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Key Points 14 

 A statistical model based on archival records from the 1850s onwards shows that average  15 

water temperature has increased by 1.1 oC/century since the mid-19th century 16 

 Water temperature is less variable than historically, and the deeper modern river system 17 

is less influenced by extreme heat waves or cold weather anomalies.    18 

 Warming air temperatures are the most important factor in modeled increases in water 19 
temperature, with river system changes most influential during the cool season  20 
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Abstract 21 

Using archival research methods, we recovered and combined data from multiple sources to pro-22 
duce a unique, 140-year record of daily water temperature (Tw) in the lower Willamette River, 23 
Oregon (1881–1890, 1941–present). Additional daily weather and river flow records from the 24 

1850s onwards are used to develop and validate a statistical regression model of Tw for 1850–25 
2020. The model simulates the time-lagged response of Tw to air temperature and river flow, and 26 
is calibrated for three distinct time periods: the late 19th, mid 20th, and early 21st centuries.  Re-27 
sults show that Tw has trended upwards at 1.1 oC /century since the mid-19th century, with the 28 
largest shift in January/February (1.3 oC /century) and the smallest in May/June (~0.8 oC /cen-29 

tury). The duration that the river exceeds the ecologically important threshold of 20 oC has in-30 
creased by about 20 days since the 1800s, to about 60 d yr-1.  Moreover, cold water days below 2 31 
oC have virtually disappeared, and the river no longer freezes. Since 1900, changes are primarily 32 
correlated with increases in air temperature (Tw increase of 0.81 ±0.25 oC) but also occur due to 33 

alterations in the river system such as depth increases from reservoirs (0.34 ±0.12 oC). Managed 34 
release of water affects Tw seasonally, with an average reduction of up to 0.56 oC estimated for 35 

September. River system changes have decreased daily variability (𝜎) by 0.44 oC, increased ther-36 
mal memory, reduced interannual variability, and reduced the response to short-term meteoro-37 

logical forcing (e.g., heat waves). These changes fundamentally alter the response of Tw to cli-38 
mate change, posing additional stressors on fauna. 39 

Short Summary 40 

We use archival measurements and a statistical model to show that average water temperature in 41 

a major US West Coast river has increased by 1.8 oC since 1850, at a rate of 1.1 oC /century. The 42 
largest factor driving modeled changes are warming air temperatures (nearly 75%). The remain-43 
der is primarily caused by depth increases and other modifications to the river system. Near-44 

freezing conditions, common historically, no longer occur, and the number of warm water days 45 

has significantly increased. 46 

1.0 Introduction 47 

Water temperatures are rising in many temperate streams and rivers, due to climate change, land-48 

use and development, deforestation, water withdrawal and return flows, reservoir storage, and 49 
other types of water-resources management (e.g., Kaushal et al., 2010; Olden & Naiman, 2010; 50 
Bottom et al., 2011).  Assessing long-term temperature trajectories and understanding their 51 
causes is important, because water temperature (Tw) influences ecological processes, water qual-52 

ity, oxygen levels, and fish habitat and survivability (e.g., Caissie, 2006; Bottom et al., 2011; 53 
Clemens 2022). However, with few exceptions (e.g., Webb & Noblis, 2007; Pohle et al., 2019), 54 
few Tw records from the late 19th or early 20th century have been recovered or evaluated, particu-55 
larly in North America (Kaushal et al., 2010). Historical, pre-development baselines are therefore 56 

difficult to assess, because many (often most) watershed changes, like reservoir construction, 57 
precede the start of available temperature records. Additionally, interannual and decadal variabil-58 
ity in climate can mask or bias trends in short records (e.g., El Nino/La Nina or the Pacific Deca-59 

dal Oscillation see Peterson & Kitchel, 2001; NASEM 2022).  In this study, we find, recover and 60 
analyze previously forgotten or unused archival Tw records from 1881 onward for the lower 61 
Willamette River. These records, which precede most industrialization and modern development 62 
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in the Pacific Northwest, provide a unique opportunity to discern secular trends, evaluate and at-63 

tribute causes, and assess the net impact of human activities in a temperate coastal river.  64 

The changes to the Willamette River watershed over the past 150 years are substantial and mirror 65 

other regions. Like many other rivers worldwide, the Willamette River is more channelized, 66 
deeper, and reduced in length compared to 19th century conditions (e.g., Piegay et al. 2000; Ral-67 
ston et al., 2019; Sedell & Froggatt, 1984; Benner & Sedell, 1997; Gregory et al., 2002a). Simi-68 
lar to other temperate-zone rivers, the seasonal flow regime has been altered by reduced snow-69 
pack and by the construction of flood-control and storage reservoirs (Knowles & Cayan, 2002; 70 

Cloern et al., 2011; Stewart et al., 2005; Webb & Noblis, 2007; Payne, 2002; Rounds, 2010).  71 
Beginning in the 19th century, logging within the watershed and deforestation of the riparian cor-72 
ridor decreased shading (Gregory et al. 1991; Johnson & Jones, 2000; Wallick et al. 2022).  Ur-73 
banization, water diversions, effluent discharges, hydroelectric projects, and storage for agricul-74 
ture have also likely shifted Tw (Berger et al., 2004; OR DEQ, 2006). Such processes have influ-75 

enced Tw in many other regions (e.g., Nelson and Palmer, 2007; Kinouchi et al., 2007; Palmer et 76 

al., 2010). Because of a lack of in-situ data from pre-reservoir conditions, the cumulative effect 77 
of anthropogenic influence is often unknown (e.g., OR DEQ, 2006).  Here, we analyze the net 78 
effect of anthropogenic stressors by developing statistical models from in-situ data that approxi-79 

mately represent pre-development conditions (pre-1890), post-land and river development condi-80 
tions (mid-20th century), and post-reservoir management conditions (present-day).    81 

Hydrological and land-use changes in temperate-zone river basins are occurring simultaneously 82 
with a warming climate marked by hotter extremes (e.g., Cloern et al., 2011, Hamlet & Let-83 
tenmaier, 1999; Palmer et al., 2010). Air Temperature (Ta) values in the Pacific Northwest have 84 

warmed about ~1.1 oC since 1900 (Mote et al., 2019), and the summers of 2009, 2015, and 2021 85 
had dry and hot conditions consistent with predictions from climate models (e.g., Mote and Sala-86 

thé, 2010; Bumbaco et al., 2013).  The combination of hot, dry weather and low river discharge 87 

(Mote et al., 2016) produced elevated Tw values in 2015, adversely affecting salmon populations 88 

(Crozier et al., 2020).  Extreme air temperatures, however, do not always lead to extreme Tw, for 89 
reasons we investigate. 90 

In this manuscript we investigate whether Tw averages and extremes over the past 20 years are 91 
significantly different than late 19th and mid-20th-century conditions, using much longer Tw rec-92 
ord than previously available.  From multiple, previously neglected sources we construct a 93 
unique, instrument-based Tw data set that extends back to 1881, a time period with a cooler cli-94 
mate and unimpeded, natural flows, before the onset of irrigation in the basin. We used a sto-95 

chastic regression approach to infill data gaps back to 1850, and statistical models from different 96 
eras to attribute changes to either climate change or local factors.  Our combined archival re-97 
search and statistical approach provides insights into how and why temperatures are increasing in 98 
coastal rivers like the Willamette, with implications for the future response of Tw  to climate 99 

change.  100 
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2. Background and Methods 101 

2.1 Study Area 102 

The Willamette River (Figure 1) has a 1971–2020 mean annual discharge of 940 m3/s and drains 103 
29,700 km2 of coastal Oregon (Figure 1; Branscomb et al., 2002). It is the 13th largest river in the 104 
contiguous United States by volume (Wallick et al. 2022), and its waters discharge into the larger 105 

Columbia River 162km from the Pacific Ocean. The lower Willamette River, the focus of this 106 
study (Figure 1), is 43 km long. It is influenced by ocean tides most of the year, and by backwa-107 
ter from the Columbia River, particularly during spring (Helaire et al., 2019). Because of its lo-108 
cation near the mouth, the lower Willamette is influenced by, and integrates climate changes and 109 
local anthropogenic changes within, its entire basin.  110 

Evaluating changes to Tw in the Lower Willamette River is important because it influences the 111 
long-term viability of salmon and other vulnerable and endangered species (Mantua, 2010; Bot-112 

tom et al., 2011, Isaak et al., 2012, Caldwell et al., 2013; Clemens 2022).  Above a threshold of 113 

18–21 oC, various species of salmon, steelhead, and trout are stressed and become more suscepti-114 
ble to disease (OR DEQ, 2006, Mantua, 2010). Also, the migration and spawning of Willamette 115 
River fish such as Pacific lamprey (Entosphenus tridentatus) (Clemens et al. 2016) and Chinook, 116 

coho, and chum salmon (Richter and Kolmes 2005) are directly impacted by elevated tempera-117 
tures. Because of such ecological effects, regulations require that the seven day average of the 118 

daily maximum temperature should not exceed 20 oC, with a lower threshold set for rearing and 119 
spawning streams (e.g., OR-DEQ, 2006).   120 

The Willamette Basin has a temperate climate marked by overcast conditions from October– 121 

May, and predominately dry conditions from June to September. Average annual precipitation on 122 
the valley floor is 1–1.3 m/yr., with up to 5 m occurring in mountainous headwater areas (Baker 123 

et al., 2002).  Rainfall and high discharge events occur primarily between November and March 124 

(Figure 2a). Historically, snow-melt contributed to elevated flows in the March–May time frame 125 

(Figure 2a), but a combination of declining snowpack and water has reduced spring discharge 126 
(Mote et al., 2018; Rounds, 2010). During summer, 60–80% of river water derives from high-127 
elevation regions above 1200m, either as direct snowmelt or as groundwater (Brooks et al., 128 

2012). Late-summer discharge has increased, however, because of the managed release of water.  129 

The mainstem of the Willamette River, which runs 300km south-to-north, has been extensively 130 
modified since the latter part of the 19th century, first for navigation and agriculture, and later for 131 
flood control. Land under irrigation was minor before 1910,but increased eightfold from 13,500 132 
to 110,000 Ha between 1945 and 1979 (Sedell & Froggatt, 1984). Before European settlement, 133 

the river was maintained in a prairie or savannah-like condition by burning (Christy & Alverson 134 
2011). After burning ceased (late 1700s), the river became fringed by a 3–7 km wide floodplain 135 
covered by a dense riparian forest and 2-5 shallow, braided channels (1.5-3m depth) that evolved 136 

each year (Thilenius, 1968; Sedell & Froggatt, 1984; Gregory et al., 2002a; Wallick et al. 2022). 137 

Beginning in the 1870s, but particularly in the first half of the 20th century, the river was reduced 138 
to a primarily single-thread stream, and shortened by nearly 20km (Sedell & Froggatt, 1984; 139 
Gregory et al., 2002a). Shading was much reduced (Lee et al. 1995; OR-DEQ 2006).   Bank-sta-140 
bilization measures began in the late 1800s and occurred most prominently during the 1930s–141 
1960s; approximately 25% of Willamette River banks now have engineered protection (Gregory 142 
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et al., 2002b). Further, from 1870-1950, approximately 65,000 dead trees (up to 60m long with a 143 

diameter of 0.5– 2m) were removed (>500 per km; Sedell & Froggatt, 1984).  As a result of 144 
these efforts, off-channel alcoves and sloughs—often 2–7 oC cooler than the mainstem—de-145 

creased in extent by 70-80% (Landers et al., 2002).  Additionally, forested floodplain decreased 146 
by 75-90% (Landers et al., 2002;Gregory et al. 2019). Dredging further altered the river up-147 
stream of ~River km (Rkm) 50, particularly before 1930 (Willingham, 1983); much more exten-148 
sive dredging has occurred in Portland Harbor (e.g., Helaire et al., 2019). The depth of the river 149 
is currently ~ 12m in the lower ~20km of the Willamette, the focus area of our study (Figure 1).  150 

Depths gradually reduce to a centerline depth as shallow as 1.5-2m around Rkm 280 (US Geo-151 
logical Survey (USGS), 2003). 152 

A total of 371 reservoirs and impoundments have been built in the Willamette basin, with a com-153 
bined capacity of more than 3.3 km3 (Payne, 2002). Given a mean discharge of about 980 m3s-1 154 
(Naik and Jay, 2011), these reservoirs potentially store ~10.6% of the annual average flow. The 155 

majority were built between 1950–1980, with only ~23 built pre-1950 and ~25 after 1980 156 

(Payne, 2002).  Eleven federal storage and flood control reservoirs were built between 1953 and 157 
1969 with a combined maximum storage capacity of 2.57 km3 (Payne, 2002; Rounds, 2010).  158 
The two federal reservoirs built in the 1940s were relatively small (combined capacity of 0.18 159 

km3); therefore, we consider the period before 1953 to be pre-river flow regulation. Hydrological 160 
records suggests that flood control exerted some influence in the 1954–1969 period, reducing 161 

peak flows during the December 1964 flood considerably; thus, the modern hydrological regime 162 
began during this period (Waananen et al. 1970; Gregory et al., 2002c).   163 

Reservoirs have increased the surface area of water within the system by about 200 km2, with the 164 

majority (80–85%) occurring in the 13 federally operated water projects (Payne, 2002). An addi-165 
tional net increase of ~50 km2 in water surface area is estimated for the Willamette Valley since 166 

1851 (Gregory et al., 2002d), in part from water impoundments.  By comparison, channelization 167 

between 1850 and 1995 removed ~ 17 km2 of water surface on the mainstem Willamette, from 168 

76 to 59 km2 (Gregory, 2002a). Summertime peak Tw values at reservoir sites are hypothesized to 169 
have decreased after dam construction; at the same time, autumn Tw has increased (e.g., Angiletta 170 

et al., 2008; Rounds, 2010). 171 

2.2 In situ measurements 172 

Measurements were obtained from multiple federal, state and local archives and databases to as-173 
sess meteorological and fluvial conditions between 1850–2021 (Figure 1; Table 1 & Table 2). 174 
We found and digitized previously unused records from the US Signal Service (1881-1890) and 175 
the US Weather Bureau (USWB) (1941–1961) held at the National Centers for Environmental 176 

Information (NCEI).  A spot-check of US Army Corps of Engineers records from Willamette 177 

Rkm 10.5 from 1941– 42 (Moore, 1968) showed a general consistency with individual USWB 178 

measurements, to within 1o C.  Modern records of Tw are available from the US Geological Sur-179 
vey (USGS) since 1961, with ~26 station years available in the Portland metropolitan area since 180 
1971 (Table 1). These federal records are supplemented by additional state and local records. In-181 
termittent grab-sample measurements of Tw are available from the State of Oregon Department 182 
of Water Quality, particularly during summer (1949, 1953–present; obtained from the City of 183 
Portland). Additionally, nearly continuous daily measurements of Tw at the Willamette Falls fish 184 
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ladder from 1985– 2020 were obtained from the Oregon Department of Fish and Wildlife.  Fi-185 

nally, continuous records were obtained for 1992–1999 and 1997–2015 at two locations near 186 
Portland (City of Portland; see also Annear et al., 2003).     187 

We combined the above Tw records to obtain a 90-year record of in-situ Tw covering 64% of the 188 
1881 to 2021 period (Table 1). Daily measurements were adjusted to the daily minimum temper-189 
ature, because most historical measurements were made in the morning. The adjustment, typi-190 
cally ~0.1 oC, was based on the monthly averaged differences between measurement time stamps 191 
and the daily minimum in modern, high resolution data (Table 1). The composite 1881–2021 rec-192 

ord uses Lower Willamette records when available, and the nearest mainstem data otherwise (if 193 
available). Records in Oregon City and farther upstream were adjusted for spatial heating effects 194 
through the use of monthly averaged gradients observed between coterminous measurements 195 
from 2000–2017.  Most adjustments for spatial variability were minor (<0.3 oC), except for 1962 196 
and 1983–1984, for which the only available measurements were from the middle or upper 197 

Willamette River. Additional notes are included in Table 1, and the sources of data in the compo-198 

site are included in the data record (see data repository).    199 

Additionally, we use Tw measurements from the lower Columbia River to check our model esti-200 
mates (see section 2.4) during periods with no other data (Figure 1, Table 1). Tw was measured 201 

up to twice daily at Astoria, approximately 24 km from the ocean, from 1854–1876 (Talke et al., 202 
2020). Monthly estimates of Tw at Tongue Point (Rkm 29) are available from 1925–1964 (U.S. 203 

Coast and Geodetic Survey (USC&GS),1967), and daily records were obtained from 1940–42 204 
(Moore, 1968) and 1949–present from the National Oceanographic and Atmospheric Admin-205 
istration. Before 1950, surface waters at Astoria were generally freshwater or brackish during 206 

typical flow conditions (Al-Bahadily, 2020, USC&GS, 1967), and therefore are representative of 207 
river Tw values.   208 

The availability and quality of in-situ data informs our choice of model calibration periods and 209 
interpretation of model/data comparisons. Monthly averages of the USGS, DEQ, and City of 210 

Portland data from 2009 to 2015 agree to within 0.1–0.2 oC, indicating that modern measure-211 
ments from the last two decades are consistent and of high quality.  This comparison also shows 212 

that grab samples from the water surface compare favorably with other methods.  Measurements 213 
by the USSS (1881–1890) and USWB (1941–1961) were made at a 1st-order weather station by 214 
trained professionals, and appear to be of high quality; however, little independent verification is 215 
possible.  Evaluation of data from 1962 to the mid-1990s indicates some periods with lesser 216 
quality in which different measurements disagree with each other. For example, summertime 217 

measurements from a thermograph in Oregon City (1963–1967) are as much as 1.8 oC higher 218 
(monthly average) than coterminous grab-samples; a smaller difference occurs between Saint 219 
Johns Bridge measurements (1971–1975) and grab-samples (Table 1). Because the typical differ-220 
ence between such measurements is reported to be <1 oF (0.56 oC) (Moore, 1967), an undocu-221 

mented instrumental or measurement issue occurred.  222 

2.2.1 Meteorological and Flow records 223 

A nearly complete USGS discharge record for the lower Willamette River is available from 1893 224 
to present, with intermittent values available from 1878–1892.  Daily discharge is available from 225 
the USGS in Portland from 1972 to the present (USGS Gauge 14211720). Routed estimates of 226 
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discharge at Portland are available for earlier periods from 1878 forward from Jay & Naik 227 

(2011), based on USGS measurements at Albany (USGS Gauge 14174000) and Salem (USGS 228 
gauge 14191000).   229 

Records of daily maximum Ta from the Portland-Vancouver area were found in several sources 230 
(Table 2).  Daily USSS weather records at Vancouver (1849–1868) and Eola (1870–1892) were 231 
provided in digital form by the Midwestern Regional Climate Center (https://mrcc.purdue.edu/ ).  232 
Additional daily records from the USWB and the National Weather Service from Portland and 233 
Vancouver cover the 1874–present period and were obtained from NCEI.   234 

Air temperature (Ta) records were carefully evaluated for potential bias and consistency with 235 
each other (Table 2; see Figure 1 for locations). For example, the Vancouver record from 1895–236 
1965 averages 0.4 to 0.5 oC warmer than the downtown Portland record. Average Portland Air-237 
port values were <0.05 oC cooler than the downtown Portland Weather Bureau readings between 238 

1940 and 1948. Thereafter, the downtown Portland record warmed more quickly, and was 0.54 239 
oC warmer than the Airport from 1960–1969.  The modern Portland KGW record (1973–pre-240 

sent), located at 48.5m above sea-level, is slightly cooler from 1991 to 2020 (annually averaged 241 
daily maximum = 17.08 oC) than the Portland Airport (17.47 oC).  Under standard atmospheric 242 
conditions, with a lapse rate 6.5 oC per 1000m, a difference of ~0.3 oC is expected between these 243 

records as compared to the actual difference of 0.39 oC. Thus, we conclude that the measured 244 
difference between the stations is almost entirely explainable by elevation effects. After adjust-245 

ing for mean biases, the root-mean-square error (RMSE) between the various daily Portland Ta 246 
records is about 1-1.1 oC from 1940-present.  The RMSE between Vancouver and Portland Ta  is 247 
larger (1.5–1.6 oC), possibly because of small differences in local climate. The influence of these 248 

small differences on our Tw model results is explored later.  249 

2.3 Advection-Diffusion equation 250 

To develop our statistical model approach, understand its limitations, and motivate its form, we 251 

first consider the underlying physical dynamics. Heating and cooling of river water is governed 252 
by the Advection-Diffusion equation (ADE; e.g., Fischer et al., 1979).  When vertical and cross-253 

sectional variations in Tw are neglected, the 1-D ADE for Tw as a function of time t and along-254 
channel coordinate x (positive downstream) reads: 255 

𝜕𝑇𝑤

𝜕𝑡
= −𝑢

𝜕𝑇𝑤

𝜕𝑥⏟  
𝐴𝑑𝑣𝑒𝑐𝑡𝑖𝑣𝑒 𝑇𝑒𝑟𝑚

+ 
𝜕

𝜕𝑥
(𝐾

𝜕𝑇𝑤

𝜕𝑥
)⏟      

𝐷𝑖𝑓𝑓𝑢𝑠𝑖𝑣𝑒 𝑇𝑒𝑟𝑚

+
𝐻

𝜌𝑐𝑝𝑑⏟
𝐻𝑒𝑎𝑡𝑖𝑛𝑔 𝑡𝑒𝑟𝑚

,      (1) 256 

where K is a horizontal diffusion coefficient, u is river velocity, H is the sum of heat flux into or 257 

out of the system, d is the cross-sectionally averaged depth, 𝜌 is the density of water, and cp is 258 

the heat capacity of water. This simple ADE does not consider groundwater flow, which cools 259 

the off-channel alcoves of the Willamette River during summer (Faulkner et al., 2020).  260 

We use scaling of Equation 1 to determine the relative importance of the advection, diffusion, 261 

and heating terms, relative to the time rate of change 
𝜕𝑇𝑤

𝜕𝑡
.   An evaluation of measurements sug-262 

https://mrcc.purdue.edu/
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gests that the diffusive term is negligible, but that the nonlinear advective term is likely influen-263 

tial during summer, due to a positive 
𝜕𝑇𝑤

𝜕𝑥
 (Figure 2). Nonetheless, the low velocities in late sum-264 

mer counteract the influence of large  
𝜕𝑇𝑤

𝜕𝑥
.   Based on our scaling, the heating term is usually the 265 

leading order term that drives the time rate of change of Tw, (c.f., Wagner et al., 2011). When ad-266 

vection and diffusion are unimportant, the non-linear heating term (
𝐻

𝜌𝑐𝑝𝑑
 ) drives the 

𝜕𝑇𝑤

𝜕𝑡
 term.  267 

The 
𝐻

𝜌𝑐𝑝𝑑
 term can be linearized, enabling use of a linear regression approach in which Tw is a 268 

function of Ta and river discharge Q (see Mohseni & Stefan, (1999) or the supplement for a more 269 

detailed discussion of linearization assumptions). The river discharge term incorporates the net 270 

influence of precipitation, snowmelt, and groundwater recharge. 271 

The discussion above suggests that linear regression models have a basis in the underlying physi-272 
cal dynamics.  However, a number of assumptions and approximations must be made to convert 273 
(1) to linear form., and a linearized representation of average conditions during a particular sea-274 

son may work less well under unusual or extreme conditions.  Simplifying heating to be a linear 275 

function of 𝑇𝑎 and Q works best during periods of relatively constant Tw and river discharge (see 276 

Mohseni & Stefan 1999). In summary,  
𝜕𝑇𝑤

𝜕𝑡
 in (1) can be linearized and expressed in terms of 277 

three basis functions, 𝑇𝑤,  𝑇𝑎, and 𝑄 (see supplement for more information): 278 

𝜕𝑇𝑤

𝜕𝑡
= 𝑏𝑤𝑇𝑤  +  𝑏𝑎𝑇𝑎 − 𝑐𝑄𝑄,         (2) 279 

where 𝑏𝑤, 𝑏𝑎, and  𝑐𝑄 are coefficients and the minus sign indicates that river flow reduces Tw. 280 

Using the approximation 
𝜕𝑇𝑤

𝜕𝑡
≈
 𝑇𝑤𝑛− 𝑇𝑤𝑛−1

∆𝑡
, we find that Tw at time step n is equal to the Tw at the 281 

previous time step (n– 1), plus a correction that is a function of Ta and Q: 282 

𝑇𝑤𝑛 = 𝑇𝑤𝑛−1 + ∆𝑡 (𝑏𝑤𝑇𝑤𝑛 + 𝑏𝑎𝑇𝑎 − 𝑐𝑄𝑄)      (3) 283 

Thus, Equations 2 & 3 depict an autoregressive (AR1) process.  Hence, at time n– 1, Tw is a 284 

function of the 𝑇𝑤 at time n– 2, and the 𝑇𝑤 at n– 2 depends on 𝑇𝑤 at n– 3.  If we develop and then 285 

substitute the solutions for 𝑇𝑤𝑛−1, 𝑇𝑤𝑛−2, …. into Equation 3, we find that   286 

𝑇𝑤(𝑡) =  ∑ 𝑎𝜏(𝑡 − 𝜏)𝑇𝑎(𝑡 − 𝜏)
𝜏=𝑗
𝜏=0 + ∑ 𝑏𝜏(𝑡 − 𝜏)𝑄(𝑡 − 𝜏)

𝜏=𝑗
𝜏=0 + 𝐶,     (4) 287 

where 𝑎𝜏 and 𝑏𝜏 are regression coefficients at some time lag 𝜏,  C  is a constant of regression, 288 

and the time period j is chosen to be long enough that the coefficients 𝑎𝜏 and 𝑏𝜏 effectively be-289 

come negligible and/or statistically insignificant.  Further, at the large time lag 𝜏 = 𝑗, the influ-290 

ence of the time-lagged temperature term in Equation 3 becomes negligible and drops out. The 291 

coefficients 𝑎𝜏 and 𝑏𝜏 can be modeled using an exponential filter approach (e.g., Al-Murib et al., 292 

2019); here, as explained below, we estimate the coefficients directly.  293 
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2.4 Statistical Model  294 

We model Willamette River Tw by applying a stochastic modeling approach to  eq. (4) (c.f., Ben-295 
yaha et al., 2007).  In this approach, the dependent variable (Tw) and the independent variables 296 
(TA and river discharge Q) are decomposed into a long term climatological average and a time 297 

varying component. A similar approach has also been applied to the Columbia River (Scott, 298 
2020, Scott et al., 2023); other statistical models applied to this region include Moore (1967), 299 
Donato (2002), Bottom et al. (2011) and Mayer (2012). For a generic variable X(t) measured 300 
daily, we define the climatological average as  301 

𝑋(𝑡)̅̅ ̅̅ ̅̅ =
1

𝑦2−𝑦1+1
∫ ∫ 𝑋(𝑡)𝑑𝑡

𝑇/2

−𝑇/2
𝑑𝑦

𝑦2

𝑦1
,        (5) 302 

where T = 30 days, 𝑡 is the integer number of days since the start of the year, y1 is the beginning 303 
year of the time series (e.g., 1881), y2 is the end year (e.g., 1890), and the overbar represents the 304 

climatological average. The 95% uncertainty in the climatological average is given by 
𝑡∗𝜎

√𝑁
 , where 305 

t* =1.96 for a large sample size N, and 𝜎  is the standard deviation.  In practice, the number of 306 

years we used to define the climatological average is limited by available data.  307 

 The deviation from climatology, caused for example by a heat wave, is defined as: 308 

𝑋′(𝑡) = 𝑋(𝑡) − 𝑋(𝑡)̅̅ ̅̅ ̅̅           (6)  309 

For a model to have predictive and explanatory power, it must exhibit a root mean square error 310 

(RMSE) less than 𝑋′(𝑡). Substituting Equation 5 & 6 into Equation 4, our basis function be-311 
comes: 312 

𝑇𝑤
′(𝑡) =  ∑ 𝑎𝜏(𝑡 − 𝜏)𝑇𝑎

′(𝑡 − 𝜏)
𝜏=𝑗
𝜏=0 + ∑ 𝑏𝜏(𝑡 − 𝜏)𝑄

′(𝑡 − 𝜏)
𝜏=𝑗
𝜏=0 + 𝐶 ,   (7) 313 

where the prime indicates a deviation from climatology and other terms are as defined in Equa-314 

tion 4.  Based on experimentation, we use daily 𝑇𝑎
′lags up to two weeks.  Thereafter, we use av-315 

erage 𝑇𝑎
′, to obtain a statistically significant correlation. A 15 day average is used for day 15– 316 

30, and 30 day averages are used thereafter, up to 6 months. Similarly, river discharge 𝑄′ is aver-317 

aged using a 10 day average for day 1– 10, a 20 day average for day 11– 30, and – a 30 day aver-318 
age thereafter. 319 

A total of 7 statistical models are developed from Equation 7, using data from the 19th century 320 
(1881–1890), mid-20th century (1941–1952), and modern period (2000–2015) (see Table 2). The 321 

models differ in the location of air temperature data and time period used. These three calibration 322 
periods were chosen based on available data; they approximate (nearly) pre-development condi-323 
tions, pre-flood control conditions, and modern conditions. The models are named based on the 324 
first year of calibration data and the first letter of the meteorological station used; for example, 325 
1941V and 1941D are models trained with 1941–1952 data from Vancouver and Downtown 326 
Portland, respectively (Table 2).  Within each model, we further developed a summer sub-model 327 
(July–September), a winter sub-model (January–March) and an annual model, based on all avail-328 
able data.  Experimentation was used to obtain the optimal timespan of winter and summer mod-329 
els, and the annual model is used for months not covered by the winter or summer models.  For 330 
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example, the summer model covers July to September, consistent with the observation that the 331 

horizontal temperature gradient is largest during this period (Figure 2b).  Through experimenta-332 
tion, we also determined that discharge only produces a statistically significant effect for sum-333 

mertime models based on 1941–1952 and 2000–2015 data (i.e., not winter or annual models).  334 

Each statistical model produces an estimate of Tw over the period of record of its underlying Ta 335 

record (Table 2; data available as supplemental information).  Based on output time series, a 336 
composite estimate of modeled Tw was produced using the best available statistical model. A 337 

compromise was required when deciding which era of model to use in the composite, because 338 
there is no absolute delineation between pre- and post-reservoir conditions, or between a nearly 339 
natural and substantially altered landscape. Models based on Vancouver Ta measurements were 340 
used pre-1868, Eola Ta measurements from 1870–1874, downtown Portland from 1874–1939, 341 
and the Portland Airport data thereafter. For each year, the two seasonal sub-models were used, 342 

with the annual sub-model used at other times. The mid-20th century calibration, representing 343 

pre-reservoir, post-landscape change conditions, was applied to the 1900–1960 period (1941A 344 

model); thereafter, we assume modern flood control, and applied the modern calibration (2000A 345 
model).  Estimates from 1869–1899 used the calibration based on 1880s Tw data (1881D model). 346 

No overlap occurred between Vancouver Ta and Willamette Tw measurements during the 19th 347 
century.  Hence, pre-1868 estimates used the mid-20th century calibration to Vancouver Ta (the 348 

1941V model), since a 19th century calibration was unavailable.   349 

The skill of each statistical model was assessed by evaluating the root-mean-square error 350 
(RMSE) between the composite model estimate and measurements.  Our values are compared 351 

against the RMSE found between measurements and climatology. The uncertainty of modeled 352 
temperature estimates was assessed using a Monte Carlo approach. Two thousand possible en-353 

sembles of the model coefficients were created, under the assumption that coefficient uncertainty 354 
(obtained by the linear regression) was normally distributed. The 95th percentile of the resulting 355 

spread of solutions is reported. 356 

2.5 Attribution Analysis 357 

We approximate the influence of changing air temperatures, changing river discharge, and the 358 
integrated effect of river system changes through experimentation using our statistical models.  359 

The following first-order effects are approximated: 360 

1. Climate change impacts: Climate change has driven changes in the 30 year average cli-361 
matology of daily air temperature in the region (e.g., Mote et al., 2019). We estimate the 362 

influence of changed air temperature climatology by running our modern statistical 363 
model (model 2000A; see Table 2) using historical downtown climatology (1875-1904) 364 

and modern Portland airport climatology (1991-2020) (daily time scale). River flow is 365 
kept constant and does not influence results. The difference between these scenarios is 366 
attributed to climate change. The uncertainty in modeled Tw is assessed by perturbing in-367 
put climatology with plausible uncertainty and bias estimates in Ta.   368 

2. Effect of altered river flow: Changes in river flow seasonality, caused primarily by water 369 
resources management but also influenced by changing snow pack (e.g., Naik & Jay, 370 
2011) can influence water temperatures in our 1941 and 2000 era summer models (Table 371 
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2; river flow was not statistically significant in 1881 era models).  The change in the river 372 

hydrograph (see Figure 2a) is applied to the 1941 and 2000 era models (Table 2), with the 373 
Ta input kept the same between models. The difference in model output shows the influ-374 

ence of altered average river flow on modeled Tw for the July-September time frame be-375 
tween pre-reservoir (1901–1940) and modern (1981–2020) conditions.  376 

3. Integrated system changes:  Over the past 150 years, multiple landscape and watershed 377 
changes, including loss of riparian habitat and reservoir construction, have occurred (Sec-378 
tion 2.1).  We investigate their net influence on Tw by applying the same river flow and Ta 379 

data from 2000– 2020 to models from different eras (Table 2).  Because the input into 380 
each statistical model is identical, any differences in output Tw are caused by changes in 381 
model coefficients (Equation 7). The uncertainty analysis in section 2.4 is applied to de-382 
termine whether differences are statistically significant, consistent with the hypothesis 383 
that river system changes have altered the river’s response to external heating and other 384 

forcing.  385 

3.0 Results and Discussion 386 

3.1 Model Assessment 387 

Results show that the best-fit coefficients (see Equation 7) generally decrease in magnitude as Ta 388 
(Figure 3a,b,c) and river discharge (Figure 3d) are lagged backwards in time. Further, the decor-389 

relation structure is different for the 19th, mid-20th, and 21st century models (Figure 3); hence, for 390 
the same forcing, these statistical models will produce a different output (Equation 7).  Statisti-391 

cally significant coefficients are found at up to a 3-month lag in the 1880s model, and 4 months 392 
in the others.  The magnitudes of coefficients at 2–4 month lags are larger today, at ~0.0025 393 
oTw/oTa per day (modern) vs. ~0.0017 oTw/oTa  per day (1940s; annual model). As discussed later, 394 

the changes in the statistical model between eras likely occurs due to the integrated effect of land 395 

use and water management changes.   396 

Time-series comparisons of modeled and observed Tw (Figure 4) and statistical evaluations (Ta-397 
ble 2) confirm that the stochastic model reproduces year-to-year differences in Tw and weekly–398 
monthly perturbations caused by persistent warm/cold weather. Some synoptic scale events of 399 

less than a week are only partially captured, possibly because of factors not included in the 400 
model; e.g., cloud cover, wind, or depth changes due to backwater from the Columbia River (see 401 
also Wagner et al., 2011), and the tendency of statistical models to underestimate extremes. The 402 
RMSE between the measured and modeled daily minimum Tw varies from 0.87 to 1.1 oC for the 403 
annual model, with RMSE as low as 0.53 oC and 0.72 oC for the summertime and wintertime 404 

models, respectively (Table 2).  Results are less good using Eola (1870–1892), a historical 405 
weather station which was located ~70km from Portland and may imperfectly represent local 406 

meteorological forcing. For monthly averaged estimates, RMSE varies from ~0.3 to 0.9 oC, with 407 
the best agreement obtained during the modern period and the summertime sub-models (Table 408 
2).   409 

Our statistical model results compare favorably with numerical models, other statistical ap-410 
proaches, and climatology.  For example, the RMSE at Portland for a calibrated numerical model 411 
based on measurements from April–September 2002 was 0.43 oC (Berger et al., 2004), compared 412 
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to 0.52 oC for our model over the same period.  Similarly, our models perform significantly bet-413 

ter than estimates based on Tw climatology, which we calculate have a root-mean-square error 414 
(RMSE) of 1.86, 1.46, and 1.43 oC for the 1881–1890, 1941–1952, and 2000–2015 calibration 415 

periods, respectively (see Table 2).  Our results compare well with traditional linear regression 416 
and stochastic models, which have reported RMSE of ~0.6–1.9 oC, depending on model type, 417 
river size and location, and averaging period (e.g., Caissie 1998; see also review by Benyahya et 418 
al., 2007 and references therein).  More recent statistical models, including air2stream (Toffolon 419 
and Piccolroaz, 2015) and machine learning approaches (e.g., Fiegl et al., 2021), report RMSE of 420 

0.5-1 oC on a daily scale, similar to the results presented here (Table 2).  Results are also compa-421 
rable to numerical models that generally have an RMSE <1 oC (e.g., Dugdale et al., 2017).  We 422 
conclude that our statistical models accurately represent the most important factors affecting Tw, 423 
as long as the underlying measurements driving the model are reasonably accurate and repre-424 
sentative of local conditions.  425 

Modeled Tw estimates based on models using different Ta data series (Table 2) compare well 426 

with each other, with similar averages and variability. During their period of overlap from 1940–427 
1973, daily modeled Tw values are slightly larger (0.08 oC) using the airport model (1941A) than 428 
the downtown Portland model (1941D). Similarly, the Vancouver model (1941V model) is 0.02 429 
oC lower than the airport model (1941A) between 1940 and 1965.  For the same periods, the 430 
daily RMSE between the 1941A model Tw and the 1941D and 1941V models is 0.29 oC and 0.32 431 
oC, respectively.  For the 1896–1965 period, the 1941D and 1941V models show a mean differ-432 
ence of 0.06 oC (Vancouver larger), and an RMSE of 0.37 oC. These observations provide an or-433 
der of magnitude estimate of the aggregate influence of input data and model variability on un-434 

certainty, whether caused by spatial variations in Ta, differences in the statistical coefficients, or 435 
instrumental measurement precision or bias errors. The consistency and small RMSE between 436 

model results improves our confidence in both the input data and the results. 437 

One of the factors driving the larger RMSE in the historical model is the larger overall system 438 

variance measured for 19th century Tw. The typical distribution of Ta anomalies from the climato-439 
logical mean has remained stationary between different time periods, and the standard deviation 440 

is nearly the same (within ~5%; Figure 5).  However, between the 1880s and the 2000–2015 pe-441 
riod used for calibration, the distribution of measured Tw anomalies markedly contracted, and the 442 
standard deviation decreased from 1.86 to 1.42 oC (Figure 5).  Since the distribution of Ta anom-443 

alies remained similar, a likely explanation for the decreased variance in Tw is anthropogenic 444 
change to the local environment (e.g., flow regulation, landscape changes, channel deepening), 445 

namely simplification of the riverscape (Peipoch et al. 2015) (see discussion). 446 

3.2 Water Temperature Changes in lower Willamette 447 

Model results and measurements show that water temperatures have increased steadily since the 448 

1800s. Increases are observed at all times of the year (Figure 6), leading to an increase in annu-449 
ally averaged Tw of 1.1 ± 0.2 oC/century (Figure 7).  The largest increase occurred in winter; dur-450 
ing January–February, the trend in average Tw is 1.3 ± 0.3 oC/century (Figure 6a). Similarly, the 451 
minimum annual temperature is increasing quickly, at 1.8 ± 0.5 oC/century (Figure 7b). The 452 
smallest bi-monthly averaged trends occur in late spring, during May–June (0.82 ± 0.3 oC/cen-453 
tury trend; Figure 6d). Maximum summer temperatures are trending upwards at ~0.9 ± 0.3 454 
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oC/century (Figure 7c), smaller than the annual average. Overall, model results (grey) track avail-455 

able in-situ measurements (red) well, except for some months during periods with lesser data 456 
quality in the 1960s–1970s (Figure 6 & 7). The consistency of modeled and measured trends fur-457 

ther increases confidence in our results.   458 

No single event or individual system perturbation appears to be causing trends, as there are no 459 
step-function changes or inflection points in Tw trends (Figures 6 & 7). Instead, an upwards ten-460 
dency in Tw is punctuated by large year-to-year variability. In the modern system, the largest in-461 
terannual variation occurs during the typically high-flow spring (May–June), with swings of ~5 462 
oC observed in bimonthly averages from year to year (Figure 6). The late summer and autumn 463 

season (September–December) is least variable (1 oC variability between years). During the 464 

19th century, greater year-to-year fluctuations occurred in both measurement and model means 465 
during all seasons, typically 4-6 oC (Figure 6).  The largest decreases in year-to-year variability 466 
are observed between September to February. Cool-season measurements at Astoria (1854–467 

1876) from November–April confirm this variability, and track modeled results despite its loca-468 
tion on the Columbia River (see e.g. Figure 4a and 4c, Figure 6). The correspondence likely oc-469 
curs because during fall and winter, proportionally more water in the lower Columbia is sourced 470 
from coastal tributaries, especially the Willamette River, than during other times of year (see 471 

Naik and Jay, 2011 and Hudson et al., 2017).  472 

Results suggest that Tw has exceeded a threshold of 20 oC during summer for 15–90 days for the 473 

entire 1850-2021 period (Figures 4, 7c, 8 and 9), despite generally cooler 19th century conditions. 474 
A spaghetti plot of all available in-situ data shows that maximum Tw and most exceedances of 475 
the 20 oC Tw threshold have occurred in July and August (Figure 8), with no secular trend in tim-476 

ing observed (Figure 8, 9). During some cool summers historically (e.g., 1949; see Figure 8), Tw 477 
oscillated around 20 oC during summer.  In other years, it reaches a peak of 25–26 oC and re-478 

mains above the 20 oC threshold from June to September (Figures 8 & 9).  During the hot, low 479 

river-discharge summers of 1889 and 2015 (Figure 8), Tw exceeded 20 oC for 91 and 95 days, re-480 

spectively. The biggest difference between the two years, consistent with other observations, is 481 
that Tw was more variable during the summer of 1889 than in 2015. 482 

Summers with persistently elevated Tw occur more often today than historically (Figures 8 & 9).  483 

On average, Tw crosses the 20 oC threshold earlier in the season and exits later than in the 1800s 484 
(Figure 9). From1881–1890, measurements show that the 7-day average temperature exceeded 485 

the effective regulatory limit of 20.3oC (a 0.3oC allowance is added to the 20oC limit; see OR-486 
DEQ, 2006) an average of 42 days, with a range of 11–80 days.  For the 2000–2021 period, the 487 
range was 35– 92 days, with an average of 63 days (see also Figure 9). Thus, there is both an in-488 

creased number of exceedances and a decreased (though still substantial) year-to-year variability. 489 
Evaluated using a 10-year average, the number of days per year that exceed 20 oC increased by 490 
roughly ~50% (20d) between 1850 and 2020, from around 40 d yr-1 to more than 60 d yr-1 (Fig-491 

ure 10). The threshold of 22 oC was exceeded relatively rarely in the 1800s (<5 days per year), 492 
but is now exceeded nearly 40 days per year.   493 

The number of cold-water days in winter has declined as overall temperatures have warmed (Fig-494 
ure 10a). Tw is now rarely below 4 oC, compared to about 25 d per year in the mid-1800s.  Simi-495 
larly, near freezing temperatures (below 2 oC) were common in the 1800s (up to 10 d yr-1), but 496 
almost never occur now.   497 
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In general, seasonal patterns of measured Tw and shifts between 19th and 21st century data are 498 

consistent with measurements of Ta, with some slight variations in timing and magnitude (Figure 499 
11). Measurements in Portland indicate that average Ta increased by 1.3 oC between the 1875–500 

1904 and 1991–2020 periods (based on daily maximum; Figure 11b), consistent with warming 501 
trends of 0.5–2 oC per century at 100+ stations throughout the Pacific Northwest (Mote et al., 502 
2003). The smallest increases in Portland Ta occur in spring (April–June) and in late fall (No-503 
vember–December), and the largest occur in January–February and July–October, again con-504 
sistent with Ta trends in the Maritime Pacific Northwest (Mote, 2003). We find little evidence 505 

that the heat-island effect (e.g., Voelkel et al., 2018) is substantially affecting these trends (see 506 
supplemental information). Regional data processed for inferred biases suggest a slightly smaller 507 
average change of 0.9 oC over a similar period (see Scott et al., 2023), and overall the Pacific 508 
Northwest increased by 1.1 oC since 1900 (Mote et al., 2023).  Interestingly, the 1880s was an 509 
anomalously warm decade for both Ta and Tw; thus, Ta climatology over a 30y period shows a 510 

greater change between the 19th century and present-day (Figure 11a, 11b) than the shorter peri-511 

ods of Tw available for calibration (Figure 11c, 11d); see supplement.   512 

3.3 Causes of water temperature changes 513 

Model sensitivity tests confirm that changes in Ta driven by climate change (increased Ta) are the 514 
most significant factor in long-term increases in Tw, with net river system changes an additional 515 

important contributor during the cool season (see section 2.5, Figure 12). Seasonally, changes to 516 
Ta between the 1875–1904 and 1991–2020 periods dominate the modeled trends in Tw during late 517 
winter, summer and early fall (late January-early March, July–October; Figure 12). Averaged 518 

over a year, a total increase in Tw of 0.81 ± 0.25 oC is correlated to Ta changes. A maximum cli-519 
mate-induced change of ~1.7 ± 0.3 oC occurs in September.  Climate shifts produce a lesser shift 520 

of 0.5–0.6 oC increase in Tw in spring (late March to June), and little change occurs in December, 521 
consistent with air-temperature climatology (compare Figure 11 and 12).  The uncertainty in the 522 

Ta contribution is driven by the uncertainty in the Ta climatological average, which is ±0.22 oC 523 
and is caused by interannual variability (see Equation 5); model coefficient uncertainty is a mi-524 

nor factor. Modeled Tw changes are robust to small systematic biases in Ta; if the average change 525 
in Ta is reduced by 0.4 oC (consistent with the Scott et al. 2023 estimate for Portland Ta change), 526 

the average Tw only decreases by ~0.23 oC.  Hence, we conclude that changes to the meteorologi-527 
cal heat-balance (as represented by Ta) are the major cause of increasing Tw.  528 

Integrated system changes between the 1940s and today (defined in section 2.5) cause a Tw in-529 
crease of ~0.5–0.6 oC from November–May, but are statistically insignificant amount from late 530 
June to early October (Figure 12).  Averaged over a year, the total increase in Tw caused by sys-531 

tem change is 0.34 ± 0.12 oC since the 1940s; no statistically significant influence between the 532 
1881 and 1941 era models was found, and is not shown. The net change is caused by an altered 533 
decorrelation structure between models from the 2000 and 1941 eras (Figure 3).  534 

Changes in the average river hydrograph (Figure 2a) are important for Tw during late summer. 535 
During July, a slight increase in Tw is observed from changed river flow. In August and espe-536 
cially September, the decreases in Tw caused by increased flow releases (-0.27 oC and -0.56 oC, 537 
respectively) are significant. Thus, the release of water from reservoirs late in the summer to 538 
some extent counteracts the effects of increased air temperatures (Figure 12). During other times 539 
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of year, no statistically significant modeled correlation between Q and Tw was found, likely be-540 

cause the average Tw gradient in the mainstem Willamette River is small (Figure 2b). While river 541 
flow may be important in winter during times of large positive or negative temperature gradients, 542 

these changes are likely transient and a process-based model would be required to detect them.  543 
The net effect of summertime changes in Q on the annual average is small: a total decrease in an-544 
nually averaged Tw of ~0.05 oC is estimated.   545 

4.0 Discussion 546 

The observed annual trend in Tw of 1.1 ± 0.2 oC/century in the lower Willamette River is similar 547 

to the magnitude of change observed or estimated in the few studies available over similar time 548 
scales. For example, Moatar and Gailhard (2006) estimated a 0.8 oC increase in the Loire since 549 
1881, Webb and Noblis (2007) estimated a change of 1.4–1.7 oC on Austrian rivers since ~1900, 550 
and Scott et al. (2023) estimated a trend of 1.3 oC/century for the Columbia River over the past 551 

170 years. Similar to our results, studies also often highlight that the seasonal distribution of 552 
changes of Tw is unequal (e.g.,Webb and Noblis, 2007). Consistent with our results, studies from 553 

the Pacific Northwest suggest that the processes driving increased Ta (i.e., climate change) are 554 
also driving Tw trends over recent decades (Isaak et al., 2012).  Future climate change is expected 555 
to continue to increase Ta and drive Tw trends, with the largest increases in summer (Caldwell et 556 

al., 2013; Ficklin et al., 2014). Additionally, unimpeded discharge is expected to increase in win-557 
ter and decrease in summer (e.g., Chang & Jung, 2010), which would also raise late summer Tw 558 

(Figure 12).   559 

4.1 Interpretation of Tw patterns  560 

Ongoing air temperature changes are the primary cause of the modeled increase in water temper-561 
atures, with river system changes an important contributor (Figure 12). The sum of estimated 562 

temperature changes caused by climate, system, and water management changes from ~1900 to 563 

the present is ~1.1 ± 0.3 oC (Figure 12) and is consistent with the overall long-term trends in Tw 564 
of 1.1 ± 0.2 oC per century (Figure 7a). Of modeled changes since ~1900, 0.81 ± 0.25 oC (74%) 565 
is caused by increased Ta, while 0.34 ± 0.12 oC (~31%) is caused by alterations in the Tw re-566 

sponse to forcing (integrated river system change); river flow alteration produces a -5% change, 567 

closing the balance.  Thus, we conclude that largest increases in Willamette water temperature 568 
are driven by climate change. This contrasts with the nearby Columbia River, in which flow reg-569 
ulation and other anthropogenic changes cause the majority of historical Tw shifts (Scott et al., 570 
2023).  One major difference is the percentage of water that is stored in reservoirs: approxi-571 
mately 40% of Columbia River flow is stored behind reservoirs, vs. about 10% for the 572 

Willamette.  573 

Our results suggest that deepening of the river system has altered the response of Tw to meteoro-574 

logical forcing and weather extremes, producing less water temperature variance (Figure 5 & 6) 575 
and an altered decorrelation structure in model coefficients (Figure 3). At short time lags of 0–5 576 
days, historical model coefficients are as much as 2–3x larger than modern coefficients, indicat-577 
ing more sensitivity to air temperature fluctuations (Figure 3)  In the modern system, increased 578 

depth d reduces the effect of atmospheric heating H, leading to smaller 
𝜕𝑇𝑤

𝜕𝑡
  and smaller coeffi-579 

cients (see Equation 1; Caissie, 2006).  Depth increases are driven by the reservoir system, which 580 
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is known to decrease Tw variability in the Willamette on 1–8 day time scales (Steel and Lange, 581 

2007). The change from braided, shallow channels to a single, deeper channel is also likely influ-582 
ential (see Section 2.1).  583 

The changing correlation structure (Figure 3) and the influence of increasing depth has implica-584 
tions for how extremes in a changing climate are observed.  Specifically, a historical heat wave 585 
in Ta was likely to produce a larger change in Tw than it would today. The record-breaking, cli-586 
mate-change influenced heat wave in July 2021 (e.g., White et al., 2023), with a high Ta of 46.7 587 
oC, did not cause a record Tw. Despite Ta values exceeding the previous all-time high by nearly 5 588 
oC, morning water temperature peaked just over 24 oC, approximately 2 oC below the largest rec-589 
orded (as discussed in section 2.2, we use morning measurements in our model). A similar pro-590 
cess mitigates the effect of cold air events, and helps keep modern water temperatures above 591 
freezing (Figure 7).  Effectively, Tw in the modern river system has become more resilient to ex-592 
treme heat waves or cold weather anomalies.    593 

Another reason for historical Tw variability in winter was the occasional occurrence of deep 594 

freezes that no longer occur. During the winters of 1861– 62 and 1867–1868, for example, Ta re-595 
mained below 0 oC for 32 and 31 days, respectively, and newspapers recorded ice-skating on the 596 
lower Willamette River. Navigation in Portland Harbor was halted or hindered by ice from New 597 

Year’s Day until mid-March, 1862.  No 20th century winter matched the duration or severity of 598 
these events, though 18–19 freezing days (daily maximum below 0 oC) were recorded in 1915–599 

1916, 1929–1930, and 1949–1950. In 1979, air temperatures remained below 0 oC for a total of 600 
14 days; since 1980, no winter has produced more than 9 sub-freezing days. On average, the sta-601 
tistical variability of air temperature from its climatological mean is similar today as historically 602 

(Figure 5); however, the frequency of extreme cold-waves (e.g., 1 in 10 year events) has de-603 
creased over the past century (Vose et al., 2017).  The average coldest day of the year is now 604 

~2.7 oC warmer in the Pacific Northwest than during the first half of the 20th century, far outpac-605 

ing the annual average increase of 1.1 oC since 1900 (Vose et al., 2017, Mote et al., 2019).  Both 606 

increasing average winter air temperatures and decreasing cold extremes help explain upward 607 
trends in bi-monthly averaged temperatures (Figure 6) and seasonal minima (Figure 7b).  For ex-608 

ample, the year-to-year variation in average Jan-Feb Tw was  0-6 oC during the 19th century, and 609 
is 5-8 oC today (Figure 6).  During winter, the shallower historical streams may have contributed 610 
to the ice formation observed during some 19th century winters.  Thus, changing meteorological 611 

forcing combines together with altered system response to increase wintertime temperatures but 612 
reduce variance (Figure 12).   613 

The integrated effect of weather during previous months is more important today than histori-614 
cally. At lags of >2 weeks, coefficient magnitudes are ~50% larger in the modern models (see 615 
section 3.1).  Hence, the thermal memory of the system to Ta anomalies lasting a month or longer 616 
is larger. Nonetheless, the influence of each individual day at lags >2 weeks is small (see Figure 617 

30, and only the integrated, monthly averaged effect is important. Hence, increased thermal   618 
memory smooths out variability and keeps the system closer to climatological conditions. Ther-619 
mal memory (thermal inertia) also elevates wintertime and depresses summertime temperatures 620 

(e.g., Figure 12). Similar patterns have been observed elsewhere and attributed to water regula-621 
tion and storage (see e.g. Webb & Weber, 1993; Caissie 2006; Olden and Naiman, 2010), but 622 
can be also influenced by the time-lag effects of snowmelt. 623 
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Numerical, process-based models run over a shorter duration provide additional clues to the fac-624 

tors driving long-term changes. For example, loss of shading (86%) and point-source discharges 625 
(~ 14%)  increased Willamette River temperatures in Portland by 0.3 ±0.05 oC between June and 626 

October of 2001 (OR DEQ, 2006). The same CE2-Qual model determined a reduction of approx-627 
imately 0.1 oC for each additional 100 m3/s of river flow released into the lower Willamette.  628 
This is consistent though not identical with our modern statistical model, which produces an av-629 
erage decrease of -0.07 oC for each extra 100 m3/s of river flow.   630 

River discharge is found to only be influential on Tw during summer (see also Isaak et al., 2012), 631 

and is driven by the substantial increase in water temperature along the river observed during 632 

July-September (positive 
𝜕𝑇𝑤

𝜕𝑥
; Figure 2b). Another factor is the increased velocity u and river 633 

depth d caused by regulated releases of water.  Larger river flow increases the rate at which 634 

cooler water is moved downstream (increased 𝑢
𝜕𝑇𝑤

𝜕𝑥
) and also diminishes the contribution from 635 

surface heating on temperature (smaller 
𝐻

𝜌𝑐𝑝𝑑⏟
; see Equation 1). The large increase in September 636 

discharge compared to historical conditions (Figure 2) reduces temperatures by 0.56 oC, more 637 

than in August (Figure 12). In October, average 
𝜕𝑇𝑤

𝜕𝑥
  becomes small (Figure 2), and managed re-638 

leases are unlikely to reduce water temperature.  After September, our approach is unable to find 639 

a statistically significant influence of river discharge.  640 

Interestingly, the overall river system was less sensitive to river flow fluctuations in the 1940s 641 

(Figure 3d), and no statistically significant effect of river flow was observed in the 1880s. The 642 
lack of correlation in the 1880s may simply reflect incomplete flow estimates (see Jay & Naik, 643 
2011). A dynamical explanation remains speculative without a process-based retrospective 644 

model using historical bathymetry.  However, some factors may have reduced average summer-645 

time river flow influences (𝑢
𝑑𝑇𝑤

𝑑𝑥
) historically (Equation 1). Compared to today, the bottomland 646 

forests and braided river networks of the historical Willamette River probably reduced velocity 647 

u, and the longer river length slightly reduces 
𝑑𝑇𝑤

𝑑𝑥
 (see section 2.1).  Cold groundwater dis-648 

charges, which are known to occur in off-main channel alcoves and were more connected to the 649 
river historically (e.g., Faulkner et al., 2020), may have reduced surface heating effects. Riparian 650 

shading similarly reduced heating (OR DEQ, 2006).  Nonetheless, understanding the relative im-651 
portance of these factors requires additional research. 652 

4.2 Implications  653 

The increase in the number of days that temperatures exceed established thresholds has been ob-654 
served in other river systems (e.g., Markovic et al., 2013) and is projected to continue in the Pa-655 
cific Northwest (Mantua, 2010).  Our observations show that the rate of change is threshold-de-656 

pendent, and slows as the accumulated number of days above a threshold becomes large. There-657 
fore, the number of days over 20 oC (which is already large) is increasing less quickly than the 658 
number of 22 oC days, which occur primarily during mid-summer (Figure 9). Effectively, ex-659 
ceedances of lower thresholds like 18 oC and 20 oC are limited by spring and fall, when climato-660 

logical values of Tz and Tw change quickly (note that spring-time Tw is also held lower by thermal 661 
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memory). Conversely, in winter, the largest rates of change are observed for larger levels of ex-662 

ceedance; hence, the number of cold-water days below 4 oC is decreasing faster than those below 663 
2 oC.  Both the decreased spread in water temperatures (Figure 5) and increased mean tempera-664 

tures (Figure 6 & 7) drive the large change in the number of days below 4 oC.  Increases in win-665 
ter Tw minima and averages are not a focus of regulation, but are ecologically important (e.g., 666 
Webb & Weber, 1993; Caissie, 2006).  For example, cold water events and wintertime condi-667 
tions influence the survivability and recruitment of fish by altering their biotic interactions, habi-668 
tat use, physical condition, feeding rates, and community structure (see reviews by Hurst 2007; 669 

Brown et al., 2011; Weber et al., 2013). It is also possible that historical wintertime conditions, 670 
such as the deep freezes discussed above, provided some protection against non-native plants and 671 
fauna that thrive in warmer waters. 672 

Compared to historical norms, Tw today exhibits lower variability, both day-to-day and between 673 
annual maximum and minimum values. A result is that temporal refugia—which we define as 674 

time periods in which Tw temporarily dips below biologically important thresholds such as 18 oC 675 

or 20 oC—are becoming less frequent (see Figures 9 &10).  Hence, while the management prac-676 
tice of selectively releasing river water is successfully reducing average temperatures in late 677 
summer (Figure 12), it may not be addressing the decrease in variance (e.g., Figure 5) caused by 678 

system changes.  Because some migrating fish such as steelhead delay migration during warm 679 
periods by weeks or months, likely causing increased mortality (e.g., Siegel et al., 2021), a re-680 

duction in temporal refugia is potentially important (see also Steel et al., 2012).  At Portland, Tw 681 
exceeds biologically important thresholds during some part of every year and did so even in the 682 
19th century.  However, the more consistently warm river temperatures during summer and au-683 

tumn—as observed by the increase in time over 18 oC and 20 oC—likely creates a thermal bar-684 
rier, with implications for salmon migration (see e.g., Notch et al., 2020). 685 

4.3 Study Limitations  686 

Statistical models are fast, can be applied to large time scales, and provide insights into the major 687 
factors influencing water temperature (e.g., Benyahya et al., 2007). Nonetheless, factors such as 688 

wind, heating, evaporation, time or spatial variation in parameters, and alterations in depth are 689 
only approximately represented by Ta, Tw and Q.  At different times, various terms (e.g., depth, 690 

heat flux, and velocity) may contribute in varying degrees to the overall heat balance (Equation 691 
1), leading to a different statistical relationship between forcing variables and Tw. We address 692 
this issue by developing summer, winter, and annual sub-models, and by developing models for 693 
different eras (Figure 3).  Nonetheless, river system and climate changes occurred continuously 694 
over the period of record, making application of the models to different time periods only ap-695 

proximate.  For example, managed releases of water for temperature control became more preva-696 
lent in the late 1990s (National Research Council, 2004), and may decrease the hindcast skill of 697 
our 2000 era model for earlier periods.  The quality and spatial variability of input data used in 698 

the model may also affect conclusions.  If we use a 0.9 oC increase in air temperature since 1900 699 
(following Scott et al., 2023), rather than 1.3 oC, the estimated average influence of Ta on Tw is 700 
reduced by 0.23 oC in Figure 12.  Nonetheless, our results are generally consistent between mod-701 
els (section 3.1), and any small biases or uncertainties in the data only shift the details, but not 702 

the main conclusions, of the study. 703 
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Our approach cannot discern the influence of individual factors such as altered shading, river 704 

depth, storage, or snow pack, nor can we assess coupled, nonlinear changes. For example, 705 
changes to river flow (Figure 2) may in part be caused by both climate change, land use, and wa-706 

ter management (e.g., Swain et al., 2021, Liang et al., 2020), and alterations in Ta can be influ-707 
enced by urbanization or deforestation. A numerical modeling approach is needed to isolate indi-708 
vidual anthropogenic stressors and to determine how landscape and climate changes can influ-709 
ence Tw in incremental, nonlinear, and interdependent ways (e.g., Berger et al., 2004). Nonethe-710 
less, our results provide insights into the causes of Tw change and why some parts of the year are 711 

subject to larger upward trends than others, over secular timescales.    712 

5.0 Conclusions 713 

In this contribution, we found, digitized, produced, and quality controlled a 90-year long Tw rec-714 

ord (1881–2021) for the lower Willamette River in Portland, Oregon.  The in-situ measurements 715 
enabled the development of statistical Tw models based on the 1880s, 1940s, and modern time 716 
periods.  Subsequently, estimates of daily minimum Tw for the years 1850–2021 were produced 717 

using daily measurements of maximum Ta and river discharge. A good comparison between 718 
measurements and models is observed, with RMSE similar to numerical models.   719 

Water temperatures are increasing throughout the year (average trend of 1.1 ± 0.2 oC/ century), 720 

with the largest increase observed in winter.  As a result, the number of cold-water days per year 721 
is declining, while the number of days above 20 oC has increased by an average of ~20 d yr-1.  722 

The primary cause of changed Tw since ~1900 is climate change (0.84 oC), followed by system 723 
changes such as the building of reservoirs, loss of shading, and other landscape alterations (0.34 724 
oC). Changes in river discharge have a generally smaller influence, except during managed re-725 

leases in late summer.  726 

Ongoing climate changes (as observed through air temperature increases) are the primary cause 727 
of increased water temperatures, with river system changes an important contributor, particularly 728 
during winter. Because of a larger heat capacity and greater system depth, the day-to-day varia-729 

bility in Tw has decreased and the sensitivity to meteorological heat waves or cold waves is di-730 

minished.  These changes are observed in model coefficients and in a reduced variance from the 731 
climatological mean. Thus, average temperatures in summer are now higher than historically and 732 
have increased more rapidly than annual maxima. Hence, warm summers marked by low river 733 
flow produced similar peak temperatures in 1889, 1941, and 2015, but an extreme heat wave in 734 
2021 did not produce record Tw values. River system alterations and climate change have greatly 735 

increased winter temperatures and reduced year-to-year variability, and meteorologically induced 736 
disturbance events such as freezing rarely occur anymore. Similarly, temporal refugia—time pe-737 
riods in which Tw dips below biologically important warm water thresholds—have also de-738 

creased. These system changes may pose a grave threat to endemic species, should climate-in-739 
duced changes in Tw continue. 740 
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Tables and Figures 1081 

 1082 

Table 1:  In-situ Tw measurements used to obtain a composite record of daily minimum in 1083 

Portland, 1881– 2021. Locations ordered based on start-date and originating agency. Pre-1084 
cision based on measurement significant figures.  A bias correction was applied to stand-1085 
ardize measurements to the daily minimum Tw, based on the time of day of the measure-1086 
ment, and to account for the Tw gradient between Portland and upstream stations. River 1087 
kilometers (km) from the mouth are indicated for the Columbia River (CR) and the 1088 

Willamette River (WR). Additional information on the data used in the composite in situ 1089 
Tw series is included in the data repository. 1090 

Location Originat-

ing agency 

Short 

name 

River 

km 

Lati-

tude 

Longi-

tude 

Measurement 

Dates 

Measurement Fre-

quency 

Preci-

sion 

Bias Cor-

rection 

Dates 

used in 

composite 

Tw 
Astoria 

Down-

towna 

US Coast 

Survey 

A1 CR 24 46.19 -123.829 6/1854– 10/1876  Various, usually 6:00 

am and 6:00 pm daily 

±0.03 oC None applied  

Stark 

Street, 

Portlandb 

US Signal 

Service 

S1 WR-21 45.519 -122.671 9/1881 – 

11/1890 

11:00 am daily ±0.3 oC 0.1 oC to 0.2 

oC 

1881-1890 

Astoria 

Tongue 

Point 

US CGS 

(pre-1973) 

& NOAA 

A2 CR 29 46.207 -123.768 1/1925–  pre-

sent; daily to 

1995, hourly 

1995– present 

Monthly 1/1925– 

12/1964; Daily 

11/1940– 6/1942, 

01/1949– 12/1995; 

Hourly 11/1993– pre-

sent 

±0.2 oC 

before 

1994;  

±0.03 oC 

modern 

None applied  

Morrison 

Street 

Bridge, 

Portlandb 

US Weather 

Bureau 

W1 WR-21 45.517 -122.668 7/1941 – 

10/1961 

7:30 am daily (except 

Sunday) 

±0.3 oC 0  oC to 0.2 oC 1941-1961 

Lower 

Willamette 

Riverd 

Oregon De-

partment of 

Environ-

mental 

Quality 

D1 WR-19– 

21 (pri-

marily) 

Various Various 1949– 2015;  

2746 grab sam-

ples retained af-

ter quality assur-

ance 

6:00am– 12:00 pm; 

mode = 9:00 am.   

monthly in winter,  

once weekly in sum-

mertime 

±0.1 oC Median  0.1 

oC; 90% cor-

rections < 0.2 

oC 

1963-1974 

Harris-

burg 

USGS 

Gauge 

14166000 

HA WR-259 44.2704 -123.174 6/1961– 9/1987 

10/2000– Pre-

sent 

Daily Max, Min & 

Mean 

±0.05 oC Spatial gradi-

ent correction, 

June-Septem-

ber 

1961-1963, 

1982-1984 

Oregon 

City 

USGS 

Gauge 

14207770 

U2 WR-42 45.3578 -122.610 3/1963– 9/1967 Daily Max, Min & 

Mean 

±0.05 oC 0.7– 1.8oC 

Diff. w/Grab 

samples dur-

ing summer 

1963-1967 

Salem USGS 

Gauge 

14191000 

SA WR-137 44.9442 123.0429 10/1963 – 

9/1987 

Daily Max, Min & 

Mean 

±0.05 oC  1981-1982  

Saint 

Johns 

Bridge 

USGS 

Gauge 

14211805 

U3 WR-9 

 

45.583 -122.759 10/1971– 9/1975 

 

Daily Max, Min & 

Mean 

±0.05 oC 0.6– 1.05 oC 

Diff. w/Grab 

samples dur-

ing summer 

1971-1975 

Morrison 

Street 

Bridge, 

Portland 

USGS 

Gauge 

14211720 

U1 WR-21 45.5175 -122.669 11/1975– 9/1981 

11/2001–9/2005 

01/2009– 2021 

Daily Max, Min & 

Mean through 2005. 

Every 30 minutes 

±0.05 oC  None applied 1975-1981; 

2001-2005; 

2009-2021 
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Willamette 

Falls Fish 

Laddere 

Oregon De-

partment of 

Fish and 

Game 

O1 WR-43 45.354 -122.618 01/1985– pre-

sent 

Not tabulated; Daily, 

with gaps 

± 0.2 oC -0.3 to 0.3 oC, 

based on 

monthly dif-

ference with 

Portland 

1985-1999; 

intermit-

tently there-

after 

Saint 

Johns 

Bridgef  

City of Port-

land, BES 

C1 WR-9 45.585 

 

-122.765 

 

7/1992 – 9/1999 Every 30 minutes ± 0.01 oC Very biased; 

not used. 

 

Saint 

Johns 

Railroad 

Bridgef 

City of Port-

land, BES 

C2 WR-11 45.5773 

 

-122.747 

 

9/1997–  9/2015 Every 15 minutes ± 0.01 oC Averaged 

with USGS 

record 

1999-2012 

Albany USGS 

Gauge 

14174000 

AL WR-192 44.6388 -123.107 08/2001– Pre-

sent 

Daily Max, Min & 

Mean 

±0.05 oC   

Notes:    Stations ordered by start date, with earliest measurements first.  All times given in local standard time.  Bias corrections are subtracted 1091 
from raw measurements on a monthly basis to obtain daily minimum; a positive value indicates a downward adjustment. Coordinates provided in 1092 
the North American Datum of 1983.  The locations for the measurements at Stark Street, Astoria Downtown, Willamette Fish ladder and the City 1093 
of Portland measurements are estimated based on available data. River km are the thalweg distance from the mouth of the Willamette, except for 1094 
Astoria which is on the Columbia River.  1095 

Specific Footnotes: (a) Measurements obtained from US National Archives; see Talke et al., 2020; (b) Measurements obtained from National 1096 
Centers for Environmental Information; (c) Data obtained from NOAA; Grab samples from 1925–1995, approximately daily, generally between 1097 
10:00am–1:00pm; median ~11:30 am.(d)  Data obtained from US EPA Storet database. Measurements often made from bridges in the Portland 1098 
Metro area, including the Hawthorne Bridge, the Steel Bridge, and SPSS Railway Bridge. Samples pre-1960 discarded because of lack of time 1099 
stamp.  Grab samples after 12:00 pm (noon) not considered to avoid afternoon heating signal. Pre-12:00 pm data adjusted to daily minimum on 1100 
monthly basis based on modern USGS data.  Measurements at 1– 3 day frequency in 1964– 1972; (e) Data from 1985– 1999 obtained directly 1101 
from agency; post 1999 records available online. Based on a comparison using 2001-2004 data, an average warming of 0.2 to 0.3 oC occurs be-1102 
tween Willamette Falls and Portland from July to September.  A cooling of up to 0.3 oC occurs between March to May. Little variation occurs at 1103 
other times; (f) Obtained directly from agency; pre-2000 data also obtained from Berger et al., 2004. 1104 

 1105 

  1106 
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Table 2:  Meteorological stations used to develop statistical models, and associated root mean 1107 

square error (RMSE) of Tw obtained for different calibration periods (annual, summer, and win-1108 
ter). The RMSE represents either the daily or monthly averaged difference with in-situ Tw meas-1109 

urements, in degrees Celsius.  Station Identification numbers (ID) are from the US National 1110 
Weather Service. Measurement dates denote the time period that daily maximum temperature 1111 
was recorded at the given location. The latitude/longitude value for Eola (near Salem, Oregon) is 1112 
estimated.  All stations except Vancouver are in Oregon. 1113 
 1114 

Model 

Name 

Air tempera-

ture dataset 

used in model 

Station ID Dates 

modeled 

latitude longi-

tude 

Calibra-

tion Pe-

riod 

RMSE 

Annual 

Calibra-

tion (oC) 

RMSE 

Summer 

Calibra-

tion (oC) 

RMSE 

Winter 

Calibra-

tion (oC) 

RMSE 

Annual 

(monthly 

avg) (oC) 

RMSE 

Summer 

(monthly 

avg) (oC) 

RMSE 

Winter 

(monthly 

avg) (oC) 

1881D Portland Down-

town 

USW00024274 1874– 

1902 

45.5166 -122.6667 1881– 

1890 

1.1 1.2 0.87 0.78 0.92 0.5 

1941D Portland Down-

town 

USW00024274 1902– 

1973 

45.5333 -122.6667 1941– 

1952 

0.91 0.68 0.75 0.62 0.48 0.43 

1941A Portland Airport USW00024229 1938– 

2021 

45.5958 -122.6093 1941– 

1952 

0.91 0.66 0.78 0.6 0.46 0.42 

2000A Portland Airport USW00024229 1938– 

2021 

45.5958 -122.6093 2000– 

2015 

0.88 0.51 0.75 0.62 0.31 0.48 

2000D Portland KGW2 USC00356749 1973– 

2021 

45.5181 -122.6894 2000– 

2015 

0.87 0.53 0.72 0.62 0.33 0.46 

1941V Vancouver, 

Washington3 

USC00458773 1849– 

1868 

1891– 

1966 

45.6333 -122.6833 1941– 

1952 

0.98 0.75 0.85 0.68 0.54 0.48 

1881E Eola US Signal Ser-

vice Observa-

tion 

1870– 

1892 

44.9323 -123.1198 1881– 

1890 

1.22 1.41 1.05 0.91 1.17 0.72 

Notes:  1115 

1. The annual RMSE between measurements and the climatological average is 1.86, 1.46, and 1.43 oC for the 1881–1890, 1941–1952, and 2000–1116 
2015 calibration periods, respectively.   1117 
2. The 1973–1999 measurement was at a slightly different location of (45.517W, -122.683E).  The elevation of the 1973–present dataset is 1118 
~48.5m.  The lapse rate for the standard atmosphere (6.5 oC per 1000m) suggests that the difference to a measurement at sea-level is ~0.3 oC.  An 1119 
observed difference in average daily maximum temperature at the Portland Airport (17.46 oC, <10m relative to sea-level) and Portland KGW 1120 
(17.07 oC) between 2000–2020 is therefore mostly caused by elevation differences.  1121 
 3. The Dec. 1849–1868 measurement at Fort Vancouver was made by the US Signal Service; the approximate location was 45.633N, - 122.65E, 1122 
and was several km east of the 1891–1966 measurement.  The gauge was moved in 1966 to a higher elevation location with a known bias (Mote 1123 
et al., 2002).  The 1966–present data is therefore not used. 1124 

  1125 
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 1126 

 1127 

Figure 1:  Site map with locations of Tw (blue, closed circles) and Ta (red, open circles) measure-1128 
ments. The red bounding box in the inset denotes the Portland/Vancouver Metropolitan Area de-1129 

picted in the larger figure.   The Willamette River watershed boundaries are denoted in blue. OR 1130 
= Oregon, WA = Washington.  Abbreviations and period of record of the measurements are pro-1131 
vided in Table 1.    1132 
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 1133 

Figure 2:  (a) The Willamette hydrograph at Portland, Oregon for the pre-reservoir (1901–1940) 1134 

and modern (1981–2020) periods, and (b) the horizontal Tw gradient between Albany, Oregon 1135 
and Portland Oregon for the 2000–2017 time period. Positive indicates that downstream meas-1136 

urements in Portland are warmer. Shading in (a) denotes the 25th and 75th percentile of measured 1137 
discharge.  The along-river distance between Portland and Albany is 169 km. The red line in (b) 1138 
denotes the monthly average.  Tick marks denote the middle of each month. 1139 
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1141 
Figure 3:  Coefficients for statistical model vs time lag for (a) Ta in the winter model (Nov– 1142 

Mar); (b) Ta in the annual model (all months); (c) Ta in the summer model (July– Sept) and (d) 1143 
discharge Q in the summer model (July– Sept). The 1881 model is calibrated to 1881– 1890 Tw 1144 

data, the 1941 model is calibrated to 1941– 1952 Tw data, and the 2000 model is calibrated to 1145 
2000– 2015 Tw data.   The letter denotes whether Ta data was sourced from Downtown Portland 1146 
(D) or from the Airport (A).  Similar results are found for the model based on Vancouver Ta data 1147 

(not shown).  No statistically significant effect of river discharge was found for winter or annual 1148 
models, and the 1880s summer model, and are not shown.  1149 
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 1151 

Figure 4:  Comparison of modeled and measured Tw for six, three-year periods. The composite 1152 
Portland Tw is used in (b), (d), (e) and (f), while Astoria measurements are used in (a) and (c).  1153 

Only monthly averages of Tw are available at Astoria from 1925 to 1940 and 1943– 1948 (see 1154 

Table 1). Black is modeled, red is measured. 1155 

 1156 
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 1157 

Figure 5:  The measured probability density function (pdf) and standard deviation σ of Ta and Tw 1158 

anomalies for the 1881–1890 and 2000– 2015 periods.  The anomalies (Ta’ and Tw’) are defined 1159 
as the deviation from the 30 day climatological mean (see Equation 5 & 6). The y-axis gives the 1160 

probability density. 1161 
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 1162 

Figure 6:   Seasonal trends in water level, averaged over two-month water periods.  Measure-1163 
ments (red) and model results (grey) are correlated.  The trends and 95% confidence interval are 1164 

based on a linear regression to model results, 1850–2020; November–April data for 1854–1876 1165 

are from Astoria (see Talke et al., 2020).  Note different y-axis scales.  1166 
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1167 
Figure 7:  Time rate of change of annual mean, annual minimum, and annual maximum Tw.  1168 

Grey denotes model data, red denotes data from Portland region, and cyan denotes Tw measure-1169 
ments in Astoria (annual minimum only, panel b). The trend is calculated by regression fit to 1170 

model results over the 1850–2020 period. Evaluation is based on daily minimum Tw (see section 1171 
2). Years in the 1850s and 1860s without sufficient model data are excluded. 1172 
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 1174 

Figure 8:  Spaghetti plot of all measured Tw data from between 1881–1890 and 1941–2021. Five 1175 

years (1889, 1941, 1949, 2015, and 2021) are colored as labeled for comparison. The tick marks 1176 
on the x-axis denote the middle of each month. 1177 
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   1178 

Figure 9:  Summertime Willamette River Tw exceedances of 20 oC, 1850 to 2021. The instru-1179 
mental record is used between 1881 and 1890 and 1941 to 2021, and the remainder is infilled 1180 

with modeled Tw.   Crosses denote the time of the peak annual Tw.  Missing Ta data precluded 1181 

peak estimates for 1851–1852, 1854–1855, 1857, 1866, and 1868–1869 (see supplemental data).  1182 
The tick marks on the x-axis denote the middle of each month. 1183 
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 1184 

Figure 10:  Comparison of the modeled and measured number of days per year from 1850 to 1185 

2020 that Tw is (a) below thresholds of 2oC or 4oC and (b) above thresholds of 18oC, 20oC, or 1186 
22oC.   Square symbols denote the 10-year average based on measurements, while the solid line 1187 

is a running 10-year average of modeled Tw.  Measurements based primarily on bias-corrected 1188 
upstream gauges (1962, 1983–1984) are excluded. Grey shading is the 95% confidence interval, 1189 

based on resampling of model coefficients using a Monte-Carlo based technique. Wintertime 1190 
measurements from Astoria (1854–1876) are included in (a) for comparison.   1191 
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 1192 

Figure 11:  Ta and Tw climatology in Portland (a,c,e) and the corresponding difference between 1193 

the modern and historical periods (b,d, e). The Ta difference plot in (b) and (d) is the difference 1194 
between late 19th and early 21st century air temperature data in (a) and (c), respectively. The dif-1195 

ference in (f) is the difference between 2000-2015 and 1881-1890 Tw data. Climatology is deter-1196 
mined using a 30d moving average; shading denotes the 25th and 75th percentile of the measure-1197 
ments. A 30-year average is used in (a); the time periods for (c) and (e) are determined by the 1198 

time period used to calibrate the Tw model.  The tick marks on the x-axis denote the middle of 1199 
each month.  The average difference between the modern and earliest period is provided in 1200 

(b,d,e). 1201 
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 1203 

Figure 12:  Estimated Tw changes caused by Ta (climate change), system changes (i.e., differ-1204 

ences between the parameters of the modern and historic models), and discharge changes (July–1205 
September). A positive value indicates an increase over time.  Shading shows 95% uncertainty 1206 

bounds and is a combination of the uncertainty in the mean climatology and the model coeffi-1207 
cients.  The uncertainty bounds for the influence of altered river flow denote the difference in the 1208 
1941A and 2000A model estimates. See section 2.5 for details on calculations. 1209 


