature at Elk City using daily average tem-
perature at Corvallis (Table 1, Fig. 1). Air temperature data was used
from Corvallis since concurrent air temperature were not available
at Elk City during the period stream water temperature were
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Fig. 2. Flood tide water temperature during 2004 used as boundary condition for
model simulations. Simulated annual sea surface temperature (SST) for historic con-
ditions (1970e1999) and future conditions (2030e2059) for three scenarios (B1, A2,
A1B; Mote and Salathe, 2010).
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available. Following Mohseni et al. (1998), water temperature was
modeled using a logistic function:

Ts ¼ mþ a� m

1þ egðb�TAÞ (1)

where TS is stream temperature, TA is air temperature, a is the upper
bound stream temperature, m is the lower bound stream temper-
ature, g is a measure of the steepness of the slope function, and b
represents the air temperature at the inflection point. The param-
eters of the logistic functionwere estimated by fitting the observed
air and stream temperature using Origin software (version 7.0,
OriginLab Corporation, Northampton, MA). This model was used to
predict changes in water temperature at Elk City for different air
temperature increases, which provided stream temperature
boundary condition data for CE-QUAL-W2 model for these
scenarios.

3.2. Projections of change in air temperature

Statistically downscaled monthly Coupled Model Intercompar-
ison Project v5 (CMIP5) climate data were used for generating the
projections for changes in average monthly air temperature. Sta-
tistical downscaling is a process whereby high-resolution, locally
relevant climate data are generated by applying statistical methods
to the original CMIP5 outputs. The downscaling method employed
was the Multivariate Adaptive Constructed Analogs (MACA)
method described in Abatzoglou and Brown (2011). This is method
utilizes a training dataset (i.e. a meteorological observation dataset)
to remove historical biases and match spatial patterns in climate
model output. For this analysis, the MACAv2-LIVNEH (i.e. version 2
of the MACA dataset, using the Livneh training data, Livneh et al.,
2013) was used (http://maca.northwestknowledge.net/), which is
at 1/16� or about 6 km resolution. The MACA downscaling project
chose two CMIP5 emissions scenarios to represent possible emis-
sions futures: RCP4.5 and RCP8.5. In the following projections,
RCP4.5 is referred to as the “low emissions” scenario, while RCP8.5
is referred to as the “high emissions” scenario.

The downscaled data from 19 source CMIP5 global climate
models (GCMs) were analyzed. From the CMIP5 model data, an
ensemble mean monthly climatology for temperature was calcu-
lated for each emissions scenario for both the historic (1970e1999)
and future (2040e2069) periods. All the downscaled data points
(n ¼ 32) within the bounding box for the Yaquiina watershed
(44.5e44.75� North and �124.07 to �123.58� East, see Fig. 1) were
averaged to arrive at a single temperature for each model/month/
emissions scenario. Since Corvallis air temperatures were used to
estimate stream water temperature at Elk City (as boundary con-
ditions for simulation model), CMIP data were also extracted for
Corvallis (bounding box 44.3e44.9� North and �123.5 to �123.0�

East). All model results for each bounding box were then combined
to calculate an ensemblemean. Finally, monthly climatologies (i.e. a
mean value for eachmonth over either the historic or future period)
were calculated. The historic climatologies were subtracted from
the future ones to calculate the difference between the time pe-
riods, with a positive change representing a warmer future. Small
differences (about 0.1 �C) were found between future and historic
climatologies between Yaquina watershed and Corvallis bounding
boxes; therefore, results from the Yaquina watershed were used for
model simulations.

Historic CMIP5 air temperatures were compared to observations
for the same period from Newport (Data Source: US Historical
Climatology Network, Table 1). Since there is a gradient in air
temperature from the coast inland, air temperatures were also
compared to observations from four locations (South Beach, Toledo,
Blodgett and Corvallis) during the interval of 2008e2010 (see
Table 1 for data sources).

3.3. Model performance metrics

We evaluated the performance of CE-QUAL-W2 at simulating
water temperatures using the following metrics: root mean square
error (RMSE), correlation coefficient, NasheSutcliffe coefficient
(NSC), and relative error of the mean (REM). These were calculated
as:

Root Mean Square Error ðRMSEÞ ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1
n

Xn

i¼1

�
Tsim;i � Tobs;i

�2
vuut (2)

Nash� Sutcliffe Coefficient ðNSCÞ ¼ 1�
P ðTsim � TobsÞ2
P�

Tsim � Tobs
�2 (3)

Relative error of the mean ðREMÞ ¼
Pn

i¼1
��Tsim;i � Tobs;i

��
Pn

i¼1 Tobs;i
� 100

(4)

where Tsim represents simulated water temperature, Tobs represents
observed data, and n is the number of observations. The NSC is a
normalized statistic that determines the relative magnitude of the
residual variance compared to the measured data variance, and it
indicates how well the plot of observed versus simulated data fits
the 1:1 line. The NSC has a maximum value of unity and no mini-
mum value, and NSC ¼ 1 indicates a perfect fit between simulated
and observed values.

Model performance metrics were calculated using water tem-
perature observations from 2004 at five locations (labeled A-E in
Fig. 1). At locations A, D, E, and F water temperature was measured
every 15-min using YSI Multi Parameter Water Quality Monitors
(Yellow Springs, OH, USA). At locations E and F, the instrument was
deployed on a float dock a 0.5 m below the surface, while at loca-
tions A and D the instruments were deployed at average depths of
4.6 m and 2.5 m below the water surface, respectively. At locations

http://maca.northwestknowledge.net/


20 South Beach
Toledo
Blodgett
CorvallisC

)

C.A. Brown et al. / Estuarine, Coastal and Shelf Science 169 (2016) 136e146140
A, B, and C water temperature profiles were measured on cruises
conducted during AprileSeptember, 2004. Profiles of conductivity,
temperature and depth weremeasured using a CTD; SBE 19 SEACAT
Profiler (Sea-Bird Electronics, Inc, Bellevue, WA, USA).
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Fig. 4. Observed monthly mean air temperatures (2008e2010) at four locations
extending from near the coast to 71 km inland (for locations see Fig. 1) and historic
4. Results

4.1. Present estuarine temperature

During the dry season (MayeOctober), there is a longitudinal
gradient in estuarine water temperatures with water temperatures
increasing at a rate of about 0.5 �C per kilometer in the upriver
direction (Fig. 3). The relatively cool temperatures near the mouth
of the Yaquina Estuary result from the intrusion of cold oceanic
water. Water temperatures in the lower portion of the Yaquina
Estuary are temporally variable during the upwelling season (Fig. 2,
May to September) and respond rapidly to changes in alongshore
wind stress (Brown and Ozretich, 2009). In the upper portion of the
estuary, at times water temperatures exceed optimal values rec-
ommended for the protection of cool water fish (Fig. 3).
monthly mean observations (1970e1999) from Newport (http://cdiac.ornl.gov/epubs/
ndp/ushcn/ushcn.html). The shaded bars represent the range of CMIP5 air tempera-
ture for historic conditions (1970e1999), and the bar lines represents the monthly
mean temperatures of all models. CMIP5 data are spatially averaged over the bounding
box (n ¼ 32).
4.2. Watershed air temperature

There is a strong east-west gradient in air temperatures within
the Yaquina watershed, with maximum spatial gradients occurring
during the summer (Fig. 4). During the summer, air temperatures
are approximately 3e6 �C cooler near the coast than those occur-
ring 71 km inland. During the winter, the historic CMIP5 air tem-
peratures are about 2 �C cooler than observed historic
temperatures at Newport. While during June and July, historic
CMIP5 air temperatures are about 1.5 �C warmer than observed
historic air temperatures at Newport. This difference between
historic CMIP5 and station measured temperatures is not surpris-
ing, given that the historic modeled CMIP5 dataset is a statistically
downscaled, gridded dataset that is not intended to exactly match
point observations.

To examine the range in possible changes in air temperatures
within the Yaquina watershed, differences between historic and
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Fig. 3. Water temperature in the Yaquina Estuary during the dry season (MayeOc-
tober) (source: Brown et al., 2007). The water temperature data are grab samples from
1986 to 2007. The solid and dashed lines shows the upper optimal temperature for
migrating salmonids (18 �C) and juvenile rearing (16 �C), respectively (US EPA, 2003;
Richter and Kolmes, 2005).
future CMIP5 models were compared for a low (RCP4.5) and high
emission (RCP8.5) scenario (Fig. 5). The annual average change in
air temperature (when averaged spatially over the domain) for the
low and high emission scenario are 1.8 and 2.4 �C, respectively. For
the low emission scenario, there is little seasonal variation in pro-
jected changes in air temperature (0.5 �C), and for the high emis-
sion scenario the seasonal variation is about 0.8�. Due to the
uncertainty in model projections for changes in air temperature,
estuarine water temperature simulations were performed for air
temperature increases of 2, 3, and 4 �C. Since there were small
seasonal variations in projections for air temperature changes, a
temporally uniform (same increase applied to each day) increase
was applied to the 2004 air temperature dataset.

4.3. Stream temperature

Air temperature explained 88% of the variance in daily average
stream temperature at Elk City (Fig. 6). When air temperatures
exceed 20 �C, water temperature response levels off reaching a
maximum value of about 20.7 �C. Stream temperatures at Elk City
were estimated for 2004 using average daily air temperatures at
Corvallis. Projected stream temperatures at Elk city were also
calculated for uniform increases (d) in air temperature of 2, 3, and
4 �C (d is added to observed daily average values from 2004). Pre-
sented in Fig. 7 are the estimated stream temperatures at Elk City
for the base case (2004), and increases of 2 and 4 �C. A 4� increase in
air temperature will result in an average increase in water tem-
perature at Elk City of 2.8 �C (annual average). For the baseline
condition (2004), water temperatures at Elk City exceeded 18 �C
about 22% of the year. A 4 �C increase in air temperaturewill almost
double the amount of time the 18 �C threshold is exceeded (42% of
year) at Elk City. Due to the non-linear response in the air-stream
temperature relationship (see Fig. 6), the smallest increases in
water temperature are predicted to occur during July and August.

4.4. Simulations of estuarine temperature

4.4.1. Model performance
Performancemetrics for the estuarinewater temperaturemodel
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Fig. 5. Change in air temperature in the Yaquina watershed generated using spatially-averaged CMIP5 climate data. Change calculated as difference between historical period
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(r2 ¼ 0.88).
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Fig. 7. Water temperature at Elk City for Base Case (2004) and for 2 and 4 �C increase
in air temperature (estimated using Equation (1)).
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calculated using discrete observations from cruises (Locations A, B,
and C) and continuous data (Locations A, D, and E) are presented in
Table 2. The RMSE in water temperatures varied from about 0.4 to
1.2� and the NSC ranged from 0.83 to 0.97 (Table 2) for all stations
with the exception of cruise data from Location A. At Location A for
the cruise dataset, the model performed the poorest at simulating
temperature as evidence by RMSE of 1.5 �C and NSC of 0.54e0.59;
however, using observations from the continuous dataset at
Location A the model performed well with RMSE of about 0.7 �C.
The error in simulating water temperature for cruise data at Loca-
tion A is due to the high variability of water temperature occurring
at tidal time scales at this location during the summer. At Location
A, water temperatures vary by as much as 8 �C over a tidal cycle,
whereas at Location C they only vary by about 2 �C over the same
time scale.

In the lower estuary, there is also significant variation in water
temperature with depth. At Location A, the bottom is about 1 �C
colder than the surface (median difference ¼ 1.0 �C, n ¼ 23).



Table 2
Estuarine water temperature model performance metrics.

Station Depth Sample size (n) Root mean square error (�C) Correlation coefficient NasheSutcliffe coefficient Relative error of the mean (%)

Cruise data
A Surface 23 1.49 0.85 0.59 7.5

Bottom 23 1.37 0.84 0.54 7.3
B Surface 44 1.22 0.95 0.83 5.1

Bottom 23 1.04 0.96 0.88 4.5
C Surface 22 1.14 0.97 0.90 4.8

Bottom 22 1.11 0.97 0.91 4.6
Continuous data
A Bottom 381 0.68 0.98 0.90 4.3
D Bottom 379 0.36 0.96 0.91 2.6
E Surface 25,387 1.00 0.99 0.97 5.4
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Comparison of surface and bottom observations at Location B in-
dicates that the bottom is about 0.2 �C colder than the surface
(median value, n ¼ 23), while at Location C the water column is
essentially isothermal (median difference < �0.01 �C). The model
performs slightly better at simulating bottom temperatures than
surface. The large difference in sample size between the surface and
bottom performance metrics calculated using the continuous data
is a result of the model output for bottom values requiring inter-
polation from depth profiles and these profiles aren't outputted at
as high a frequency as the observations.

The model reproduces the seasonal cycle in water temperature
variations; however, there are some differences in shorter-term
variability (Fig. 8). The model tends to underpredict water tem-
peratures in the upper estuary during the summer. Additional
model simulations were performed using Corvallis air temperature
as the meteorological forcing, which agreed better with observa-
tions during the summer but differed during the winter and spring.
There is close agreement between observations and simulated
water temperatures during April and May (Fig. 8), which coincides
with a period of minimal spatial variation in air temperature (see
Fig. 4), suggesting that differences between simulated and
observed water temperatures are probably related to specification
of meteorological forcing in the model.

4.4.2. Changes in water temperature
The predicted change in annual mean water temperatures at

three locations in the estuary (A,B, and C) as a function of air
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Fig. 8. Modeled and observed surface water temperatures (15-min intervals) at
Location E and cruise data from Station B (surface samples).
temperature increases and sea level rise (Fig. 9) shows that the
lower part of the estuary (Location A) is likely to be less sensitive to
changes in air temperatures than the more upstream parts (Loca-
tions B & C). In the central part of the estuary (Location B), the
model predicts that a 2 �C rise in air temperature will result in
about a 1 �C rise in annual mean water temperature; however,
water temperatures in this regionwill be strongly influenced by sea
level. The model predicts that the upstream portion of the estuary
(Location C) will have the largest increase inwater temperatures. At
all locations, the smallest changes in water temperature are pre-
dicted to occur during the summer and largest changes are pre-
dicted to occur during the winter (results not shown). A reduction
of river discharge of 20% (from the model scenario designed to test
the impact of reduced flow on water temperatures) during the dry
season is predicted to have greatest impact in the upper part of the
estuary (Location C). For example, the model predicts that at
Location C a 20% reduction in river discharge during May to
September will result in an average increase in water temperature
of 0.3 �C (above the base case averaged over May to September)
withmaximum differences of up to 1.4 �C, while at the downstream
Location A the predicted effect is negligible (average ¼ 0.02 �C, and
maximum difference of 0.5 �C).

4.4.3. Influence of air temperature increases and sea level rise on
temperature attainments

Water temperature affects the biological cycles of aquatic spe-
cies and is an important factor in maintaining and restoring healthy
salmonid populations (Richter and Kolmes, 2005). Oregon admin-
istrative rules have established 18 �C temperature criterion
(measured as a seven-day-average of the daily maximum) for re-
gions that are designated for salmon and trout rearing and migra-
tion uses (State of Oregon, 2015). The entire mainstem of the
Yaquina Estuary and Yaquina River has been designated for salmon
and trout rearing and migration uses (ODEQ, 2003). We used
output from the model simulations to estimate the number of days
the temperature criterion is not being met for present conditions
and for increased air temperature and sea level cases. Under pre-
sent conditions, at Location A this criterion is not met ~24% of the
year (89 days) near the surface. The lower estuary (Location A) is
predicted to experience the smallest increase in the number of days
water temperatures do not meet the 18 �C criterion, especially for
cases with elevated sea level (Fig. 10). For a 4� increase in air
temperature and no sea level rise, the number of days the criterion
is exceeded at Location A is predicted to increase to 120 days or an
increase of 31 days; however, for the same air temperature increase
with a sea level rise of 90 cm, the number of days exceeding cri-
terionwill only increase by 19 days. At Location A, there is a vertical
gradient in water temperatures. In the bottomwaters this criterion
is not met for ~3% of year (12 days) under present conditions. With
a 4 �C increase in air temperature and no sea level rise, near the



Fig. 9. Increase in mean annual water temperature (�C) as a function of sea level and air temperature at Locations A, B, and C.
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bottom at Location A the criterion is not met for ~6% of the year (21
days); thus, aquatic life may be able to seek thermal refugia at
depth in the lower part of the estuary as has been found in some
fish tracking studies in estuaries in the region (Olson and Quinn,
1993; Strange, 2013).

Under present conditions, the upstream parts of the estuary
(Locations B & C) do not meet this criterion ~36e38% of the year
(139 and 131 days, respectively). At Location C, model simulations
suggest that increasing air temperature will result in an additional
28e40 days not meeting the water temperature criterion (above
131 days for present condition) and sea level rise will only reduce
future impairments if it is in excess of 90 cm. At Location C under
baseline condition (2004), water temperatures are not suitable for
rearing and migration from 27 April through 14 September. With
increased air temperature of 4 �C (and present sea level), simulated
water temperatures exceed the 18 �C criterion for 47% of year
(during 8e10 April, and from 23 April to 7 October).
5. Discussion

Climate change has the potential to influencewater temperature
and water quality in estuaries. Along the Oregon coast, the histor-
ical trend (1901e2009) in air temperature is an increase of 0.05 �C
per decade (mean trend at Newport, Tillamook and Astoria; Sharp
et al., 2013); however, these trends are expected to steepen sharply
upward in the future. Air temperature is expected to increase at a
rate of about 0.26e0.33 �C per decade in the Yaquina watershed
(based on the difference between historic and future (2040e2069)
for two emission scenarios). Model simulations suggest that in the
upstream portion of the estuary, this would result in a warming of
the water of 0.16 �C per decade, which is similar to observed
estuarinewarming rates from the Atlantic coast of the United States
(Ashizawa and Cole, 1994; Nixon et al., 2004).
The water temperature changes in the lower portion of the es-
tuary will depend upon the rate of sea level rise, temperature
changes of the coastal ocean, and changes inwind stress. This study
only examined the possible impact air temperature increases and
sea level rise, a factor not previous included in other modeling
studies. The impacts of temperature change in the coastal ocean
and changes in wind stress are even more uncertain at this scale.

Water temperatures in the nearshore coastal region are strongly
influenced by upwelling on the shelf and other weather and
oceanographic related factors (Dalton et al., 2013). Regional climate
models project that coastal sea surface temperatures (for the
coastal region between 46� and 49�N) will increase by about 1.2 �C
by 2030e2059 (Mote and Salathe, 2010); however, these climate
change models do not adequately capture the nearshore circulation
due to their relatively coarse resolution (Mote and Salathe, 2010) as
evidenced by the discrepancy between observed flood tide water
temperatures and historic sea surface temperatures (Fig. 2). During
the summer, flood tide temperatures fluctuate between about 9
and 16 �C depending upon upwelling conditions, with a long-term
average of about 11 �C (average flood tide for 1997e2003; Brown
and Ozretich, 2009). In comparison, climate models predict
average sea surface temperature of about 15 �C during July through
September for historic conditions, which is warmer than observed
flood-tide water presently entering the estuary. Therefore, such
model projections are not adequate for simulating changes inwater
temperature in the nearshore. Small changes are predicted in
alongshore wind stress and coastal upwelling (Mote and Salathe,
2010); however, there is considerable uncertainty in projected
changes in coastal upwelling at this time (Dalton et al., 2013; Wang
et al., 2010, 2015). It has been proposed that global warming may
strengthen upwelling through differential land-sea surface heating
intensifying atmospheric pressure gradients resulting in increases
in the intensity and duration of upwelling-favorable alongshore
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wind stress (Bakun, 1990), which is supported by recent modeling
studies (Wang et al., 2015). In the lower portion of PNWestuaries, it
may be difficult to separate variability associated with upwelling
and downwelling dynamics and longer term cycles such as Pacific
Decadal Oscillation from the climate change signal.

Relationships between stream and air temperatures have been
used to assess the impact of climate change on stream tempera-
tures (Mohseni et al., 1998) and salmonids (Mantua et al., 2010). We
modeled stream water temperature at Elk City using air tempera-
ture in Corvallis and used this relationship as an upstream
boundary condition for the simulation model. This type of analysis
assumes that in the future thewatershedwill have similar land use/
cover as presently exists. Studies have demonstrated that forestry
harvest may result in increased stream temperature (Groom et al.,
2011). If there are changes in landuse and in the amount of vege-
tation in riparian buffers, there may be further increases in stream
heating above those suggested in this paper. Air temperatures are
not a perfect predictor of stream temperatures, especially for
streams that are influenced by snowmelt, groundwater, oceanic
influence on meteorological conditions (such as advection of cool
air and fog from the coast), and vegetation cover (Luce et al., 2014;
Chang and Psaris, 2013). In our study area, stream temperatures are
not strongly influenced by snowmelt or groundwater influence. In
addition, the air-stream temperature model was developed using
data from Elk City and Corvallis, which are located far enough
inland to not have a strong ocean influence, hence application of
Equation (1) is adequate for providing boundary conditions for the
simulation model.

Under the United States Clean Water Act, the States must adopt
water quality standards to ensure the protection and propagation of
fish, shellfish, and wildlife and recreation in and on the water. The
most common causes of water quality impairments in Oregon es-
tuaries are temperature, dissolved oxygen, and pathogens. An in-
crease in estuarine water temperature has the potential to result in
increases in the occurrences of these impairments. An air temper-
ature increase of 3 �C in the Yaquina watershed is likely to result in
increases in estuarine water temperature ranging from 0.7 to 1.6 �C.
Largest water temperature increases are expected to occur in the
upper portion of the estuary and sea level rise may reduce some of
the warming in the lower portion of the estuary. Smallest changes
in water temperature are expected to occur in July and August, and
maximum changes during the winter and spring. Reductions in
stream flow may also lead to further warming as found by Chang
and Lawler (2011). In the additional model case run for this study
with 20% reduction in MayeSept freshwater flow, simulations
predict that for the Yaquina Estuary a 20% decline in dry season
riverflowwill produced an average increase of about 0.3 �C inwater
temperature in the upper river part of the estuary and instanta-
neous increases as large as 1.4 �C. Increases in air temperature may
result in an increase in the duration of non optimal water tem-
perature conditions for rearing and migration of salmonids and
trout, especially in the upper part of the estuary (Location C). In the
lower portion of the estuary (Location A), fish may be able to avoid
the non optimal thermal environment by moving down to the
bottom of the water column since the bottom is about 1 �C cooler
than the surface. However, this is not the case in the middle and
upper parts of the estuary where the gradient of temperature with
depth is negligible.

Coldwater fish, such as salmonids, are also sensitive to dissolved
oxygen (DO) levels in the water. The existing State of Oregon dis-
solved oxygen criterion for estuaries (6.5 mg l�1) is based on a re-
view of the physiological requirements of biota, and it is more
conservative compared to DO criteria for other estuaries (U.S.
Environmental Protection Agency, 2003). A recent meta-analysis
of oxygen thresholds for benthic organisms found that survival
times for organism were reduced at high temperature and as a
result oxygen thresholds were elevated (Vaquer-Sunyer and Duarte,
2011). Typically, DO levels decrease with increasing temperature
due to both the reduced solubility of oxygen in water and to
increased rates of respiration and decomposition (Verity et al.,
2006; Lee and Lwiza, 2008); thus, increases in estuarine water
temperature may result in lower oxygen levels. In the Yaquina Es-
tuary, themedian dissolved oxygen level is 7.0mg l�1 duringMay to
October (Brown and Power, 2011), which is close to the 6.5 mg l�1

dissolved oxygen criterion. Based on a simple regression between
dissolved oxygen levels and water temperature (using the data
from Brown and Power (2011)), a 2� increase in water temperature
may result in a decrease in dissolved oxygen of 0.3e0.4 mg l�1

which is similar to changes in solubility. This suggests that pro-
jections of increases in water temperature found in this study may
lead to increases in the non-attainment of dissolved oxygen
criterion.

Finally, there is concern aboutwarming temperatures increasing
the virulence and abundance of marine pathogens and causing
human health issues (Iwamoto et al., 2010; Baker-Austin et al.,
2013). Climate change and increasing water temperatures have
been suggested as the cause of emergence of Vibrio outbreaks in
temperate and cold regions (Baker-Austin et al., 2013; McLaughlin
et al., 2005). For example, in the Baltic Sea region the number of
human cases of Vibrio infections increased by a factor of 1.93 for
every 1 �C increase in maximum annual temperature (Baker-Austin
et al., 2013). In the PNW region of the United States, human ill-
nesses due to outbreaks of Vibrio parahaemolyticus have been
associated with eating raw oysters and these outbreaks have been
linked to warmer temperatures (Centers for Disease Control and
Prevention, 2008). In Alaska, outbreaks of Vibrio related to oyster
consumption were linked to periods when mean daily water tem-
perature exceeded 15 �C (McLaughlin et al., 2005).

Likewise, in the Yaquina Estuary it has also been found that
there is a positive correlation between the presence of
V. parahaemolyticus and water temperature with highest pathogen
densities occurringwhenwater temperature exceeded 15 �C, which
typically occurs in June through September in the Yaquina Estuary
(Duan and Su, 2005). In the Yaquina Estuary, oyster aquaculture is
located in the vicinity of Location F (Fig. 1). Near the surface at
Location F, water temperatures frequently exceed the 15 �C
threshold during JuneeSeptember. In contrast, the model predicts
that near the bottom at Location F, the average monthly bottom
water temperature only exceeds 15 �C during the month of August
under present conditions; however, with a 4 �C increase in air
temperature and no sea level rise, the mean monthly bottomwater
temperature at Location F will exceed 15 �C during June, July,
August and September. It has been found that pathogen densities
are higher in sediment than in the seawater (Duan and Su, 2005);
therefore, changes in bottom temperature may be important.

Under present conditions, the model predicts that the bottom
mean daily water temperature at Location F will exceed 15 �C for 85
days (23% of year) under present conditions and with an air tem-
perature increase of 4 �C this will increase to 108 days (30% of year).
There is some uncertainty in the appropriate temperature
threshold for pathogens and whatmetric should be used (air versus
water temperature, meanmonthly, maximum daily, etc.). A small in
temperature threshold (e.g., 15� versus 16�) can result would result
in large differences in the exceedance rate andmorework is needed
in defining the appropriate threshold. For example, if 16 �C is used
as the threshold, under present condition at Location F average
daily water temperature at the bottom are predicted to exceed
16 �C on 37 days or 10% of the year, and with a 4 �C increase in air
temperature the number of days exceeding 16 �C almost doubles
(68 days). Thus, a relatively small increase in estuarine water
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temperature in the PNWhas the potential to increase human health
risks.

Increases in air temperature in the watershed are expected to
result in warming of Yaquina Estuary. Even relatively small in-
creases in water temperature may results in water quality issues
and impacts on cool water fish such as salmonids. To help reduce
these impacts, strategies include maintaining riparian cover for
streams and vegetative cover in watersheds, maintaining stream-
flows during critical low flow periods and incorporating climate
changes into restoration plans (Beechie et al., 2012).

Althoughwe focus onwater temperature in the Yaquina Estuary,
the results are not unique to this system. This study demonstrates
how climate projections combined with models can be used to
identify the dominant drivers influencing water temperature
within an estuary and to provide input on how attainment of water
quality standards may change in the future. Although there is un-
certainty in climate projections, by presenting model results as a
function of climate drivers we are able to examine the response of
the system over the range of climate drivers. Such information is
useful for managing these coastal systems under changing climate
as well as developing climate monitoring networks. In addition,
this study demonstrated that sea level rise may reduce warming in
some estuaries, which previously has not been considered.
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