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Abstract Water temperature is an important factor determining estuarine species habitat conditions.
Water temperature is mainly governed by advection (e.g., from rivers) and atmospheric exchange processes
varying strongly over time (day-night, seasonally) and the spatial domain. On a long time scale, climate
change will impact water temperature in estuarine systems due to changes in river flow regimes, air
temperature, and sea level rise. To determine which factors govern estuarine water temperature and its
sensitivity to changes in its forcing, we developed a process-based numerical model (Delft3D Flexible Mesh)
and applied it to a well-monitored estuarine system (the San Francisco Estuary) for validation. The process-
based approach allows for detailed process description and a physics-based analysis of governing
processes. The model was calibrated for water year 2011 and incorporated 3-D hydrodynamics, salinity
intrusion, water temperature dynamics, and atmospheric coupling. Results show significant skill in
reproducing temperature observations on daily, seasonal, and yearly time scales. In North San Francisco
Bay, thermal stratification is present, enhanced by salinity stratification. The temperature of the upstream,
fresh water Delta area is captured well in 2-D mode, although locally—on a small scale—vertical processes
(e.g., stratification) may be important. The impact of upstream river temperature and discharge and
atmospheric forcing on water temperatures differs throughout the Delta, possibly depending on dispersion
and residence times. Our modeling effort provides a sound basis for future modeling studies including
climate change impact on water temperature and associated ecological modeling, e.g., clam and fish
habitat and phytoplankton dynamics.

1. Introduction

1.1. Framework
Estuaries are important ecosystems and provide a breeding, feeding, and resting place for species such as
birds and fish. Gradients in salinity, water temperature, suspended sediment concentration, vegetation
cover, and bathymetry (i.e., tidal flats, and salt marshes) provide unique habitats for an abundance of spe-
cies. Those gradients may change as a result of human interference (channel deepening, reclamation, dam-
ming, and irrigation) and climate change (e.g., sea level rise, increasing air temperatures, changing
precipitation patterns, and river flow regimes). The impact of human interferences and climate change on
estuarine ecosystems has been the topic of an increasing number of studies (e.g., Bartholow, 1989; Brown
et al., 2013, 2016; Cloern et al., 2011; Jeffries et al., 2016; Wagner et al., 2011).

Water temperature is a critical parameter for estuarine ecosystems. Water temperature has a direct impact
on the growth rates, presence, and habitat of species (e.g., fish, clams, and phytoplankton) as higher water
temperatures can cause stress and even mortality (Brown et al., 2013; Jeffries et al., 2016; Miller & Kamykow-
ski, 1986; Ralston et al., 2015; Swanson et al., 2000; Underwood & Kromkamp, 1999). In addition, water tem-
perature may also impact flow patterns and mixing due to associated density-driven currents and thermal
stratification (Monismith et al., 1990, 2006; Sturman et al., 1999). Parameters influencing water temperature
are river water inflow (and its temperature), heat exchange with the atmosphere (influenced by solar radia-
tion, cloudiness, humidity, wind, water, and air temperature), heat and water exchange with groundwater
and subsoil, and flow interaction with adjacent seas or oceans and the water temperature of those seas and
oceans. Climate change is expected to have a considerable impact on most of these parameters and thus
on estuarine water temperature and associated ecosystems. An increase in air temperature increases water
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temperature. Changes in precipitation will influence runoff, snow cover, timing and amount of snowmelt,
cloud cover, and humidity. These changes affect the timing, amount, and water temperature of upstream
river discharges into estuaries and influence exchange with the atmosphere directly. Jeffries et al. (2016)
performed a data analysis of water temperature during ‘‘dry’’ (2012–2015) and ‘‘normal’’ years (1995–2011)
to assess the effect of extreme drought on water temperatures in the Sacramento-San Joaquin Delta. They
state that the environmentally relevant exposure temperature of 208C (a stress threshold for key regional
aquatic species) is reached more commonly and earlier in the year during periods of extreme droughts.
Assessing the potential effect of climate change scenarios on estuarine water temperatures may help water
resource managers to anticipate critical habitat changes and take measures (if possible) which may contrib-
ute to conservation of endangered species.

Understanding the relative importance of the drivers of estuarine water temperature is vitally important to
estimating the effect of climate change. The effect of changes in these drivers has drawn limited attention
in the literature. Monismith et al. (2009) investigated the variation in subtidal temperatures in the tidal San
Joaquin River in response to flow rate, dispersion, and heat exchange with the atmosphere by applying an
analytical model and heat balance calculations to observed water temperatures. They found that water tem-
perature is significantly influenced by dispersion, and that the dispersion coefficient in the San Joaquin
River is much larger than expected for shear flow in rivers. They state that this is a result of the many junc-
tions and the phasing of flows in the Delta channel network. These findings are in agreement with Gleichauf
(2015), who highlight the importance of inflows on the water’s residence time and hence the time of expo-
sure to atmospheric forcing, as well as the strength of tidal dispersion, on top of the determinative
exchange with the atmosphere. In their presentation of a statistical temperature model for the Delta, Wag-
ner et al. (2011) also underscored the importance of exchange with the atmosphere and found that flow
rates have a significant effect on the water temperature on shorter time scales, although their correlation
between daily-averaged temperature residuals (modeled temperatures minus observed temperatures) and
flow rates was low. When temperatures are averaged over a year, however, residuals do correlate with
annually averaged flow rates, possibly because high flows push Delta waters seaward and delay, and conse-
quently shorten, the summer peak temperature period (Cloern et al., 2011).

To assess the effect of climate change scenarios on water temperature in the Sacramento-San Joaquin
Delta, several studies have been described using statistical models or observations (Brown et al., 2013,
2016; Jeffries et al., 2016; Wagner et al., 2011). Water temperature was decomposed into different signals
with individual trends and extrapolated to the future. These studies project that water temperatures will
rise (Wagner et al., 2011), the number of high mortality days for the endangered Delta smelt will increase
(Brown et al., 2013), and the time available for adult maturation and spawning will decrease (Brown et al.,
2016). The approaches of Monismith et al. (2009) and Wagner et al. (2011) have significant skill in reproduc-
ing and predicting temperature conditions for the estuary’s current state. However, an empirical statistical
model based on historically observed temperatures (e.g., Wagner et al., 2011) may not be applicable to a
system that is changing structurally. By extrapolating the change in water temperature from the past to the
future at individual measurement points using a statistical model, feedback mechanisms and structural
changes to the system (e.g., changes to upstream discharge, feedbacks between air temperature, water
temperature, and heat fluxes, new diversion structures) are ignored. In addition, observations only provide
insight into temperature dynamics at individual locations and cannot provide information at the full spatial
scale. We have chosen to implement a process-based model that can calculate water temperatures in
response to changing forcing conditions beyond the range of historically observed estuarine water temper-
atures and local spatial scales. This approach characterizes physics-based responses to new structural con-
figurations, and compute possible feedback mechanisms.

The results of our modeling effort will act as a basis for future modeling (e.g., the CASCaDE project, Compu-
tational Assessments of Scenarios of Change for the Delta Ecosystem, http://cascade.wr.usgs.gov/) exploring
potential influences of climate and infrastructure change on ecosystem and water quality dynamics in the
San Francisco Bay-Delta. For example, Achete et al. (2015) presented 2-D suspended sediment and turbidity
dynamics based on the same hydrodynamic model; 3-D suspended sediment modeling will support phyto-
plankton and fish habitat modeling. This CASCaDE work is carried out within a community modeling effort
in which the software, the model, and its input conditions are being made publicly available (www.d3d-bay-
delta.org and http://californiacoastalatlas.net/). Third parties can run, amend, copy, and distribute the San
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Francisco Bay-Delta Model under Creative Commons Attribution-Share Alike 4.0 International License to
meet the need for timely and best science.

1.2. Study Area
The Sacramento-San Joaquin Delta is located on the east of San Francisco Bay. We define the ‘‘Delta’’ as the
area between Antioch (ANH) and the approximate upstream limit of tidal influence during the dry season
(i.e., Sacramento River near Verona and San Joaquin River near Vernalis). The Delta covers an area of about
40 km 3 70 km, and consists of a network of river branches and smaller channels that connect the Sacra-
mento River, the San Joaquin River and smaller tributaries to San Francisco Bay and the Pacific Ocean (Fig-
ure 1). Water levels in the Delta are influenced by the tide, although the water is mainly fresh. The

Figure 1. Map of the study area with geographical locations (blue), R/V Polaris cruise track (black line), R/V Polaris stations (black italic text), and time series stations
(red dots) with names (black three character codes) in the Delta. Key stations are indicated with a red box, and stations used for boundary conditions are indicated
with a black box.
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Sacramento River and San Joaquin River are fed by reservoirs located up to approximately 300 to 400 km
upstream (Gleichauf, 2015). Reservoir operation thus regulates river flow, although peaks in river flow in
winter and early spring (with durations of days to weeks) from precipitation and snow melt are still pro-
nounced. The Sacramento River is the largest supplier of freshwater to the Delta, both directly and via its
floodplain, the Yolo Bypass. The discharges of the Sacramento River and the Yolo Bypass together varied
seasonally between 300 and 4,500 m3/s in 2011. River flow not only varies seasonally, but also shows large
interannual variations in response to precipitation. The peak daily inflow to the Delta as the sum of gaged
and estimated ungaged flows was as low as approximately 1,800 m3/s in 1992 and more than 15,000 m3/s
in 1997 (Kimmerer, 2002). Water withdrawals also influence flows and salinity intrusion and reached up to
approximately 350 m3/s in 2011. The withdrawals, primarily in the southern Delta, provide drinking water
for over 20 million people and irrigation for a multibillion dollar agricultural economy (Brown et al., 2013).

Water management in the Delta serves to safeguard water supply while maintaining ecosystem health. The
quantity and timing of water withdrawal is managed to the benefit of irrigation, drinking water supply, and
endangered species by, for example, maintaining the position of the salinity gradient in certain locations
through reservoir release controls or preventing salmon and other fishes from being entrained by large
water pumps via channel and gate closure operations (Grimaldo et al., 2009). The reservoir releases influ-
ence both salinity intrusion and water temperatures (Andrew & Sauquet, 2017). Water temperature, salinity,
and turbidity are important elements determining the habitat of the endangered Delta smelt (Brown et al.,
2013; Swanson et al., 2000). For example, water temperatures higher than 208C are expected to cause stress
for Delta smelt, and high mortality is likely to occur at temperatures over 258C (Brown et al., 2013; Swanson
et al., 2000). Jeffries et al. (2016) state upper thermal tolerances of 27.68C for Delta smelt and 24.88C for the
endangered longfin smelt. In addition to the water withdrawals, gates, weirs, and barriers divert the flow in
specific portions of the year and possibly influence temperature dynamics by altering flow routes and resi-
dence times.

The San Francisco Bay-Delta is well-monitored, enabling us to validate our model. The wide temperature
variations in this estuary result from mixing of relatively cold ocean water with Delta inflows characterized
by seasonally varying temperatures, combined with a wide range of air temperature differences (microcli-
mates); this combination of conditions makes this estuary an interesting case for temperature modeling.

Figure 2. (a) Daily averages of the observed water temperature in the San Francisco Bay-Delta system; at the ocean (ROMS data, black line), near the approximate
upstream limits of tidal influence: Sacramento River/Yolo Bypass (VON, green line), American River (WAT, blue line), San Joaquin River (MSD, red line), and
Mokelumne River (SMR, gaps filled with VON, orange line), and at other available stations (mainly in the Delta, grey lines) for water year 2011; (b) observed yearly
averaged water temperature (2011) for all stations. Data collected from CDEC, CENCOOS, and USGS websites.
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Daily-averaged observed water temperatures in the San Francisco Bay-Delta system (Figure 2a) reveal some-
what constant ocean temperatures throughout the year, although temperatures in spring and early summer
are a bit lower, probably due to upwelling of cooler water from deeper parts of the ocean. In contrast, sta-
tions in the Delta show a clear seasonal variation with temperatures increasing to over 208C in summer and
decreasing to 108C in winter (grey and colored lines). In winter, the temperature of the ocean is generally
higher than the temperature of the stations at the upstream limit of tidal influence (colored lines). The
American River in the northeastern Delta is significantly cooler than the other rivers, except in fall, but water
temperatures rise when entering the Delta and mixing with warmer Delta water and atmospheric heat
exchange takes place (Figure 2b). The southwestern part of the Delta has the highest yearly averaged tem-
perature. In North Bay (consisting of San Pablo Bay, Carquinez Strait, and Suisun Bay), salinity stratification
influences the hydrodynamics (Martyr-Koller et al., 2017). During low river flow conditions, salinity intrudes
into the confluence of the Sacramento and San Joaquin Rivers near Antioch (ANH), whereas high river flow
pulses may shift salinity intrusion tens of kilometers seaward into San Pablo Bay (Jassby et al., 1995).

2. Methods

2.1. Model
We follow a process-based, numerical approach that allows for a close analysis of the relevance of different
processes as well as their spatial and temporal variations over the domain. We apply the open source
Delft3D-Flexible Mesh software (www.deltares.nl/en/software/delft3d-flexible-mesh-suite/, version
1.1.162.43444) to compute water temperatures for the water years 2011 and 2012. The model of the current
study builds upon the model by Martyr-Koller et al. (2017), covering the Sacramento-San Joaquin Delta up
to the approximate upstream limit of tidal influence and extending seaward to North Bay, Central Bay,
South Bay, and the coastal Pacific Ocean (Figure 3). The unstructured grid consists of approximately 75,000
elements in the horizontal and allows for computation of model results at a spatial resolution down to 10–
100 m in the Delta and a time resolution of minutes. The 3-D version of the model has 10 sigma (equidis-
tant) layers in the vertical to capture density-driven currents mainly present in North Bay. The model is pub-
licly available at www.d3d-baydelta.org. The model bathymetry is based on Fregoso et al. (2017) and
linearly interpolated onto the grid network. The model is forced with tidal water levels at the ocean based
on observations at Point Reyes (www.tidesandcurrents.noaa.gov). Locations of Delta pumps, gates, barriers,
and weirs included in the model are indicated in Figure 3 and their operations are provided by California
Department of Water Resources. The bed roughness is prescribed with the Manning coefficient and has
been varied as part of the extensive calibration and validation of water levels, discharges, and salinity
dynamics and stratification for the wide-ranging tidal and fluvial conditions during water years 2011 and
2012 by Martyr-Koller et al. (2017). The Manning coefficient varies between 0.015 s/m1/3 in the channels of
North Bay and 0.033 s/m1/3 in the eastern part of the Delta. Also the viscosity and diffusivity parameters
were chosen based on the hydrodynamic and salinity calibration, and have not been part of the tempera-
ture calibration.

Thermal inputs to the Delta from multiple rivers, not all of which were directly measured, either use the
measured temperature of that river or a proxy temperature from a nearby river. The rivers and the tempera-
ture station used (in parentheses) are Sacramento River (VON), American River (WAT), San Joaquin River
(MSD), Mokelumne and Cosumnes River (SMR, gaps filled with VON), the Yolo Bypass (VON), Napa River
(VON), Sonoma River (VON), and Petaluma River (VON). Locations are shown in Figure 1. Depth-constant
temperature at the ocean boundary was prescribed with output from the Regional Ocean Modeling System
model suite (ROMS) (Neveu et al., 2016).

The Ocean Heat Flux Model functionality of Delft3D-FM was activated to account for atmospheric heat
exchange. The heat flux model requires input of relative humidity, air temperature, cloudiness, and wind. To
ensure good spatial coverage, we use daily inputs of humidity and net incoming short wave radiation based
on the METDATA data set (Abatzoglou, 2011). METDATA’s specific humidity and shortwave radiation are
used in combination with the Livneh air temperature data set (Livneh et al., 2015). The METDATA and Liv-
neh data sets cover the entire model domain, except the centers of Central and South Bay and the ocean.
The bays are filled with linear interpolation from the METDATA and Livneh data sets. Air temperature above
the ocean uses the observed values from the NOAA station at Half Moon Bay (46012), while for humidity

Water Resources Research 10.1002/2016WR020062

VROOM ET AL. WATER TEMPERATURE DYNAMICS 9905

 19447973, 2017, 11, D
ow

nloaded from
 https://agupubs.onlinelibrary.w

iley.com
/doi/10.1002/2016W

R
020062, W

iley O
nline L

ibrary on [09/01/2023]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense

http://www.deltares.nl/en/software/delft3d-flexible-mesh-suite/
http://www.d3d-baydelta.org
http://www.tidesandcurrents.noaa.gov


the METDATA value at Point Reyes is used. The data are projected on an equidistant grid with a mutual dis-
tance of 5 km. Hourly values of the relative humidity are computed from the average daily specific humidity
using the air temperature and a constant atmospheric pressure of 1,013 kPa (see Appendix A). The maxi-
mum and minimum daily air temperatures were used to derive hourly values by assuming the maximum
temperature occurs at 4 PM and the minimum temperature occurs between midnight and 5 AM. For the
remaining time, a sine function is fitted (see Appendix A). The daily-averaged downward shortwave
radiation was used to determine the cloudiness, i.e., the percentage of the sky covered with clouds. The
model computes clear-sky solar radiation for any location on earth using the latitude and the Julian day.
The cloudiness follows from the clear-sky solar radiation at ground level and the downward solar radiation
at ground level (see Appendix A).

The model is forced with spatial wind fields on an equidistant grid with a cell size of 1.5 km obtained from
an interpolation of observed hourly wind data from approximately 40 stations throughout the study area,
taking into account the topography (Ludwig & Sinton, 2000).

The model simulations are started with an initial salinity field that decreases gradually from the ocean
(approximately 33.5 ppt) to the freshwater inflow boundaries. The initial water temperature is 158C over the
entire domain. The model is run for 2 months to spin-up salinity and temperature and the subsequent 24
months are used in the analyses.

After investigation of the importance of thermal stratification (see section 3.1), sensitivity runs were exe-
cuted with a depth-averaged version of the model, only focusing on the Delta. This allowed us to execute a
large number of sensitivity tests at low computational cost.

Figure 3. Model bathymetry with inset showing grid resolution. Dark blue symbols and lines indicate inflow boundaries, red diamonds show pumps and green
crosses point out gates, weirs and barriers.
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2.2. Data Sources
Time series of observed water temperatures at stations (Figure 1) throughout the San Francisco Bay and
Delta region were collected from the California Department of Water Resources (DWR, M. Dempsey, per-
sonal communication, 2016), CDEC (http://cdec.water.ca.gov/), CENCOOS (data.cencoos.org), and USGS
(waterdata.usgs.gov/) websites and were used for model calibration and validation, as well as for boundary
conditions. When the vertical position of the temperature sensor in the water column was reported, the
station was used for calibration of the 3-D model. Stations missing this information were used for validation
of the 2-D model. The time series were thinned to an hourly time interval and small gaps (<3 h) were filled
by linear interpolation.

During approximately monthly cruises of the USGS Research Vessel Polaris (Cloern & Schraga, 2016; Schraga
& Cloern, 2017), the water temperature was measured while sailing from South Bay (Calaveras Point) to the
Delta (Rio Vista). The Polaris temperature transects (Figure 1) discussed herein are based on vertical profiles
of observed water temperature at individual stations at different times, which have been interpolated line-
arly and compared to model output.

We use specific key stations (red box stations in Figure 1) in distinct areas to investigate model performance
and temperature dynamics in detail. The Martinez (MRZ) and Rio Vista (RVB) stations and the Polaris cruises
are used to analyze 3-D dynamics and the influence of salinity in North Bay. Station Rough and Ready Island
(RRI) near Stockton is located in a deep part of the San Joaquin River, making it suitable for analysis of ther-
mal stratification in the Delta. The Southwest Delta is relatively far from the model boundaries and is ana-
lyzed using station Bacon Island (BAC). Station Little Potato Slough (LPS) is chosen for its location in the
center of the Delta.

2.3. Model Calibration
We calibrated the model in 3-D against observed temperatures for water year 2011 (1 October 2010–30
September 2011). The model calibration for temperature was done by increasing the accuracy of the model
input, varying Stanton and Dalton numbers (for fine-tuning the convection of heat by wind, increasing or
decreasing the water temperature over the entire year) and changing the Secchi depth (influencing the
absorption of heat in the water column). For the Stanton and Dalton numbers and the Secchi depth, the

default values turned out to be the best settings. We improved the
model performance significantly by changing from spatially uniform
relative humidity, air temperature, cloudiness, and wind speed mea-
sured at Stockton to spatially varying values. Changing the sea bound-
ary from observed sea surface temperature at Point Reyes to depth-
averaged water temperature obtained from a ROMS ocean model
(Neveu et al., 2016) also better reproduced the observed water tem-
peratures due to large vertical water temperature differences in the
ocean.

The bias (difference between time-averaged modeled and time-
averaged observed values), root mean square error, and coefficient of
determination (R2) were computed to compare the observed and
modeled water temperatures for the entire WY2011 in 3-D mode
(Table 1). The bias varied spatially between 20.88C and 0.588C. Both
positive and negative values of the bias indicate that there was no
structural overestimation or underestimation of the modeled temper-
ature over the entire model domain. The majority of stations have an
RMSE smaller than 18C. The high R2 (>0.9) indicates that the phasing
of the temperature variation is well reproduced by the model.

Figure 4 shows a target diagram (Jolliff et al., 2009) for the model per-
formance of water temperature for the 3-D model for WY2011 (black
dots) and WY2012 (blue triangles). The unbiased RMSE (uRMSE, hori-
zontal axis) and the bias (vertical axis) are visualized for each station.
Both the bias and the uRMSE have been normalized with the standard
deviation of the observations, in order to objectively evaluate model

Table 1
Bias, RMSE, R2 of 3-D Model for Water Year 2011 and 2012

2011 2012

Bias (8C) RMSE (8C) R2 (–) Bias (8C) RMSE (8C) R2 (–)

ANH lower 0.15 0.75 0.99 0.01 0.91 0.99
ANH upper 0.05 0.83 0.99 0.00 0.86 0.99
BAC 20.28 0.85 0.99 20.23 1.10 0.99
BEN lower 20.12 0.95 0.96 0.80 1.40 0.99
BEN upper 0.07 1.14 0.98 0.40 1.47 0.98
CAR lower 0.21 0.86 0.98 0.37 0.84 0.97
CAR upper 0.25 0.86 0.98 0.10 0.83 0.98
FAL 0.10 0.86 0.99 0.00 0.93 0.99
MAL lower 0.21 0.92 0.99 0.18 1.10 0.99
MAL upper 0.14 0.93 0.99 0.24 1.09 0.99
MOK 0.02 0.70 0.99 20.25 0.71 0.99
MRZ lower 0.58 1.04 0.98 0.32 1.24 0.98
MRZ upper 0.15 0.98 0.98 0.43 1.35 0.98
RIC lower 0.16 0.71 0.94 0.26 0.68 0.95
RIC upper 0.08 0.75 0.93 0.30 0.79 0.91
RRI lower 20.45 0.77 0.98 21.06 1.20 0.99
RRI upper 20.80 1.12 0.98 21.10 1.23 0.99
RVB 0.16 0.82 0.99 20.10 0.77 0.99
SMB lower 0.26 0.87 0.97 0.46 1.16 0.97
SMB upper 0.20 0.82 0.98 0.45 1.13 0.97
SRH 0.09 0.63 0.99 20.03 0.62 0.99
TSL 0.18 0.88 0.99 0.07 0.90 0.99
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performance and possibly compare with other parameters (e.g.,
Martyr-Koller et al., 2017). The distance to the origin gives the RMSE
(including bias) and smaller distance reflects better model perfor-
mance. Points within the unit circle indicate good model performance
(Jolliff et al., 2009). The model showed good performance for 3-D cali-
bration and validation, with all points falling within the unit circle.
Modeled temperatures had a wider standard deviation than observa-
tions (RMSE> 0) for many locations. Normalized bias was positive and
negative for both calibration and validation years, indicating no sys-
temic temperature bias at the annual scale. The model performance
of the 2-D model (red squares in Figure 4) is discussed in section 3.1.
Figures with time series of observations and model outputs for indi-
vidual stations can be found in supporting information.

Figure 5 shows the observed and computed water temperature for
stations Rio Vista Bridge (RVB) and Bacon Island (BAC) in the Delta.
The model captures the seasonal variations, but has a tendency to
slightly under predict temperatures in winter and over predict in sum-
mer in the entire model domain. The better match between com-
puted water temperatures and measurements in spring may be
related to the strong signal from the model boundaries, as the total
river discharge is highest in spring (up to 5,600 m3/s in 2011). Figure 6

shows that the daily variation is also captured by the model, although the magnitudes can deviate from the
observed water temperature.

Model output is generated at approximately the same locations and times as the R/V Polaris measurements,
for each of the 10 vertical layers. Figure 7 shows the observed and modeled vertical profiles for the June

Figure 4. Target diagram for comparing modeled and observed water temper-
atures for the 2011 (black dots) and 2012 (blue triangles) 3-D model results and
the 2011 2-D model results in the Delta (red squares).

Figure 5. Observed (black) and computed (orange) water temperature at station (a) Rio Vista Bridge and (b) Bacon Island for water year 2011 with the 3-D model.
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2011 cruise. (Figures of cruises on other dates are included in supporting information.) The model captures
the temperature throughout the domain (Figures 7a and 7b), with the temperatures near the Golden Gate
Bridge (between Bay Bridge and Point San Pablo) being the lowest, as a result of the inflow of cold ocean
water. Between Point San Pablo and Martinez, both the Polaris transect and the model show thermal stratifi-
cation. Model agreement with observations was poorer in South Bay, probably as a result of the coarse grid
resolution, exclusion of local tributary flows, and no hydrodynamic model calibration for that specific area.
Figures 7c and 7d show the impact of salinity dynamics on temperature in North Bay. Removal of salinity
dynamics leads to less thermal stratification between Point San Pablo and Martinez, and warmer tempera-
tures throughout Central, San Pablo, and Suisun Bays. This is described in further detail in section 3.1.

Without extensive calibration and with relatively coarse forcing conditions (5 km grid resolution for the
atmospheric forcing, schematized air temperature cycle over the day) we obtained biases for the different
time series stations between 20.88C and 0.588C, RMSE’s below 1.158C, and coefficients of determination R2

above 0.92 for WY2011 (see Table 1) implying that the model is robust and can be used to assess effects of
changing forcing conditions.

2.4. Model Validation
After calibration of the temperature for water year 2011, we validated the model for water year 2012,
applying the same forcings schematization, and settings. Water year 2011 is considered a ‘‘wet’’ year, with
a peak river inflow of approximately 5,600 m3/s. We validated the model for a ‘‘below normal’’ year with
respect to peak river inflow to evaluate the model performance under different hydrodynamic conditions.
Water year 2012 had a peak river inflow of approximately 1,500 m3/s. The 2012 model validation shows
model performance values that are comparable to 2011 (Table 1 and Figure 4), but with slightly larger
biases (between 21.18C and 0.88C) and RMSE (between 0.628C and 1.478C) than 2011. As such, we are
confident that our model can accurately predict water temperatures under both low and high flow
conditions.

2.5. Sensitivity Tests
We investigated the importance of different drivers of water temperature in the Delta: different terms in the
meteorological forcing (humidity, air temperature, and cloudiness), the water temperature of the inflowing
rivers and the ocean, and the discharge of upstream rivers. The effect of inflow temperature on Delta water
temperatures was studied by adding 28C to all inflow temperatures used in the reference (validated
WY2011) simulation. Separately, the effect of a change in ocean temperature was explored by increasing
that boundary condition by 28C relative to the reference temperature. The effect of the atmospheric forcing
within the Delta was investigated by switching off the heat flux model and only allowing for transport of
temperature. A simulation with reduced discharge was also performed to explore the effect of velocities
and residence times.

Figure 6. Observed (black) and computed (orange) water temperature at stations (a) Rio Vista Bridge and (b) Bacon Island at Old River for 3 days in May 2011.
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Figure 7. Comparison of water temperature (a) observed during the R/V Polaris cruise of 14 June 2011, (b) the corresponding model result, (c) the model result
without salinity taken into account, and (d) the difference between near-surface and near-bed temperature (left axis) for model result with salinity (corresponding
to Figure 7b, blue solid line), model result without salinity (corresponding Figure 7c, blue dashed line), the modeled salinity stratification (green line, right axis),
and the observations (corresponding to Figure 7a, black line).
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3. Results

3.1. Importance of Thermal Stratification
Observations show that thermal stratification is present at some locations in our area of interest, for
instance, in Central and North Bay (between Bay Bridge and Pittsburg in Figure 7). This stratification is stron-
gest approximately between Bay Bridge and Benicia, and is well captured by the model including salinity
(Figure 7b), indicating that in this area 3-D interaction of salinity and temperature dynamics are important.
Figure 7c shows the model result for a simulation without salinity, which produces warmer temperatures
and less stratification in North Bay than Figure 7b. This indicates that salinity gradients enhance intrusion of
both salt and cool ocean water into the estuary. The Martinez Station (Appendix A) has two sensors in the
water column, one close to the surface and one close to the bed. Although the model reproduces some
thermal stratification, it under predicts the temperature variation over the water column at this station.
Upstream of Pittsburg, the importance of salinity dynamics seems to diminish. Thermal stratification is
coupled to salinity intrusion as the largest temperature differences over the water column coincide with
salinity stratification (Figure 7d). Some pure thermal stratification is present between Roe Island and
Rio Vista, where modeled salinity stratification is absent (Figure 7d).

As salinity stratification is generally absent in the Sacramento-San Joaquin Delta, it does not drive
thermal stratification there. Thermal stratification may occur in the west Delta, as shown by R/V
Polaris observations at Rio Vista (Figure 8). During some periods, the stratification is also captured by
the model. Both in the model and the measurements, the stratification occurs limitedly and occasion-
ally and is not persistent in time. Station Rough and Ready Island, (RRI) near Stockton, is located in a
relatively deep portion of the San Joaquin River in the east Delta. Observations show persistent ther-
mal stratification here (Figures 9c and 9d), which is strongest during the afternoon as a result of
atmospheric forcing (air temperature, Figure 9a). The model reproduces the thermal stratification in
the afternoon, when both in the model and the observations the temperature difference over the
water column is largest (Figure 9d), but during the night stratification is underestimated. During
decreasing air temperatures (and solar radiation) in the evening and related reduced thermal stratifi-
cation, (modeled) tidal depth-averaged peak velocities of 20 cm/s (Figure 9b) mix water thoroughly,
resulting in depth-uniform temperatures and an (temporal) increase of near-bed temperatures. Dur-
ing increasing air temperatures (and solar radiation) thermal stratification develops, which hampers
the mixing by the tidal currents of 20 cm/s. In observations, the thermal stratification is maintained
during the night, implying weaker mixing than in the model. This suggests that decreasing vertical
diffusivity (by adapting the diffusion coefficient or applying a z-layer model instead of the current r-
layer model), may enhance model results, at least for the dynamics at this particular station and

Figure 8. Observed (black) and computed (red) water temperature over the water column at Polaris location P657 near Rio Vista Bridge at 10 February, 30 March,
20 April, and 15 June.
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during this period of time. Although the dynamics of model results and observations show similar
trends, it is important to note that intradaily temperature variations and vertical temperature differ-
ences are similar to the bias between model results and observations of 20.88C in Table 1.

Most temperature time series stations provide observations for a single position in the water column, and
do not measure stratification. We know that thermal stratification occurs in North Bay, where it is enhanced
by salinity stratification, and near Stockton and Rio Vista, where the water depth is relatively large. The
model most closely reproduces thermal stratification in areas impacted by salinity-driven gradients such as
North Bay, and to a lesser extent in freshwater deep channel locations with persistent stratification such as
Stockton. Although the modeled thermal stratification magnitude is usually weaker than in observations in
areas where purely thermal stratification occurs, the model reproduces similar stratification dynamics at
these locations (Figure 9d). Hence, we can use the model to explore whether thermal stratification is pre-
sent at other (one sensor) observation stations. For the maximum temperature difference in the water
column, the mean value, and the mean of the 5% highest values can be computed (Figure 10). Thermal
stratification is largest in Central and San Pablo Bays, and also large in South Bay and Carquinez Strait. The
smallest values are obtained for the Delta (black dots close to the origin in Figure 10). Hence, our model
suggests that thermal stratification is least important in the Delta, where values for the mean differences
are typically smaller than 0.28C. Stations RRI, GCT, and DLC occasionally show larger differences, as is shown
by the mean of the 5% largest values. Larger modeled thermal stratification at RRI agrees with observations
(Figure 9). Stations Delta Cross Channel (DLC) and Grantline Canal at Tracy Road Bridge (GCT) are located
close to barriers, which may strongly affect the local velocities and hence mixing and temperature
dynamics.

Figure 9. (a) Air temperature, (b) modeled depth averaged velocity, and (c) observed water temperature at the surface (black) and near the bed (blue) and com-
puted water temperature at the surface (orange) and near the bed (cyan), at station Rough and Ready Island (RRI) near Stockton for 3 days in May 2011.
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As thermal stratification does not appear widespread in the Delta, this region may also be studied using a
depth-averaged (2-D) version of our model to save computational cost. The bias, RMSE, and coefficient of
determination for stations in the Delta are listed in Table 2 for the 2-D version of the model. The model sta-
tistics have also been visualized in Figure 4. Again, stations GCT, DLC, and RRI show larger biases and RMSE
values than most other stations in the Delta. Skill metrics for the common 3-D and 2-D stations did not
change much between the 2-D and 3-D versions of the model (Tables 1 and 2), and Figure 10 shows that
for most delta stations stratification is on average very weak.

3.2. Delta Water Temperature Sensitivity Based on a 2-D Model
Figure 11 shows the modeled effects of changes in the different driv-
ers on water temperature in the Delta, computed with the 2-D model.
A 28C increase in inflowing river temperature (Figure 11a) has a sub-
stantial impact on water temperatures in most of the Delta. The effect
is strongest near the inflow points and decreases toward Antioch
(ANH). The southwestern Delta, i.e., the area around Bacon Island at
Old River (BAC), is affected less. The effect of a warmer ocean (Figure
11b) has a negligible effect on water temperature in the Delta as oce-
anic water equilibrates with atmospheric conditions before entering
the Delta.

Figure 11c shows the effect of the atmospheric heat forcing. In almost
the entire Delta the exchange of heat with the atmosphere results in
higher average temperatures. This effect is again strongest in the
southwestern Delta. In the southeastern part of the Delta, where the
San Joaquin River enters the model domain, the water temperature is
(on average) lowered when we allow for heat exchange with the
atmosphere.

When the discharge of the inflowing rivers is reduced to 33% of the
discharge in the reference simulation (Figure 11d), comparable to the
difference in peak discharge between WY2011 and WY2012, the tem-
perature rises in almost the entire Delta with increases up to 18C aver-
aged over the year. This rise is largest in the central Delta, around
stations Little Potato Slough at Terminous (LPS) and Mokelumne River
at San Joaquin River (MOK).

Table 2
Bias, RMSE, R2 of 2-D Model for Water Year 2011 for Stations in the Delta

Bias (8C) RMSE (8C) R2 (–)

ANH lower 0.18 0.77 0.99
ANH upper 0.09 0.85 0.99
BAC 20.27 0.86 0.99
DLC 0.36 2.11 0.91
DSJ 20.04 1.41 0.98
DWS 0.25 1.12 0.98
FAL 0.12 0.88 0.99
FPT 0.14 0.58 0.99
GCT 0.52 1.20 0.95
GES 0.04 0.61 0.99
HLT 20.17 0.67 0.99
HOL 20.13 0.97 0.99
LPS 0.19 0.99 0.98
MDM 20.27 0.63 0.99
MOK 20.02 0.68 0.99
NMR 0.37 0.86 0.98
ORQ 20.11 0.91 0.99
RIV 0.30 0.87 0.99
RRI lower 20.34 0.69 0.98
RRI upper 20.99 1.36 0.97
RVB 0.15 0.83 0.99
RYI 0.18 0.99 0.99
SJG 20.25 0.60 0.99
SRH 0.07 0.62 0.99
TSL 0.14 0.86 0.99

Figure 10. Mean (vertical axis) and mean of the 5% highest values (horizontal axis) of the modeled temperature differ-
ence over the water column per station in the 3-D model for water year 2011. Black dots represent stations in the Delta,
colored markers are stations in other areas (see legend).
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Quite large differences can be observed in the very shallow and alternately drying and flooding areas such
as the Yolo Bypass (Figure 11). These results should be ignored, because the heat flux model is not accurate
in very shallow, regularly dry areas (such as the Yolo Bypass or intertidal flats) due to the removal of excess
heat from the water column instead of taking into account heat exchange with the subsoil.

The relative importance of each of the drivers appears dependent on the local hydrodynamics and resi-
dence times. Although residual velocity does not capture all potentially important processes (e.g., tidal
dispersion; Monsen et al., 2002) influencing residence time, here we use residual velocity as an indicator
of residence time. Figure 12a shows the modeled depth-averaged residual velocity for WY2011 for vari-
ous stations in the (tidal) Delta and indicates that large residual velocities are close to the inflow bound-
aries. We infer that these larger residual velocities result in a relatively large effect of the river inflow
temperature and confine the atmospheric forcing to a relatively small effect. In contrast, small residual
velocities are present in the southwestern Delta, near BAC, compared to other stations, which make this
region probably more susceptible to atmospheric forcing. The residual velocity in this area is hardly
affected when the discharge is strongly reduced (Figures 12b and 12c), resulting in a negligible effect of
changes in discharges on the water temperature. The decrease in residual velocities in the central Delta
(Figure 12c) may allow for more exchange with the atmosphere, resulting in a higher average water
temperature.

Averaged over a year, some of the drivers showed quite a large impact (Figure 11). On shorter time scales,
or in different seasons, the impact was even bigger. Indeed, at station BAC, the impact of the atmospheric
forcing on modeled temperature is very large (Figure 13), while other drivers have a relatively small impact.
The difference as a result of atmospheric forcing can reach 108C in summer. At station Little Potato Slough
at Terminous (LPS), the impact of the atmospheric heat flux is much lower than at BAC and the effect of the
increased river inflow temperature, atmospheric forcing, and discharge volume all have impacts on the
same order of magnitude. Consequently, water temperature differences do not exceed a 58C with respect
to the reference simulation. At this station, the atmospheric forcing has less impact; we hypothesize that
shorter residence times at LPS relative to BAC contribute to the smaller influence of atmospheric forcing at

Figure 11. Yearly average water temperature difference with respect to the 2-D reference simulation for water year 2011 for (a) an increase of the inflowing river
temperature of 28C, (b) an increase of the ocean temperature of 28C, (c) switching off the heat flux model, and (d) reducing the river discharge to 33% of the refer-
ence simulation. Note color bar limits vary between the plots.
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LPS. When the flow dynamics are altered as a result of reduced discharge, the heat exchange with the
atmosphere becomes more important and relatively large differences in water temperature may occur. The
potential increase in temperature during summer due to reduced discharges is in line with the observations
of Jeffries et al. (2016) and Gleichauf (2015).

By changing the drivers of atmospheric forcing one-by-one, the influence of the different parameters was
studied. For relative humidity and cloudiness, the minimum and maximum values (0% and 100%) were
used to give the maximum variation. The variation of cloud cover is within the realistic range of clear-sky
and cloudy conditions, and relative humidity is strongly variable over time and values range between 9%
and 100% at Stockton in WY2011 (wunderground.com). Changing these highly variable values to a tempo-
ral and spatial constant set to an extremely high or extreme low value is not realistic, but gives insight into
the relative importance of these parameters. Higher relative humidity will result in higher water tempera-
ture, as evaporation will diminish. Greater cloud cover will result in a lower water temperature, as more solar
radiation will be blocked. This effect is larger than the reduction in effective back radiation, which will
decrease with high cloud cover. The air temperature was increased and decreased by 58C, based on Cayan
et al. (2009), who provide an increase of 58C in air temperature by 2100 as a maximum value for global
warming scenarios. Figure 14 shows the modeled effect of variations in cloudiness, relative humidity, and
air temperature on water temperatures in the Delta. The modeled effect of cloudiness is on average over
the year less than 58C; variations in relative humidity cause differences up to 108C; and air temperature var-
iations (from 258C to 1 58C) cause a water temperature difference exceeding 78C, the latter depending on
the air temperature variation applied (108C in this case). The atmospheric forcing has for all three parame-
ters the largest impact on the areas with lowest residual velocities (and presumably long residence times):
the area around BAC and terminated sloughs with negligible flows, situated at the east side of the model
domain.

Figure 12. Residual velocity magnitude (m/s) for (a) reference WY2011, (b) reduced discharge, and (c) difference.
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4. Discussion

The model is capable of reproducing observed temperature dynamics, including the seasonal, daily, and
spatial variations, with a high degree of skill. The model did not require extensive calibration for the temper-
ature dynamics, suggesting that both the hydrodynamic model and the heat exchange model cover domi-
nant processes. The accuracy of the atmospheric forcing determines the model performance to a high
degree, especially when residence times are long enough to allow for equilibrium between atmospheric
forcing and water temperature. The model has a tendency to slightly under predict winter temperatures
and to slightly over predict summer temperatures. These errors are more pronounced at some locations
than others, possibly due to variations in residence time and water depth. A relatively small and short dura-
tion of the over prediction of the water temperatures in summer hampers the assessment of threshold val-
ues for certain species, such as Delta smelt (Brown et al., 2013, 2016; Wagner et al., 2011). Therefore, the
present version of the model should be applied with caution when it is used to evaluate (changes in) such
thresholds.

Stratification occurs in Central and North Bay, where salinity stratification strongly enhances the thermal
stratification. When the entire model domain is converted to a 2-D model, the model performance is poor
in this region, whereas the model performance in the Delta is not much affected. This implies that stratifica-
tion in North Bay does not significantly affect water temperatures in the Delta under current conditions. An
increase in ocean temperature will likely have an impact on 3-D processes in North Bay including slightly
higher temperatures in general and slightly modified stratification. Still, temperature driven density currents
should remain small compared to salinity-driven dynamics. Taking salinity intrusion as a proxy for ocean

Figure 13. Water temperature at station (a) Bacon Island at Old River (BAC) and (b) Little Potato Slough at Terminous (LPS) for the simulation with increased river
inflow temperature (red), the simulation with increased ocean temperature (green), the simulation without the heat flux model (blue), and the simulation with
reduced discharge (yellowish line) relative to the reference simulation (2-D model for WY2011).
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water moving landward, Delta temperatures will be hardly affected by intruding warmer ocean water, espe-
cially given the distance and, therefore, time for oceanic waters to equilibrate with the atmosphere before
reaching the Delta. At some locations in the Delta thermal stratification may occur (temporarily), for exam-
ple, in deep channels with relatively low flow velocities (e.g., near station RRI), or near closed gates and bar-
riers (station GCT and DLC) where mixing of the water column is hampered due to limited hydrodynamic
activity. The model reproduces but underestimates the thermal stratification, meaning that very weak tem-
perature differences over the water column (<0.58C) are not reproduced by the model, possibly due to too
high vertical diffusivity in the model. However, the differences are of the same order of magnitude as the
model error and are therefore too subtle to be reproduced. The model results suggest that although ther-
mal stratification is occurring in the Delta, strong stratification is not widespread at the observation stations
included in the model. The occurrence of thermal stratification at other locations than the observations sta-
tions could be part of further research.

Climate change might result in changing conditions at the model boundaries and changing atmospheric
heat flux. Cayan et al. (2009) predict a loss of spring snowpack in California, which may alter the timing and
amount of discharge from the upstream reservoirs. Gleichauf (2015) compared the ‘‘wet’’ year 2011 with the
dry year of 2014 and found that water temperatures at the upstream boundary of tidal influence in the Sac-
ramento River and the San Joaquin River differed significantly and that the drier 2014 had a higher inflow
temperature compared to the wetter 2011, as a result of different residence times and atmospheric forcing.
Cloern et al. (2011) state that decreasing snowmelt runoff does reduce the amount of cold water in
upstream reservoirs, but that this does not affect the water temperature in the Delta significantly. Our study
shows that reduced discharge could have a significant effect on water temperatures in certain parts of the
Delta, which under ‘‘normal’’ conditions may be governed by upstream discharges but could become more
impacted by atmospheric heat flux exchange as discharge decreases. The effect of changes in discharges is

Figure 14. Yearly average water temperature difference per atmospheric forcing: (a) difference between 0% and 100% cloudiness, (b) difference between 100%
and 0% relative humidity, and (c) difference between 158C and 258C in air temperature.
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dependent on the degree to which the water temperature is in equilibrium with the atmospheric heat flux,
which may vary within the Delta. In the central Delta (around LPS), for example, the effect of the decrease
in discharge is similar to an increase in water temperature of the upstream inflows with 28C. The southwest-
ern Delta (around BAC) is characterized by smaller residual velocities, potentially resulting in longer resi-
dence times and a larger impact of the atmospheric forcing. This implies that this region may be most
prone to changes in atmospheric forcing, such as an increase in air temperature that is predicted in climate
change scenarios (Cayan et al., 2009; Cloern et al., 2011). Spatial variations in the impact of upstream dis-
charges and changing atmospheric forcing imply that water management (i.e., reservoir operations, opera-
tions of weirs, and barriers) to affect water temperatures may be more effective for some locations than for
others. It should be noted that management of water temperature for multiple species in this estuarine eco-
system is complicated and worthy of future (e.g., model based) study.

Changing relative humidity by 100% and air temperature by 108C results in similar ranges in computed
water temperatures, while the impact of cloudiness (100% range) is smaller. The increase in air temperature
applied to the model is in agreement with predictions by Cayan et al. (2009), who project an air tempera-
ture increase of 1–38C in 2050 and an increase of 2–58C by 2100 based on two greenhouse gas emission
scenarios and six Global Climate Models (GCMs). The ranges applied for relative humidity and cloudiness in
this study are absolute maxima and minima, uniform in space and time, and far from realistic. When the rel-
ative humidity is 100%, less evaporation can take place and the water temperature rises drastically (and
vice versa for low relative humidity). The relative humidity is dependent on the absolute humidity and the
air temperature. Relative humidity for climate change scenarios need to incorporate this dependency.

Sensitivity tests were executed to study the impact of changes in forcing parameters separately, whereas in
reality the atmospheric and boundary forcings are coupled. An increase in air temperature might affect the
relative humidity and cloudiness, as well as the ocean and river inflow temperatures. These linkages
between forcings have been neglected herein in order to be able to distinguish the influence of different
forcing parameters from each other. The next application of this model as part of a series of linked hydrody-
namic, temperature and ecosystem models within the CASCaDE project will be the assessment of climate
and infrastructure change scenarios. Climate change scenarios will include changes in multiple mutually
consistent forcing parameters, which may interact with each other. Model improvement can be achieved
by using better atmospheric forcing values including wind forcing, as the model performance is better dur-
ing high discharges in spring, when the flow rates are higher and the relative impact of the atmospheric
forcing is lower. For example the air temperature over the day is schematized from daily minimum and
maximum values, which is not as accurate as hourly observed values. Station Dutch Slough at Jersey Island
(DSJ), situated within the southwestern Delta where the atmospheric forcing has a large impact, shows a
weaker agreement with observations than other stations (see supporting information), indicating that
improving the atmospheric forcing might result in even better model performance. Other processes that
may enhance model performance are exchanges with the bed and ground water. Exchange with the
ground water (not currently included in the model) might increase winter temperatures and decrease sum-
mer temperatures, as the ground water temperature has less variation over the year. Bed heat exchange is
currently being implemented, and preliminary results show an improvement of temperature predictions in
shallow areas (<Secchi depth), but little effect in the deeper areas. The current state of the model assumes
that radiation heats shallow water, while the bed absorbs the remaining radiation. New versions will con-
sider (back) radiation from the bed, slightly increasing mean water temperatures but also dampening tem-
perature variations in shallow water. Finally, further improvement of the hydrodynamic model may take
place by including freshwater supply in South Bay and including gate operations at the Clifton Court fore-
bay in the southern Delta (near Tracy pumping plant) and Sand Mound Slough in the southwestern Delta
(near Rock Slough pumping plant) (Martyr-Koller et al., 2017).

5. Conclusions

The Delft3D-Flexible Mesh Model reproduces the observed temperature dynamics in the San Francisco Bay-
Delta system with significant skill. The seasonal variation over the year is well reproduced, as are the daily
temperature variations at many locations. This model behavior is obtained without extensive calibration of
the temperature model itself, but used a calibrated and validated hydrodynamic model including salinity
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dynamics as a basis. The model was able to reproduce observed water
temperatures well for water year 2012, which was dry (‘‘below nor-
mal’’) and hence had low discharge rates.

North Bay shows thermal stratification, strongly enhanced by 3-D
salinity dynamics. The model is able to reproduce this stratification,
although weak stratification, with temperature differences on the
order of the model error, is not reproduced. As complex 3-D dynam-
ics appear largely absent in the Delta, a 2-D model was used to study
the effect of different drivers on the temperature dynamics in this
area, saving computational time. The 2-D model showed significant
skill for the water temperature in the Delta at most stations.

The impact of changing forcings varies throughout the Delta. We
hypothesize that this spatial variation in sensitivity is, at least in part, a
result of variations in flow rates and, consequently, the impacts of the
heat flux exchange with the atmosphere. When the residual velocity is
small and the residence time is likely longer, there is more time for
exchange of heat with the atmosphere and the local water temperature
can reach an equilibrium with the atmospheric forcing at that location.
An increase in ocean temperature does not affect the modeled temper-
ature dynamics in the Delta, given other forcing parameters do not

Figure A2. Observed water temperature at the surface (black) and near the bed (blue) and computed water temperature at the surface (orange) and near the bed
(cyan) at station Martinez (MRZ) for water year 2011 (top) and zoomed to 3 days in May (bottom).

Figure A1. Reconstructing an hourly air temperature signal from daily
minimum and maximum Livneh air temperatures.
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change. The impact of increasing inflow temperature at the model’s upstream boundaries decreases with
increasing distance from inflow points. For the ranges of forcings explored in this study, the southwestern
Delta is most sensitive to changes in the atmospheric forcing (relative humidity, air temperature, and cloudi-
ness), but less sensitive to changes in inflow temperatures and magnitudes of upstream discharges.

Appendix A

Figure A1 shows how a daily varying air temperature was reconstructed from minimum and maximum Liv-
neh air temperatures.

The following formula was used to convert the specific humidity to relative humidity:

Rhum5
0:263 � Patm � Shum

e
17:67�Tair
Tair 1243:5

� �

with Rhum is the relative humidity (%); Patm is the atmospheric pressure (Pa); Shum is the specific humidity (–);
and Tair is the air temperature (8C).

The following formula was used to convert the downward solar radiation to cloudiness:

Cloudiness5
0:42 0:1611:52 � 12 Qdw

Qcs

h i0:5
� �

20:76
� 100

with Cloudiness is the percentage of clear-sky solar radiation blocked by clouds (%); Qdw is the downward
solar radiation at ground level (W/m2); and Qcs is the clear-sky solar radiation at ground level (W/m2).

Figure A2 shows observed thermal stratification at Martinez Station and too small temperature variations in
the model.
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