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Extreme hydrometeorological events
induce abrupt and widespread freshwater
temperature changes across the Pacific
Northwest of North America
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Stephen J. Déry ® ' 04, Eduardo G. Martins ®2, Philip N. Owens ® ' & Ellen L. Petticrew ®'

The Pacific Northwest of North America experienced four extreme hydrometeorological events during
2021 including intense cold waves in mid-February and late December, the record-setting June heat
dome, and catastrophic floods caused by two November atmospheric rivers. While the synoptic-scale
patterns and terrestrial hydrological responses to these extreme events are well documented, scant
information has been published on corresponding freshwater temperature responses. Here, we apply
an observational database of hourly freshwater temperatures at 554 sites across the region to
characterize their evolution during these four extreme hydrometeorological events. The two cold
snaps and summer heat dome induced a general 1 °C decline and 2.7 °C increase, respectively, in
water temperatures with subdued changes (+0.4 °C) during the mid-November floods. For 193 sites
with long-term records, 478 daily maximum water temperatures were exceeded during the heat dome
and 94 were surpassed during the flooding event, suggesting deleterious effects for water quality and

aquatic species.

The Pacific Northwest of North America (PNWNA) experienced four
disruptive and destructive extreme hydrometeorological events during
2021. These disruptions comprised periods of extreme air temperatures (low
temperatures, LT or high temperatures, HT) and high river flows (HF). The
early summer “heat dome” (Event 2: high temperatures or E2:HT) was one
of the most extreme heat waves ever recorded globally' . Thereafter in mid-
November, catastrophic floods in southwestern British Columbia (BC),
Canada, and northwestern Washington, United States (US) ensued from a
pair of intense landfalling atmospheric rivers* (E3:HF). In early and late
2021, two severe cold waves also yielded extreme conditions across the
region. The February 2021 cold wave (EL:LT) propagated from north-
western Canada through the PNWNA and beyond ultimately leading to a
historical cold snap and major power outages in Texas, US™. A similar
cold wave (E4:LT) affected the PNWNA during late December 2021 with
major impacts on electricity consumption, transportation, and outdoor
recreation’.

In addition to socio-economic impacts, such extreme hydro-
meteorological events can influence many ecologic conditions including

freshwater temperatures*’. While multiple atmospheric, hydrological,
topographical, and stream channel conditions control freshwater
temperatures'*™", surface air temperatures and river discharge often explain
most of the variance in daily and weekly stream temperature
fluctuations'"'"". Despite recent studies assessing freshwater temperature
responses to heat waves*”*"”, droughts'®, and climate change'*'*"’, a dearth
of information exists in the literature on river temperature responses to
intense synoptic-scale events'” generating abrupt and extreme changes in air
temperature and streamflow. This lack of information is particularly
apparent for freshwater temperature responses during cold waves, land-
falling atmospheric rivers, and flood events'”, which represent three of the
four events in this study.

The overarching objective of this study is to describe how freshwater
temperatures (T,) across the PNWNA responded to four extreme hydro-
meteorological events in 2021. Specifically, we aim: (1) to assess whether
freshwater temperatures and their changes were atypical during the four
extreme hydrometeorological events; and (2) to describe spatio-temporal
patterns in freshwater temperature responses to these events and their
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possible associations with terrestrial, hydrological and meteorological
conditions. To achieve these goals, a dataset of hourly observations at
554 sites across the PNWNA was used to quantify 7-day (E1:LT, E2:HT, and
E4:LT) and 5-day (for the more transient and shorter duration E3:HF)
central tendencies, dispersion, and changes in water temperatures (AT,,)
during the extreme events. Ancillary data such as the site coordinates,
catchment areas and elevations, streamflow (Q), air temperature (T;,), and
potential incoming solar radiation (K|) were used to assess their possible
relationship with AT,,. Our findings show that the two cold waves led to an
overall 1 °C weekly decline in water temperatures while the early summer
heat dome induced an average 2.7 °C weekly increase in water temperatures
across the PNWNA, a vast area spanning 18° in latitude and 30° of long-
itude. Nearly 500 daily maximum water temperature historical records were
exceeded during the early summer heat dome alone, illustrating the
potential deleterious effects on water quality, aquatic life and habitat across
the PNWNA during extreme hydrometeorological events.

Results

Meteorological setting during four extreme
hydrometeorological events

Four extreme hydrometeorological events within 2021 were selected for
analysis due to their widespread impacts on air temperature and/or pre-
cipitation anomalies across the PNWNA. EI:.LT and E4:LT showed vast
areas with weekly air temperature decreases of 10-20 °C with more mod-
erate declines observed along coastal areas (Supplementary Fig. 1a, d).
E2:HT exhibited weekly air temperature increases of up to 10°C in the
PNWNA (Supplementary Fig. 1b). While air temperature fluctuations were
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more modest in E3:HF (Supplementary Fig. 1c), abundant precipitation
accompanied two landfalling atmospheric rivers over 5 days focused on
southwestern BC and northwestern Washington, with total accumulations
locally exceeding 300 mm (Supplementary Fig. 2c). Representative time
series of meteorological conditions at Prince George and Hope, BC, further
illustrate the persistent, extreme conditions observed during the four events
of interest (Supplementary Fig. 3). This includes average weekly minimum
air temperatures of —30.5°C and —35.6 °C in February and December,
respectively, and average weekly maximum air temperatures of 34.0 °C in
late June for Prince George, BC along with a 5-day precipitation total of
329 mm at Hope, BC in mid-November 2021.

Freshwater temperatures during four extreme
hydrometeorological events

Average water temperatures for the four extreme hydrometeorological
events showed a strong dependence on latitude and continentality (Fig. 1).
For EL:LT, water temperatures approached the freezing mark across the
study area aside from coastal regions of southwestern BC, Washington and
Oregon. During E2:HT, average water temperatures generally were cooler
with increasing latitude although low elevation, inland waterways were
warmer than their headwater counterparts. Throughout E3:HF, freshwater
temperatures remained lukewarm in southwestern BC, western Washing-
ton, Oregon and Idaho, whereas freshwater temperatures near 0 °C pre-
vailed in northern BC and southeastern Alaska. The spatial pattern of
freshwater temperatures during E4:LT resembled that for EI:.LT with most
waterways of BC and southeastern Alaska near 0 °C but with milder con-
ditions across other areas. Table 1 summarizes the overall statistics,
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Fig. 1 | Average water temperatures during four extreme hydrometeorological events across the PNWNA in 2021. Results are shown for (a) E1:LT (n = 455), (b) E2:HT
(n=507), (c) E3:HF (n=432), and (d) E4:LT (n =420). Source data to create Fig. 1 are available in Supplementary Data 2.
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including central tendencies, dispersion metrics, and extreme values, of
freshwater temperatures for all events of interest.

Freshwater temperature changes during four extreme
hydrometeorological events

Average water temperature changes during the two LT events showed
weekly AT,, = —1.0°C and —1.2 °C during February and December 2021,
respectively (Table 2). Water temperature changes were less pronounced in
February as many rivers were already near 0 °C relative to the December
event. The early summer heat dome (E2:HT) induced an overall weekly
AT,, =2.7°C across the study area with a maximum weekly change of
8.5 °C in northeastern BC. Changes in 5-day water temperatures were less
pronounced at +0.4 °C overall during the mid-November floods (E3:HF).
In all four cases, results from the Wilcoxon signed-rank test confirmed that
overall water temperature changes were significantly different from zero
(Table 2).

The interquartile range of 2.1 °C and standard deviation of 1.5°C
illustrate the greater dispersion of water temperature changes during E2:HT
relative to the other three events (Table 2 and Supplementary Fig. 4). During
cold waves, more AT, values approached zero owing to the large number of
sites (147 or 33.4% for E1:LT and 153 or 36.5% for E4:LT) that were within
2°C of the freezing mark. The distribution of water temperature changes
remained narrow for E3:HF as this was a high flow rather than an air
temperature extreme event.

Regional patterns in AT, also emerged during the four extreme
hydrometeorological events (Fig. 2). E1:LT and E4:LT driven by cold waves
covering the PNWNA showed similar patterns in water temperature
responses. More northern, alpine waterways in BC saw minimal changes in
water temperatures due to near-freezing conditions and/or ice cover;
meanwhile, coastal and more southern basins (e.g., BC’'s Lower Mainland,
Oregon’s Willamette Valley) observed greater decreases in water tempera-

Table 1 | Statistics of the weekly or 5-day freshwater tem-
peratures (T,,) during four extreme hydrometeorological
events across the PNWNA in 2021

Event Min. Median Mean Max. SD IQR  pm TSm
(°C)  (.C) (°C) (°C) (°C) () ceoc
E1:.LT  0.00 2.40 2.69 1048 2.18 3.79 027 0.13
E2:HT 2.28 17.29 16.91 2783 501 734 062 0.46
E3:HF 0.02 7.50 6.90 13.38 334 5.01 021 0.10
E4:LT 0.00 1.79 2.45 1130 222 385 0.16 0.17

SD denotes standard deviation, /QR represents the interquartile range, py, denotes the median
Spearman rank cross correlation value of standardized time series of hourly water temperatures for
all possible paired sites, and TS, is the median thermal sensitivity across all sites.

ture. During E2:HT, lower elevation, inland waterways (e.g., BC’s lower
Nechako, Nicola and Okanagan basins) experienced the greatest increases
in water temperatures, whereas alpine, coastal, and some regulated streams
saw more moderate changes (with decreases in some cases owing to rapid
snow and glacier melt and/or cool water releases from reservoirs). In con-
trast, there were minimal changes in water temperatures in areas affected by
the pair of atmospheric rivers during E3:HF although more southern
locations (e.g., in Oregon) experienced moderate rises.

For E1:LT, E3:HF, and E4:LT, median Spearman rank correlations
(pm) of paired time series of standardized hourly water temperatures were
0.27,0.21 and 0.16, respectively, revealing modest levels of spatial synchrony
(Table 1). In contrast, py,, = 0.62 during E2:HT indicated a more coherent
and homogenous response of freshwater temperatures across the entire
PNWNA to the early summer heat dome.

Maps of changes in the standard deviation in T,, from the 7-day or
5-day period prior to and during the four events show distinct patterns from
changes in the mean, particularly for E1:LT and E4:LT (c.f. Fig. 3 with Fig. 2).
During E1:LT, standard deviations in T, generally declined in northern BC
but increased in southwestern BC, northwestern Washington and Oregon.
In response to the early summer heat dome (E2:HT), variability in hourly T,
rose markedly in northern and interior BC as T, increased but declined in
coastal regions. Minimal changes in 5-day and 7-day T, standard deviations
marked E3:HF and E4:LT, respectively.

Changes in 7-day or 5-day average water temperatures post-event
reflect whether impacts persisted beyond the duration of the extreme
hydrometeorological events (Supplementary Fig. 5). Domain average water
temperature changes post EI.LT, E2:HT, and E4LT were minimal at
0.2 °C|, while an overall cooling of 1.2 °C followed E3:HF. For E1:LT, some
sites observed a cooling trend while other waterways in southwestern BC
and western Oregon reported a warming trend. After E2:HT, water tem-
peratures generally continued to rise at a more moderate rate in northern
BC; conversely, southwestern BC, western Washington, and Oregon
observed rapid declines in water temperatures. E3:HF was marked by T,,
cooling across the entire PNWNA with the greatest decreases in Oregon.

Atypicality of freshwater temperature conditions during four
extreme hydrometeorological events

Freshwater temperatures and their weekly changes during four extreme
hydrometeorological events were placed into context with respect to the
remainder of 2021 and longer-term data. Cold waves associated with E1:LT
and E4:LT induced the coldest water temperatures and lowest spread
amongst all sites in 2021 (Fig. 4). Conversely, the early summer heat dome
(E2:HT) yielded the warmest water temperatures and largest spread across
all sites in 2021 while E3:HF observed more typical water temperatures
relative to the remainder of 2021. Weekly water temperature changes
reached their maximum during E2:HT and a near minimum during E1:LT.

Table 2| Statistics of the weekly or 5-day water temperature changes (AT,,) for four extreme hydrometeorological events across

the PNWNA in 2021

Event Min. (°C) Median (°C) Mean (°C) Max. (°C) SD (°C) IQR (°C) Shapiro-Wilk Test® Wilcoxon Rank Sum Test®

E1:.LT -3.80 —0.70 —0.98 1.20 1.01 1.72 Wsw =0.93 Ww = 109,543
p=6.78x10" p=1.61x10"?

E2:HT —2.59 2.83 2.74 8.46 1.54 2.13 Wsw =0.99 Wy =80,716
p=412x10"* p<22x107"®

E3:HF -2.33 0.19 0.39 3.40 0.89 1.05 Wsw=0.97 Wy = 81,081
p=512x10"° p=0.04

E4:LT —3.74 —1.16 —-1.18 0.51 1.01 1.90 Wsw =0.90 Wy = 100,445
p=1.40x10" p=2.44x10"°

SD denotes standard deviation, IQR represents the interquartile range, while Wsy and Wy are the test statistics of the Shapiro-Wilk” and paired samples Wilcoxon rank sum tests®™, respectively.
“The null hypothesis for the Shapiro-Wilk test is that the distribution of weekly (5-day) water temperature changes are normally distributed. When p < 0.05, the null hypothesis is rejected indicating the water

temperature changes are not normally distributed.

*The null hypothesis for the Wilcoxon rank sum test is that the paired values of weekly (5-day) average water temperature prior to and during the four extreme hydrometeorological events are not significantly
different. When p < 0.05, the null hypothesis is rejected indicating the weekly (5-day) water temperatures are significantly different prior to then during the events.
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Fig. 2 | Weekly (5-day) changes in average hourly water temperatures during four extreme hydrometeorological events across the PNWNA in 2021. Results are shown
for (a) EL.LT (n=423), (b) E2:HT (n = 492), (c) E3:HF (n = 420), and (d) E4:LT (n = 402). Source data to create Fig. 2 are available in Supplementary Data 3.

Thus, thermal conditions during EI:.LT, E2:HT, and E4:LT were generally
atypical than the remainder of the year with more typical conditions in
E3:HF. Although cooling episodes comparable to EI:LT and E4.LT unfol-
ded in late summer 2021, the associated interquartile ranges showed sub-
dued responses relative to the two cold waves.

The 193 sites with long-term (=10 years) records revealed the unusual
nature of the water temperatures experienced during the 2021 heat dome
(E2:HT). In all, 478 daily maximum water temperature historical records
were exceeded from 25 June to 1 July 2021, comprising 37.4% of the
available measurements. Yet another 94 daily maximum water temperature
historical records were surpassed on 11-15 November 2021 (E3:HF),
equivalent to 18.4% of the available measurements. Daily minimum water
temperature historical records were reached for 9.8% and 13.0% of the
available measurements during E1:LT and E4:LT, respectively.

The most pronounced standardized departures from long-term means
occurred during E2:HT and E4:LT (Fig. 5). During the early summer heat
dome (E2:HT), clusters of standardized anomalies >2 appeared in the
Willamette and Okanagan valleys, while lower values were reported
in northern BC. In response to the late December cold wave (E4:LT), large
(<—1.5) standardized anomalies emerged across the southern half of the
study area. During E1:LT and E3:HF, standardized anomalies were generally
<|1.5|, although the Willamette Valley experienced values >1.5 during the
mid-November floods. Pearson cross correlations between absolute values
of standardized departures from long-term means and record lengths were
statistically significant (r>0.70, p <0.05) for all four events, suggesting

standardized departures were likely underestimated at sites with relatively
shorter records.

Potential associations with terrestrial, hydrological, and
meteorological conditions
Cross correlations between various terrestrial, hydrological, and meteor-
ological conditions revealed seasonal dependencies with water temperature
changes (Table 3). While mean basin elevation, catchment area, and longitude
were not correlated to AT, latitude explained up to 34.6% of the variance
during all four events. Average water temperature in the 7-day or 5-day period
prior to the events and changes in weekly (5-day) T; showed negative cor-
relations with AT, in E1.LT and E4.LT, but positive correlations during
E2:HT and E3:HF. Potential K| was negatively correlated with AT,, during
EL.LLT, E2:HT, and E4.LT but positively correlated with AT,, during E3:HF.
The relation between AQ and AT, also showed a reversed pattern between
EL:LLT and E4:LT (positive correlations) and E2:HT (negative correlation).
Thermal sensitivity (TS), defined here as the ratio of 7-day or 5-day water
temperature changes to corresponding 7-day or 5-day air temperature chan-
ges, attained a peak median value of 0.46 °C °C™" during E2:HT while values
otherwise ranged from 0.10 °C°C ' t00.17 °C °C ' in E1:LT, E3:HF and E4LT
(Table 1). Spatial patterns of TS were similar for E1:LT, E3:HF, and E4:LT with
generally low values in northern and interior regions of the PNWNA, whereas
coastal areas reached maximum values near 0.5 °C °C " (Fig. 6). In contrast, TS
during E2:HT was much more uniform aside from alpine waterways draining
the Coast and St. Elias Mountains in BC and southeastern Alaska.
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Fig. 3 | Weekly (5-day) changes in standard deviations of hourly water tem-
peratures during four extreme hydrometeorological events across the
PNWNA in 2021. Results are shown for (a) E1:LT (n = 440), (b) E2:HT (n = 506),
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(c) E3:HF (n = 432),and (d) E4:LT (n = 419). Source data to create Fig. 3 are available
in Supplementary Data 4.
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Fig. 4 | Time series of hourly median water temperature across all available sites
for the PNWNA in 2021. The plot also includes the interquartile range (IQR) and
weekly change (based on the median data) in water temperature and the IQR.
Periods covering Events 1 (E1:LT) through 4 (E4:LT) are highlighted with gray bars.
Source data to create Fig. 4 are available in Supplementary Data 5.

Synthesis of key findings
Figure 7 encapsulates the major findings of this study by ranking
the responses of freshwater temperatures during four extreme

hydrometeorological events across the PNWNA relative to the remainder of
2021. EL:LT and E4.LT induced some of the coldest water temperatures that
year yielding generally low spread across sites. Weekly cooling rates were not
pronounced across the northern sub-domain (owing to near-freezing con-
ditions) but greater changes occurred in the central and southern sub-
domains. During E2:HT, all six variables generally ranked in the 95™ per-
centile or higher including mean T, and AT,, Conversely, all statistics ranked
toward their central tendencies during E3:HF although AT, ranked in the 9ot
percentile for the southern sub-domain. Based on the total number of values
in the 5" and 95™ percentiles, E2:HT had the most widespread impact with 17
high-ranking statistics, followed by E4:LT and E1:LT with 11 and 9, respec-
tively with none for E3:HF. Thus, three out of the four extreme hydro-
meteorological events (E1:LT, E2:HT, and E4:LT) induced atypical freshwater
temperature conditions relative to the remainder of 2021 while conditions
remained much more typical during E3:HF.

Discussion

Comparisons with other studies

Our study contributes to the emerging literature on the impacts of hydro-
climatic extremes to river water quality including freshwater temperatures”’.
Most efforts thus far focused on assessing how heat waves, droughts,
and climate change influence water temperatures®'*". For instance,
Tassone et al.”. recorded a doubling in the frequency of riverine heat waves
during summer and fall across the US from 1996 to 2021. In response to the
2003 European summer heat wave, Piccolroaz et al.’ reported lowland rivers
in Switzerland exhibited 60 days with river water temperatures exceeding
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Fig. 5 | Average daily standardized anomalies of water temperatures during four
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E4:LT (n = 162). Circle sizes become progressively larger with increasing record
lengths. Source data to create Fig. 5 are available in Supplementary Data 6.

Table 3 | Correlations between weekly or 5-day water temperature changes and terrestrial, hydrological and meteorological
conditions for four extreme hydrometeorological events across the PNWNA in 2021

Event Lat. (°N) Lon. (°W) Area (km?) Elevation (m) Tw (°C) AT,ir (°C) K|(MJ m2day™) AQ (%)
E1:LT 0.12 440 0.03 440 0.003713 0.04117 —0.55 440 —0.15 440 —0.12440 0.33225
E2:HT 0.25 504 0.06 504 0.08 331 -0.13116 0.37 504 0.39 504 —0.26 504 —0.44 250
E3:HF —0.59 432 —0.11 432 —0.04 321 0.08 121 0.15 432 0.56 432 0.59 432 0.04 243
E4:LT 0.51419 0.09419 —0.04 3171 —0.06 7119 —0.68 419 —0.20419 —0.51419 0.36 216

Reported in the table are Spearman rank cross correlations between E1:LT, E2:HT, and E4:LT weekly and E3:HF 5-day water temperature changes (AT, °C) and the corresponding: weekly (5-day) changein
WSC/USGS streamflow (AQ, %), weekly average potential incoming solar radiation (K|, MJ m~2 day '), weekly (5-day) change in ERAS5 air temperature (AT, °C), weekly (5-day) average water temperature
prior to each event (T, °C), elevation (m), catchment area (km?), longitude (Lon., °W) and latitude (Lat., °N). Bold values denote statistically significant correlations (o < 0.05) and numbers in italics are the

sample numbers. Source data to create Table 3 are available in Supplementary Data 9.

the 90th percentile relative to 1984-2015; however, regulated and snow-fed
rivers observed only muted responses to the exceptional heat wave. Steel
et al."® also reported anomalously high water temperatures in the 1813 km®
Snoqualmie River Basin in Washington, US during the 2015 heat wave
relative to three other years with near-normal climatic conditions; however,
they observed greater sensitivity of freshwater temperatures in headwater
streams rather than lowland tributaries and main stem Snoqualmie River.
Based on weekly water temperature changes and thermal sensitivity during
E2:HT, our results align more closely with Piccolroaz et al.’® with upland
snow- and glacier-fed rivers observing muted or even reversed responses
while their lowland counterparts showed amplified responses.

Comparatively few studies have explored freshwater temperature
responses to cool season hydrometeorological extremes. Indeed, in their
review of 965 published case studies, van Vliet et al."” reported no prior efforts
that investigated freshwater temperature responses to cold waves, atmo-
spheric rivers and flooding conditions. Nonetheless, Leach and Moore™
detected a 1-2°C cooling of winter stream temperatures during rain-on-
snow conditions relative to rain-on-ground conditions in a 0.11 km* water-
shed 60 km east of Vancouver, BC. Whitworth et al.”' reported a 2-3°C
cooling of water temperatures in Australia’s Goulburn River (a tributary of
the Murray-Darling River) during the 2010 summer flood event but with
minimal impacts during an earlier spring flood event. Cross correlations
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Fig. 6 | Thermal sensitivity (TS) of water temperatures during four extreme hydrometeorological events across the PNWNA in 2021. Results are shown for (a) E1:LT
(n=420), (b) E2:HT (n =491), (c) E3:HF (n =410), and (d) E4:LT (n =401). Source data to create Fig. 6 are available in Supplementary Data 7.
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Fig. 7 | Summary of key results on the response of T,, and AT,, during four
extreme hydrometeorological events in 2021 across the PNWNA. Results are
provided for four domains of interest: the entire PNWNA (All), the northern (N),
central (C), and southern (S) sub-domains. Colored boxes report the rank-based
percentiles of 7-day (E1:LT, E2:HT, and E4:LT) and 5-day (E3:HF) means, standard
deviations (SD) and interquartile ranges (IQR) in T, and AT, relative to all other
possible 7-day or 5-day values in 2021. Here, SD represents a statistic computed at
each site over time and then averaged spatially, while IQR denotes a statistic across
sites that is then averaged over the duration of the event of interest. Source data to
create Fig. 7 are available in Supplementary Data 8.

between weekly changes in water temperatures and discharge in the PNWNA
(Table 3) suggest wintertime warming of freshwater temperatures accom-
pany increases in discharge while the opposite pattern occurs during sum-
mertime. Meanwhile, the flooding event of November 2021 showed no
relationship between changes in 5-day water temperatures and discharge.

Thus, water temperature responses during flooding depend on the season,
flood generating mechanism(s), and antecedent conditions.

Interpretation of the results

This study provides evidence that weekly freshwater temperature fluctua-
tions of —1.2 °C t0 2.7 °C can occur even when spatially averaged over a vast
territory such as the PNWNA. Additionally, weekly T,, changes of —3.8 °C
to +85°C were observed at single sites during extreme hydro-
meteorological events. Thus, synoptic-scale meteorological systems such as
frigid Arctic air masses, continental heat waves, and landfalling atmospheric
rivers may induce rapid and expansive changes in T,, across the PNWNA.
Nonetheless, regional patterns emerged depending on site-specific
meteorological, hydrological, and geographical conditions. For instance,
freshwater temperature changes during the two cold waves (EI:LT and
E4:LT) and the landfalling atmospheric rivers (E3:HF) were more modest
overall given the higher number of sites approaching the freezing point
(possibly promoting deeper ice growth) at the time when these events
occurred. As such, TS collapses to near zero in regions like the northern sub-
domain during cold waves (Supplementary Table 1). Elsewhere, TS attained
0.15-0.35 °C °C " in the central and southern domains in E1:LT, E3:HF, and
E4:LT but reached >0.50 °C°C" at 214 sites (42.5% of available sites) in
E2:HT, implying a more robust response to AT,;, during the early summer
heat dome. As E2:HT occurred just a few days after the Northern Hemi-
sphere summer solstice (20 June 2021), potential K| approached its annual
peak value and was nearly uniform over the entire PNWNA, ranging from
41.1t041.8 MJ m > day " from north to south. This may explain the greater
TS and more uniform response to AT,;, observed during E2:HT.
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While TS was generally high during E2:HT, some sites experienced
low, if not negative, TS values. For instance, high-elevation streams such as
Alaska’s Salmon River (near Hyder) and BC’s Homathko River observed
TS=—0.04°C°C ™" and —0.05°C °C"", respectively, during the heat dome
as pulses of snow and glacier melt cooled freshwaters (Supplementary
Fig. 6). This highlights the key role alpine snowpacks and glaciers play in
buffering the impacts of summer heat waves on T, . Some heavily
regulated and impounded waterways (e.g., the Clearwater in Idaho,
Deschutes and Rogue rivers, both in Oregon) also showed cooling and thus
negative TS values during E2:HT as water releases from upstream reservoirs
ramped up, perhaps in response to increased hydroelectricity demand for
climate control and/or as reservoirs approached their full capacity from
seasonal snowmelt.

E3:HF showed only modest 5-day water temperature changes
(AT, =0.3°Cat 99 sites) in the area affected by flooding (southwestern BC
and northwestern Washington; see inset map on Fig. 2c and Supplementary
Table 1). Nevertheless, substantial warming (AT, = 1.4°C at 86 sites) of
streams further to the south emerged with the influx of relatively warm, sub-
tropical air equatorward of the two landfalling atmospheric rivers (Fig. 2¢
and Supplementary Table 1). While T, also warmed in the area directly
impacted by the atmospheric rivers, abundant cloud cover, rain-on-snow,
rapid snowmelt from alpine regions and high flows* dampened water
temperature warming. Indeed, rivers such as the Chilliwack, Coldwater, and
Millstone in southwestern BC and the Skagit in northwestern Washington
saw muted water temperature responses despite a surge of up to +5 °C in
Toir relative to 6-20 November 2021 (Supplementary Fig. 7a—c, e). In con-
trast, the Nooksack River and an unnamed tributary to Bertrand Creek
situated at lower elevations experienced up to 3°C water temperature
warming during that period in response to the rise in air temperatures
(Supplementary Figs. 7d, f). Representative time series of hourly water
temperatures from 6 to 20 November 2021 illustrate the cooling trend in the
northern sub-domain, the slight warming in the central sub-domain directly
affected by flooding, and the rapid warming in the southern sub-domain
during E3:HF (Supplementary Fig. 8). Thus averaging results over the entire
PNWNA can mask distinct regional patterns in freshwater temperature
responses during extreme hydrometeorological events. As well, this high-
lights the complex nature of T, responses to landfalling atmospheric rivers
and the need to expand analyses to other similar cases as atmospheric river
activity peaks in September and October along BC’s coast’ when many
Pacific salmon undertake up-river migrations and spawn”’.

Seasonality may also control freshwater temperature responses to
extreme hydrometeorological events. For instance, the sign of Spearman
rank cross correlations between AT,, and antecedent T, ATy, and AQ are
of opposite signs between E2:HT / E3:HF and E1:.LT / E4LT (Table 3). In
relatively warm conditions (E2:HT and E3:HF), warm antecedent T, large
increases in T,;,, and large decreases in Q yielded amplified weekly warming
of freshwater temperatures. Conversely, during relatively cool conditions
(E1:LT and E4:LT), cool antecedent T, large decreases of T,;, and large
declines in Q accompanied amplified cooling of freshwater temperatures.
Thus, statistical models relating freshwater temperature evolution as a
function of meteorological, hydrological, and other environmental condi-
tions including during extreme events should consider time of year in
developing relationships between variables.

Implications of the results

Water temperature is important for several physical and chemical processes
in rivers'’. Water temperature variations affect a river’s ability to transport
sediment by controlling fluid density and kinematic fluid viscosity (both of
which decrease with increasing temperature), which in turn influence a
particle’s settling velocity’. Increased water temperature also promotes
flocculation due to increased microbial activity through enhanced meta-
bolism and the production of sticky, extracellular polymeric susbstances™.
Generally, a rise in water temperature increases the settling of sediment,
thereby enhancing sedimentation on the channel bottom and reducing
sediment transport for a given sediment supply. In the context of the water

temperatures observed in the PNWNA, where changes from 15 to 20 °C
(ie., an increase of 5 °C) during the heat dome (E2:HT) were not uncom-
mon (Figs. 1, 2), Syvitski et al.* estimates that this temperature increase
could cause a ~10% increase in the settling velocity of a 63-um sized particle,
which denotes the boundary between fine sands and silts. The effect on
particles >63-pm would be less. Increases in settling velocity in response to
warmer water temperatures are also likely to affect the transport and
deposition of fine sediment-associated chemicals and contaminants, such as
phosphorus, metals, persistent organic pollutants, and microplastics™ .

Changes in water temperature are also important for biological
processes'’. Ylla et al.”** observed during laboratory-based studies that
short-term (i.e., days to weeks) increases in water temperatures by as little as
3°C resulted in changes to biofilm microbial cell numbers, respiratory
activity, and metabolism. This was due to a greater decomposition of
polymeric complex compounds and peptides, and a lower decomposition of
lipids. This could affect river organic matter cycling and the transfer of
carbon to higher trophic levels™. Increased microbial activity in channel bed
sediment can also alter greenhouse gas fluxes at the sediment-water inter-
face. Comer-Warner et al. ** determined that an increase in water tem-
perature from 15 to 21 °C could increase CO, and CH, fluxes from rivers to
the atmosphere by 70% over previous emission estimates that have ignored
channel bed sediment microbial respiration. Greenhouse gas fluxes were
greatest for organic-rich, silt-dominated channel bed sediments due to
greater microbial populations®.

As most aquatic organisms, like invertebrates and fish, are ectotherms
(i.e., they have limited physiological capacity to regulate body temperature,
which is thus mainly determined by environmental temperature), water
temperature will directly influence rates of all physiological processes and
changes in temperature can elicit a stress response’”. However, what
exactly constitutes a large and rapid temperature change to initiate a stress
response in fishes and impact their fitness depends on population, life stages,
and species™. Among all events reported here, changes in water temperature
observed during the summer heat dome (E2:HT) were the most likely to
have impacted fish populations across the PNWNA to some extent.
Large and rapid declines or increases in water temperature like
those observed in E2:HT have been linked to changes in fish behavior
(e.g., reduced foraging, increased susceptibility to predation), development,
growth, and survival” ™. For example, embryos of endangered white stur-
geon (Acipenser transmontanus) in BC’s Nechako River exhibit elevated
mortality (>30%) and suppressed metabolic rates at 21 °C**—a threshold
that was exceeded 25.6% of the time during E2:HT in the Nechako River at
Vanderhoof, which overlapped the white sturgeon spawning period. In
addition to the direct effects on fish, high temperature events like E2:HT
cause a reduction in the amount of oxygen dissolved in water, which may
further exacerbate the impacts of heat waves and sustained warming on
fishes" ™. As extreme hydrometeorological events influencing water tem-
perature will increase in frequency and severity as the climate continues to
warm**, it is imperative that researchers, conservation practitioners and
decision makers work together to identify, protect and create thermal
refuges for freshwater fishes and other organisms*, and to maintain
important physical and chemical processes in rivers'*>*.

Conclusions

This study has shown that the 2021 summer heat dome across the PNWNA
resulted in maximum weekly T, approaching 28 °C with weekly warming of
up to 8.5 °C for individual waterways. Furthermore, two extreme cold spells
induced weekly cooling of up to 3.8 °C in freshwater temperatures, parti-
cularly in PNWNA coastal watersheds. In contrast, the mid-November
2021 flooding caused by a pair of landfalling atmospheric rivers led generally
to subdued responses in T, for flood-affected streams as rain-on-snow and
rapid snowmelt compensated for a surge in air temperatures. Thus, intense
synoptic-scale events during 2021 induced widespread and rapid freshwater
changes across the PNWNA although site-specific responses depended on
multiple factors including geographical location, antecedent water tem-
peratures, the magnitude and celerity of air temperature, and river discharge
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changes. For instance, muted responses to the summer heat dome were
observed in streams and rivers on the rising limb of the annual spring
freshets as pulses of snow and glacier melt moderated T, changes while
others on the descending limb observed abrupt T., increases. Conversely,
during two cold waves, responses depended on whether antecedent T,
approached the freezing point as warmer coastal watersheds observed peak
cooling of T,,. Further studies exploring the response of freshwater tem-
peratures across a range of extreme hydrometeorological events including
floods, droughts, heat, and cold waves are especially needed as climate
change is anticipated to result in more frequent and intense extreme events.

Based on these results, freshwater temperatures and their changes
clearly exhibited marked departures from typical conditions during the two
cold waves and the heat wave; however, more typical conditions arose
during the flooding event of mid-November 2021. Thus, abrupt and
broadscale freshwater temperature changes are more likely to be associated
with synoptic-scale high-pressure systems and their accompanying air
temperature extremes. While this effort provides key information on
freshwater temperature responses to three types of extreme hydro-
meteorological events, further case studies would augment the range of
possible responses, particularly if additional long-term records can be
developed or acquired. As outlined in the Methods section, other limitations
of this effort include the unknown data quality at most sites, the quality
assurance process, the paucity of long-term records of freshwater tem-
peratures (particularly in BC), and the selection of a 5-day averaging period
for E3:HF but 7 days for the other three events. Efforts are therefore under
way to extend the results of this study, particularly in supplementing the
database of freshwater temperatures across the PNWNA and to explore
other approaches for extreme event detection.

Methods

Study area

The Pacific Northwest spans a vast and diverse region of western North
America"’. Here, we define the PNWNA to encompass southeastern Alaska,
BC, Washington, Oregon, and parts of Idaho, Montana, and Wyoming that
lie within the Columbia River Basin (Supplementary Fig. 9). This region
spans from 42 to 60°N and from 110 to 140°W. The area includes major
mountain chains like the Cascades, Coast, Columbia, Rocky, and St. Elias
Mountains that are generally oriented north-south. Principal waterways
draining to the Pacific Ocean include the Columbia, Fraser, Nass, Skeena,
and Stikine Rivers, while the upper Peace River is a major system draining to
the Arctic Ocean™. While coastal rivers typically exhibit pluvial or hybrid
(nival and pluvial) regimes, waterways draining mountainous and inland
regions exhibit nival or glacial regimes®. Several waterways, particularly in
the Columbia River Basin, are regulated by hydroelectric dams and reser-
voirs; however, this is less common in the northern half of the study domain
where the largest hydroelectric facilities and control structures lie within the
Bridge-Seton, Nechako, and Peace River basins™.

The PNWNA includes a wide range of climates from maritime (rela-
tively wet and moderated temperature variability) along the Pacific Coast to
continental (relatively dry, particularly to the lee of mountain chains, and
amplified temperature variability) in interior regions. Sub-freezing air
temperatures and abundant snowfall mark winters in high-elevation and
northern regions. As such, freshwater temperatures exhibit pronounced
seasonality, with peak temperatures during summer and minimum values
in winter’'. Nival and glacial rivers often develop an ice cover during winter
and near-surface, unfrozen water remains near the freezing point. Water
temperatures generally start rising once the ice cover melts and thereafter
exhibit pronounced diurnal cycles.

Data

Time series of sub-daily and daily freshwater temperature (T,) were
assembled from federal and provincial agencies including the United
States Geological Survey (USGS), Water Survey of Canada (WSC),
Fisheries and Oceans Canada (DFO), and BC provincial monitoring sites.

These were supplemented with data from private industry (Rio Tinto,
Palmer Environmental Consulting Group) plus data from UNBC net-
works collected by the authors in the Nechako™, Parsnip™, and Quesnel™
river basins. Metadata compiled for each site included collection agency,
site name and identification number, coordinates, catchment area, and
period of record.

Near surface meteorological conditions during the 2021 extreme
hydrometeorological events were extracted from the fifth generation of the
European Centre for Medium-Range Weather Forecasts (ECMWF) rea-
nalysis (ERA5™). Variables of interest included the hourly surface air
temperatures and precipitation. To illustrate the unusual atmospheric
conditions observed in the four events of interest, additional daily air
temperature and precipitation data were sourced from Environment and
Climate Change Canada for meteorological stations at Prince George, BC
(station ID 1096453) and Hope, BC (station ID 1113542).

Site selection

Three primary criteria were used to select study sites: (1) freshwater body
(river, lake, or reservoir) within the PNWNA as defined in the study
area description; (2) availability of (sub-)hourly water temperature data
in °C for part of, if not all of, 2021 and 2022; and (3) availability of
corresponding metadata (coordinates, basin area, etc.) for the study
sites. Based on these criteria, a total of 554 sites across the PNWNA were
chosen for analysis (Supplementary Fig. 9 and Supplementary Data 1).
Study sites comprise 536 rivers or creeks, 16 lakes, one reservoir, and
one pond. A subset of 193 sites from the full database with long-term
(210 years of data up to 31 December 2022) records of mean daily or
hourly water temperatures were retained for additional analyses. Fur-
thermore, hourly or daily discharge data were extracted for 270 USGS and
WSC sites to explore relationships between hydrological and water tem-
perature conditions.

Time series construction

Hourly water temperature data from 00:00 local standard time on 1 January
2021 to 23:00 local standard time on 31 December 2021 were extracted for
analysis. The original time stamps for all time series were retained to reflect
local standard times (Mountain, Pacific, and Alaska time zones, noting most
(91%) study sites fall within the Pacific time zone). Sites where data were
available at a sub-hourly scale were degraded to hourly starting at 00:00 local
standard time each day. Depending on site data availability, time series of
hourly water temperature data were also constructed for 2022 to assess post-
E4:LT weekly changes in hydrothermal conditions. While instrument spe-
cifications were not available for most sites, water temperatures recorded
within UNBC monitoring networks have an accuracy of +0.50-0.53 °C and
a resolution of 0.04-0.14 °C*, which we expect to be representative of data
accuracy for other networks.

As the quality of data retrieved from various sources was largely
unknown, we developed an automated strategy to flag suspicious and
potentially erroneous water temperature data. Quality assurance and quality
control (QA/QC) thus followed a method adapted from Gilbert et al.”* and
Sowder and Steel™. Criteria used to flag potentially spurious hourly T, data
at timestep i were: (1) abrupt thermal variations of | Tyy; — Tyi1| > 2.5 °C;
(2)|Twi- T\, 5| > 1.5 °C where T, ;5 is the rolling mean of five successive T,
data points centered on the current timestep 3 and (3) an excessive T,
diurnal range (DR) > 10 °C. All data flagged by the QA/QC criteria were
then considered as missing. For criterion 3, all available data during the 24-h
period (starting at 00:00 local standard time) were set as missing when
DR > 10 °C. All sub-freezing T,, data that passed the QA/QC procedure
were set to 0.0°C. Temporal gaps <24h were in-filled through linear
interpolation; otherwise, data were excluded from analysis if >10% of values
were missing for a specific period of interest. Supplementary Fig. 10
demonstrates an application of the automated QA/QC procedure in flag-
ging suspicious hourly water temperatures for the Fraser River at Mar-
guerite, BC during 2021.
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Analyses

Analyses focused on four extreme hydrometeorological events across the
PNWNA during 2021: E1:LT the cold wave of 7-13 February 2021; E2:HT
the heat dome from 25 June to 1 July 2021; E3:HF the catastrophic flooding
in southwestern BC and northwestern Washington during 11-15
November 2021 caused by a pair of landfalling atmospheric rivers; and
E4:LT the early winter cold snap of 25-31 December 2021. To facilitate
interpretation of the results, the four events of interest were assigned a
dominant hydrometeorological feature of either low air temperatures (LT),
high air temperatures (HT) or high flows (HF). General meteorological
characteristics of the four extreme hydrometeorological events are provided
in Supplementary Figs. 1-3.

Each site’s 7-day (E1:LT, E2:HT, and E4:LT) or 5-day (E3:HF) average
freshwater temperature was first calculated for the four events of interest
when <10% of data were missing. Similar averages were computed for the
7-day or 5-day periods prior to and post events. Then, freshwater tem-
perature differences (AT,,) between days during and prior to the extreme
hydrometeorological events were computed. For EI:LT, E2:HT, and E4:LT,
we subtracted the average hourly water temperatures of the week prior to the
event from those during the event. Given the more transient nature of the
shorter duration E3:HF, a similar process was taken but here focusing on the
5 days prior to and 5 days during the event. A similar approach was also
employed for values of standard deviations in hourly water temperatures.
Statistics (minimum, median, mean, maximum, standard deviation and
interquartile range) on the event-based water temperature changes were
tabulated and depicted as box and whisker plots. The Shapiro-Wilk test was
applied to assess whether water temperatures were normally distributed
using a probability p = 0.05 as the threshold”. As all assessments indicated
departures from the normal distribution (Table 2), the non-parametric
Wilcoxon rank sum test was then applied to the paired values of average
water temperatures prior to and during the weekly or 5-day events to assess
if changes in the average were significantly (p < 0.05) different from zero™.
Changes in the means and standard deviations of water temperatures were
also plotted spatially to reveal regional patterns during each event. An
additional analysis illustrates spatial differences in freshwater temperatures
between periods during and post events.

To explore the spatial synchrony of water temperature changes during
Events 1-4, an additional metric was assessed. We first standardized all time
series of 2021 hourly water temperature data using each site’s overall mean
and standard deviation. Thereafter, all possible pair-wise Spearman rank
cross correlations (p) between standardized hourly water temperatures
during the four events were computed. The median value (p,,,) of all pair-
wise cross correlations was then taken as a measure of overall spatial syn-
chrony during Events 1-4.

To place into a longer-term context observed thermal conditions
during four extreme hydrometeorological events in 2021, time series of
median values and interquartile ranges of all hourly water temperatures plus
weekly changes across all sites were then compiled. As well, for a subset of
193 sites with long-term water temperature records (Supplementary
Data 1), standardized anomalies from daily average conditions were com-
puted and averaged for the four events of interest. Here, standardization
employed daily means and standard deviations based on each site’s period of
record. This provided seven values of standardized anomalies for E1:LT,
E2:HT and E4:LT, and five values for E3:HF at these sites. These were then
averaged for each event and reported as single values in Fig. 5. Thus, these
results were restricted to days when the four extreme hydrometeorological
events unfolded and excluded comparisons to other times of the year. In
addition, we tracked the number of daily minimum and maximum water
temperature records during each of the four events of interest for sites with
records spanning at least 10 years.

Potential associations between weekly (5-day) changes in water tem-
peratures and site metadata, hydrological and meteorological conditions
were then assessed. Here, p values between site metadata (latitude, longitude,
catchment area, and mean elevation where available), average water tem-
peratures for the week (5 days) prior to an event, potential incoming solar

radiation (K|), and water temperature differences were computed. Rela-
tionships between changes in observed streamflow and water temperatures
were investigated for 270 WSC and USGS sites where both quantities were
available (Supplementary Data 1). Changes in streamflow were expressed as
a percentage relative to the week (5 days) prior to the event. For air tem-
perature, hourly ERA5 data at 2 m above the surface were extracted for the
grid cell overlying the water temperature measurement site and averaged for
the week (5 days) prior to and during the event. Weekly (5-day) changes in
ERA5 air temperature were then correlated to the corresponding water
temperature changes. Potential K| for a flat surface was calculated at 1-min
intervals using subroutines from the Catchment-based Land Surface
Model” and time-integrated to daily radiation totals (in MJ m™>day™")
based on each site’s coordinates. All p values were considered statistically
significant when p < 0.05, noting that any significant correlation does not
necessarily imply causation®.

Although linear or nonlinear regressions are commonly used to assess
the thermal sensitivity (TS, °C°C™") of stream temperatures'"***"™, we
defined TS here as the ratio of changes in weekly (5-day) water temperature
to the corresponding changes in air temperature at each site:

AT,

TS =
A Tair

)

Results for TS were plotted spatially and the median of all values (TS,,,)
taken as an overall measure of thermal sensitivity across the PNWNA
during each event.

A final analysis synthesizes key results by ranking various statistics of
T,, responses to the four extreme hydrometeorological events across the
PNWNA relative to the remainder of 2021. Statistics used include the
means, standard deviations and interquartile ranges of T, and AT, for all
available sites which were then each assigned a nearest-rank percentile
relative to all other 7-day (EL:.LT, E2:HT and E4:LT) or 5-day (E3:HF)
periods during 2021. Here, the T, standard deviation was computed at each
site using all available hourly T, data for each event, and the standard
deviations were then spatially averaged. Conversely, the interquartile range
was computed across all available sites at each hour and then averaged over
the duration of a period. Statistics for the means and standard deviations in
AT, represented differences between values prior to and during an event.
All analyses were performed across the entire PNWNA as well as the
northern, central, and southern sub-domains.

Data processing, limitations, and uncertainty
Data QA/QC and all analyses were performed using the Fortran computing
language with the exception of statistics that were computed using R Studio
(version 4.1.3). Spatial plots were generated in QGIS (version 3.28.5) while
line, box and whisker plots were created using Grace (version 5.1.25).

Although the automated QA/QC procedure flagged on average 0.35%
of the hourly T, data across all sites during 2021, additional erroneous
measurements potentially remained within the database. Similarly, some
valid data may also be omitted from the database through this step. Thus,
caution must be used in interpreting results for a specific site; as such, results
presented herein focus on overall statistics and regional patterns during the
four events of interest. Some river systems (e.g., the Columbia and Fraser
Rivers) include multiple measurement sites along their main stems and
tributaries thereby violating data independence. Another limitation with
water temperature data used in this study is that site representativeness,
instrument specifications, and set-up details are largely unknown for
522 sites outside of the UNBC networks. Nevertheless, intercomparisons of
hourly water temperature data collected by different agencies in close
proximity suggest they are entirely consistent with each other (Supple-
mentary Fig. 11 and Supplementary Table 2). Thus, the quality-controlled
database we have assembled is relatively homogenous and representative of
temperature variations of surface waters.

Another potential shortcoming of this study is the 5-day averaging
period for E3:HF but otherwise 7-day averaging periods for E1:LT, E2:HT,
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and E4.LT. A 5-day averaging period was selected for E3:HF given the
shorter duration of this event” relative to the other three extreme hydro-
meteorological events (Supplementary Figs. 3, 7). A comparison of binned
freshwater temperature changes averaged over five and seven days centered
on 13 November 2021, however, showed statistically indistinguishable
results (Supplementary Fig. 12). Thus, to focus on the direct impacts of the
two atmospheric rivers and high flows on freshwater temperatures, a 5-day
period of analysis was retained for E3:HF.

A further limitation on this effort was the limited number of records
used to assess departures from long-term records. This was most prevalent at
Canadian sites where long-term records were particularly sparse with only
one site (Fraser River at Hope, BC) having >30 years of data for the period
covered by E2:HT and none for the other three events (Supplementary
Fig. 13). Meanwhile, there were 37-40 sites with at least three decades of data
in the US during periods spanning all four events. As such, this analysis was
biased toward the southern portion of the study domain. Nevertheless,
standardized anomalies for those sites with >10 years of data were repre-
sentative of the subset of sites with >30 years of data (Supplementary Fig. 14).

Data availability

Water temperature data and associated metadata used in this study are
available in the following publicly accessible databases: United States Geo-
logical Survey (https://waterdata.usgs.gov/nwis), the BC government’s Real-
time Water Data (https://bcmoe-prod.aquaticinformatics.net/) and the
Pacific Data Stream (https://pacificdatastream.ca/explore/#/dataset/
4c8d3691-99e5-4fa9-ad09-da077baa37c5/?ref=search) for Fisheries and
Oceans Canada sites. Additional data collected by UNBC’s Northern
Hydrometeorology Group for the Nechako Watershed are available on
Zenodo (https://zenodo.org/record/6426024) and by request to the authors
for the Parsnip and Quesnel river basins. Proprietary or unpublished data
for the Cheslatta, Kemano, and Nechako rivers can be requested from Rio
Tinto, for Greer and Murray creeks from Palmer Environmental Consulting
Group and for all Water Survey of Canada sites from the National
Hydrological Services for BC. The ERA5 dataset is available online at https://
www.ecmwf.int/en/forecasts/datasets/reanalysis-datasets/era5. All source
data used to create figures and tables are available with this submission.

Code availability

Fortran and R codes developed for the analyses of water temperature and
ancillary data along with a code description are available online at: http://
web.unbc.ca/~sdery/CEE.zip.
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