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The Unprecedented Pacific Northwest Heatwave of June 2021 

Rachel H. White, Sam Anderson, James F. Booth, Ginni Braich, Christina Draeger, Cuiyi Fei, 

Christopher D. G. Harley, Sarah B. Henderson, Matthias Jakob, Carie-Ann Lau, Lualawi 

Mareshet Admasu, Veeshan Narinesingh, Christopher Rodell, Eliott Roocroft, Kate R. 

Weinberger, Greg West 

 
In late June to early July 2021 a heatwave of unprecedented magnitude impacted the 1 

Pacific Northwest region, lands colonially named British Columbia (BC) and Alberta (AB) 2 

in Canada, and Washington (WA) and Oregon (OR) in the United States. Many locations 3 

broke all-time maximum daily temperature records by more than 5°C. The standing 4 

Canadian national temperature record was broken on three consecutive days, at multiple 5 

locations, with the highest temperature of 49.6°C recorded, 4.6°C higher than the 6 

previous Canadian record. Weather forecasts provided advanced notice of the severity of 7 

the event, while sub-seasonal forecasts showed substantially increased likelihood of 8 

atmospheric blocking and high temperatures with 10-day lead times, and some skill out 9 

to 18 days. The impacts of this event were catastrophic. Estimates indicate at least 900 10 

attributable deaths occurred across BC, WA and OR, likely the deadliest weather event in 11 

Canadian1 history. The heat contributed to mass-mortalities of marine life, reduced crop 12 

and fruit yields, river flooding from rapid snow and glacier melt, and a rapid increase in 13 

wildfires—the latter contributing to devastating landslides in the months following.  14 

 15 

An unprecedented heatwave  16 

The unprecedented Pacific Northwest heatwave occurred from approximately 25 June to 2 July 17 

2021, during which near-surface air temperature anomalies were 16-20°C above normal (Fig. 18 

1b) and many locations broke all-time maximum daily temperature records by more than 5°C 19 

(Fig. 1a). The standing Canadian national temperature record was broken three days in a row, 20 

at multiple locations, with the highest temperature of 49.6°C recorded in Lytton, BC, on 29 June 21 

(Fig. 1b), 4.6°C higher than the previous Canadian record temperature. Lytton, a small town in 22 

an arid mountain valley in the lee of the BC Coast Range, is located on Lytton First Nation 23 

reserves, at the site of the Indigenous village of Kumsheen on the traditional lands of the 24 

Nlaka’pamux people. The following day much of Lytton was tragically destroyed by a wildfire. 25 

The new record temperature was reportedly the hottest worldwide temperature recorded north 26 

of 45° latitude (Lytton is just north of 50°, and is shown by the small triangle in Fig. 1a), and 27 

hotter than any recorded temperature in Europe or South America 2. The degree to which 28 

records were broken was extraordinary when compared with the infamous heatwaves in Europe 29 

in August 2003 and Russia in July-August 2010 (see Fig. 1 and Supplementary Fig. S1), both of 30 

which killed 10,000s of people 3,4. Notably, whilst the magnitude was much higher, the June 31 

2021 heatwave was shorter than these previous two heatwaves.  32 



 33 
Figure 1. The June 2021 Pacific Northwest (PNW) heatwave (a and b) in contrast to the 34 

European heatwave of August 2003 (c and e) and the Russian heatwave of July-August 2010 (d 35 

and f). Panels (a), (c) and (d) show exceedance of the previous high temperature record in 36 

near-surface (2 m) air temperature during the heatwave period. Filled contours show ERA5 37 

reanalysis data (all using the colour-scale in panel a.). Individual markers in panel (a) show 38 

observational station data in Canada; the triangle is Lytton, where the new Canadian high 39 

temperature record was set. Panels (b), (e) and (f) show the evolution of daily maximum 40 

temperature (red dashed) for the spatial average over the black box in the corresponding map 41 

and the 1980-2020 climatological mean (solid red), with shading +/-1, 2 and 3 standard 42 

deviations from these 40 years. In panel (b), the black lines show values from the Lytton, BC 43 

weather station (missing values from 1-5 July are likely due to the wildfire).   44 



 45 

Synoptic conditions 46 

The synoptic conditions leading to this event can be traced back about a week prior to onset on 47 

25 June. From 19-21 June a low pressure system intensified southeast of the Kamchatka 48 

Peninsula of eastern Russia; the associated northerly winds transporting cold air southward 49 

over the northwest Pacific Ocean. Concurrently, a developing low pressure system west of 50 

Japan brought a warm, moist airmass northward into the same region. The juxtaposition of 51 

these two airmasses created a strong temperature gradient, supporting the formation of a strong 52 

(>75 ms-1 at the 200-hPa level) west-east oriented jet over the western Pacific. Another low 53 

pressure system developed west of Japan from 22-23 June. Southerly flow ahead of the low, 54 

and condensational heating within clouds, contributed to low-level warming. Such low-level 55 

warming is known to be associated with building high pressure ridges; ridging developed within 56 

the strong jet, initiating a wave that propagated eastward across the Pacific.    57 

 58 

From 23-24 June the upper-level wave energy transiting the Pacific deepened the upper-level 59 

trough, and the surface low also intensified. The associated southerly flow brought warmer air 60 

into the eastern Pacific; combined with condensational heating within clouds, this built high 61 

pressure ridging over the eastern Pacific (Fig. 2a)—the high-amplitude ridge associated with the 62 

unprecedented heatwave. A final surface low formed over the east-central Pacific (near 150°W, 63 

40°N) on 24 June and persisted into the 28th, again acting to further amplify the ridge (Fig. 2b). 64 

Quasi-stationary high pressure ridges such as this are known as a block or blocking high.  65 

 66 

Near-surface temperature anomaly plots show dramatic warming from 24-27 June (Figs. 2c and 67 

d). Backwards air parcel trajectories reveal that the low-level airmass warmed because it 1) 68 

originated from a warmer source region closer to the equator, 2) underwent diabatic 69 

(presumably condensational) heating within low pressure systems over the eastern Pacific, and 70 

3) underwent adiabatic warming as it subsided under strong high pressure ridging (see 71 

Methods, and Overland 20215). Locally, the airmass underwent further diabatic (sensible) 72 

heating from the land surface under clear sky conditions (i.e, shortwave radiative forcing 6); the 73 

heatwave occurred notably close to the summer solstice. Lytton, which recorded the heatwave’s 74 

hottest temperature, lies within an arid, steep, rocky canyon, providing conditions for particularly 75 

intense sensible heating, with effects compounding over multiple days. A coastal thermal trough 76 
7 enhanced the coastal pressure gradient, bringing so-called “outflow” winds from the interior to 77 

coastal population centers (e.g., Vancouver, Seattle, Portland). These contributed additional 78 

warming because 1) hotter air from the interior was transported to the coast, and 2) adiabatic 79 

warming occured as the air traveled from higher interior elevations towards the coast. 80 

 81 



 82 
Figure 2. Upper panels (a and b) show upper-level (500-hPa) geopotential heights (contoured, 83 

m, contour interval 60 hPa) and anomalies from 1980-2020 climatology (shaded, m). Lower 84 

panels (c and d) show 850-hPa temperature anomalies (shaded, °C). Left panels are for 24 85 

June, and right panels for 27 June. 86 

 87 

Forecasts 88 

We consider the evolution of forecasts for this event from a state-of-the-practice forecast system 89 

during the 8 days prior to the heatwave onset, and provide an operational meteorologist’s 90 

perspective with respect to interpretation and communication of the forecasts. See Methods for 91 

a primer on ensemble forecasting and a description of the forecast system. 92 

 93 

On 18 June, 8 days before the onset of the extreme heatwave and 12 days before it peaked, the 94 

ensemble forecast gave its first indication of a heatwave. At this point, meteorologists were 95 

more focused on a different heatwave earlier in the forecast period (21-22 June, see Fig. 1b). 96 

Given the known lower forecast skill at longer horizons, and the moderate heatwave forecast 97 

(resulting from the averaging of disparate scenarios provided by the ensemble members), 98 

meteorologists communicated that a second heatwave was likely for the following weekend. 99 



 100 

By 21 June, 5 days before the onset and 9 days before it peaked, the forecast ensemble clearly 101 

indicated an extreme heatwave—daily records would likely be broken, and all-time records 102 

looked possible. For the typically hottest areas of the province in the Southwest Interior 103 

(including Lytton), the forecast indicated that temperatures in the mid-40’s were possible. 104 

Meteorologists are typically reluctant to make extreme forecasts at 5- to 9-day forecast horizons 105 

for fear of “crying wolf” and the associated reduction in end-user trust. In this case, however, 106 

certainty from the ensemble forecast was high enough that meteorologists were able to warn of 107 

“extreme” heat at this relatively long lead time—a  testament to ensemble forecast technology. 108 

  109 

From 23-25 June, the forecasted “most likely” temperatures continued to increase, as well as 110 

the longevity of the heatwave, particularly for interior BC. Meteorologists were able to 111 

communicate certainty about all-time records being broken, and warn about potential impacts. 112 

By the onset of the heatwave on 25 June (4 days before it peaked), forecasts of the magnitude 113 

and longevity of the event were very good; although forecasted high temperature records fell 1-114 

3°C short of the observed highs in many cases. 115 

 116 

Subseasonal forecasts 117 

The ability to forecast extreme events at longer lead times can significantly enhance early 118 

warning and preparation systems. Sub-seasonal to seasonal (S2S) forecasts fill the gap 119 

between the short to medium range weather forecasts discussed in the previous section, and 120 

seasonal forecasts (3 months lead time and beyond). We analyse the prediction of this 121 

heatwave event using the European Centre for Medium-Range Weather Forecasts (ECMWF) 122 

operational S2S forecasts. We look for prediction of temperatures or frequency of blocking 123 

above the 95th percentile (referred to as ‘extreme’ in the following text), as no ensemble 124 

members of any S2S forecasts predicted temperatures as extreme as those observed for 125 

intializations earlier than 17 June 8. 126 

 127 

Figure 3 shows an increased probability of extreme temperatures across 25 June-1 July in 128 

forecasts initialized from 10 June onwards, consistent with Lin et al. (2022)8. From 14 June, up 129 

to 70% of ensemble members forecasted extreme temperatures somewhere within the affected 130 

region, with the predicted location improving with shorter lead times, consistent with the weather 131 

forecast analysis described above. An increased probability of extreme blocking is seen in 132 

forecasts at lead times as early as 7 June—up to 3 times the climatological frequency. This is 133 

not associated with an increased probability of extreme temperatures over the affected region, 134 

however, likely due to errors in forecasted block location placing the block too far west over the 135 

ocean. For forecasts initialized on 7 and 10 June, a higher probability of extreme temperature 136 

anomalies is predicted to the east of the heatwave region, consistent with a widespread soil 137 

moisture deficit across this region at the time (not shown). 138 

 139 

Interestingly, a stronger forecast in terms of both temperature and blocking frequency is seen 140 

for forecasts initialized on 14 June when compared to forecasts initialized on 17 June (Figs. 3d-141 

e and i-j). The location of the extreme temperature anomalies and blocking did, however, 142 

improve with decreasing lead time, with the 14 June forecasts typically placing the block too far 143 



to west over the ocean (Fig. 3i). Further research is needed to investigate this response and 144 

determine if bias-correction can help improve sub-seasonal forecasts of blocking and 145 

associated extreme temperatures.  146 

 147 
Figure 3. Fraction of ensemble members that predicted 2 m temperature (a-e) and number of 148 

blocked days (f-j) greater than the 95th percentile of the respective climatologies during 25 June 149 

to 1 July. For a 95th percentile event, 0.05 is the statistically expected value if there is no 150 

forecast skill. Forecasts initialized on 3 June (a,f), 7 June (b,g), 10 June (c,h), 14 June (d,i) and 151 

17 June (e,j). Gray contours show the observed location of the heatwave based on ERA-5 152 

reanalysis data. 153 

 154 

Climate change context 155 

What is the role of anthropogenic climate change in the severity or likelihood of this event? This 156 

is one of the first questions asked by the public and policy-makers alike. Despite recent 157 

progress in extreme event attribution science 9, this is a difficult question to answer for 158 

extremely rare events. One common approach is to quantify the change in the return period of 159 

an event; however, the validity of this method is uncertain for events this rare, as discussed in 160 

the pre-print by Philip et al (2021) 10 and corresponding referee comments.  161 

 162 

It is clear, however, that anthropogenic warming of the planet contributed to the severity of this 163 

event – mean global temperatures for 2000-2020 were around 1°C warmer than in 1850-1900, 164 

largely attributable to anthropogenic emissions 11. Land temperatures have warmed faster than 165 

the global mean (1.5°C since 1850-1900), and the rate of warming has increased over the past 166 

70 years11, increasing the probability of record-shattering extremes 12. In the Pacific Northwest, 167 

mean summertime (JJA) temperatures have increased by 1.4°C from 1875-2020, suggesting 168 

that this event was approximately 1.4°C warmer than if an equivalent event had occurred at the 169 

end of the 19th century (see Methods). Changes in extremes may not necessarily mirror 170 

changes in the mean however 13 , and increases in JJA mean daily maximum temperatures 171 

were 0.5°C over this period. Aerosol emissions over the 20th century likely reduced the increase 172 

in extreme temperatures 14. The rate of increase of extreme temperatures has quickened in the 173 

past 70 years (see Methods), consistent with aerosol emission reductions; this increasing trend 174 

is likely to continue in future decades 15. 175 



 176 

Given that so many locations broke records by far more than the changes in temperatures 177 

discussed above, the question remains whether there was a dynamical impact of climate 178 

change on this event; the concerning possibility is that anthropogenic climate change may have 179 

made the atmospheric circulation patterns that led to this event more likely due to changes in 180 

the atmospheric dynamics. This is an area of on-going research and we are still far from full 181 

understanding and community consensus.  182 

 183 

One proposed hypothesis is that Arctic amplification (AA), by reducing the equator-to-pole 184 

temperature gradient, reduces the strength of the mid-latitude atmospheric jetstream, which 185 

could lead to amplified mid-latitude atmospheric waves associated with heatwaves16 There is 186 

significant disagreement in the scientific community regarding this hypothesis 17,18. To 187 

investigate if AA-induced changes to atmospheric dynamics may have increased the probability 188 

of this extreme heatwave, we perform analysis on simulations from the Polar Amplification 189 

Model Intercomparison Project (PAMIP) 19.  The PAMIP simulations have been shown to 190 

simulate a weakening of the high-latitude jet in response to AA 20; however, we find no evidence 191 

for robust changes in waviness over North America in response to sea ice loss or SST changes 192 

in two PAMIP models (those with available daily data; see Methods). Imposing sea ice loss 193 

alone misses other aspects of the AA response to anthropogenic warming 21. Changes in 194 

Rossby wave sources due to changing diabatic heating in the tropics or in the extratropics, 195 

associated with drying soils in the mid-latitudes, may be another mechanism through which 196 

climate change can impact the dynamics of heatwaves 22; further research in this critical 197 

research field is crucial.  198 

 199 

 200 

Impacts 201 

The impacts of the heatwave were felt across many spheres of our ecosystem. Whilst the 202 

extreme high temperatures lasted for around a week (Fig. 1b), some impacts continued long 203 

after. We provide analysis of a number of these impacts in their chronological order. We start 204 

with those felt mostly during the unprecedented heatwave, including human health impacts and 205 

coastal marine die-offs. Next, we consider impacts that were initiated during the heatwave but 206 

continued to be felt for weeks to months after, including wildfires, effects on agriculture and 207 

crops, snow/glacier melt and streamflow. Finally, we end with the landslides that occurred 208 

through summer and fall 2021 influenced by cascading effects initiated by the heatwave. 209 

 210 

Human health impacts 211 

Heatwaves can have catastrophic impacts on human health. Substantial increases in death 212 

rates have been documented during and immediately following past heatwaves, such those 213 

occurring in Chicago in 1995 23, Western Europe in 2003 24, and Moscow in 2010 4. During this 214 

2021 heatwave, increased mortality was reported in BC and AB and the US states of WA, OR, 215 

and Idaho (ID) (see Methods for data sources). Whilst estimates of the total number of deaths 216 

due to this heatwave are likely to change over time as the event receives further study, 217 

evidence suggests that the death toll has little precedent in the affected regions, particularly BC. 218 

Between 25 June and 2 July, an estimated 740 excess deaths in the province were observed1, 219 



a 95% increase in population mortality over an 8-day period. Many of these deaths were 220 

reported to the BC Coroners Service, which has so far directly attributed 526 to extreme heat 221 

during the week of 25 June through 1 July 25. Further mortality following the extreme heatwave 222 

has not yet been well-quantified, but it was likely the deadliest weather event in Canadian 1 and 223 

WA26 history.  224 

 225 

Most deaths during the heatwave occurred in private residences 25,26, likely due to dangerously 226 

high indoor temperatures 27. Initial analyses of the community deaths in metropolitan Vancouver 227 

(the largest city in BC) found that they were disproportionately in neighborhoods with higher 228 

material and social deprivation and lower levels of green space 27, with higher risk among those 229 

aged 65-84 years and among females. Initial analyses also document that severe mental illness 230 

and substance use disorder were significant risk factors 28.  231 

 232 

Serious but non-fatal health impacts also occurred. From 25-30 June the average daily number 233 

of emergency department visits for heat-related illnesses in WA, OR, ID , and Alaska was 69 234 

times higher in 2021 than during the equivalent days in 2019, with disproportionate impacts on 235 

males and persons aged 75 and older 29. WorkSafe BC, an agency dedicated to promoting safe 236 

and healthy workplaces across the province, advised employers to consider workplace closures 237 

during the extreme heat event, with numerous businesses following this advice.  238 

 239 

From a public health perspective, it is important to reflect on the fact that the heatwave occurred 240 

after 18 months of a global pandemic. Social isolation is a known risk factor for heat related 241 

deaths 30,31, and there is ample evidence that social isolation increased drastically during the 242 

pandemic, especially among older adults 32. As such, the COVID-19 pandemic response likely 243 

primed the most at-risk population to be particularly susceptible to this extreme heat event. It is 244 

also possible that some susceptible people avoided interventions such as cooling centres due to 245 

perceived COVID-19 risk.  246 

 247 

Marine Life 248 

Rocky intertidal shores are some of the most physically stressful habitats on Earth, and the 249 

species that occupy them often live very close to their physiological tolerance limits 33. Intertidal 250 

ecosystems are therefore often used as bellwethers for the ecological effects of climate change 251 

and extreme weather events 34. Plants and animals that live in the intertidal zone are especially 252 

susceptible to extreme high temperatures during daytime low tides, when solar insolation can 253 

raise organismal body temperatures well above air temperature 34,35. The hottest days of the 254 

2021 heatwave coincided with very low, early afternoon low tides throughout most of the Salish 255 

Sea (the inland waters of BC and WA). As a result, temperatures in excess of 50°C were 256 

observed in the intertidal zone (Fig. 4), particularly on gently sloping south and west facing 257 

surfaces that received the most direct solar radiation.  258 

 259 

As the lethal thermal limits for even the most tolerant local intertidal species are well below 260 

50°C, there was extensive mortality for numerous species at low tide. Species affected included 261 

barnacles, mussels, oysters, clams, gastropods, crabs, sea stars, and more (Fig. 4). Sessile 262 

species, which are unable to retreat to cooler microhabitats, were especially adversely 263 



impacted. Barnacle and mussel mortality, accompanied by a very noticeable foul odor, was 264 

reported by researchers and concerned citizens from the southern end of Puget Sound, WA, to 265 

the BC Central Coast. Mortality was particularly pronounced in the Strait of Georgia, where 266 

temperatures were especially high and low tides were centered in the middle of the afternoon.  267 

 268 

 269 
Figure 4. Impacts on marine life. (A,B) Thermal images showing extreme high temperatures on 270 

a rocky intertidal shoreline (A) and within a mussel bed (B) during low tide on 28 June, 2021. 271 

Scale bars indicate the range in temperature from the coolest to warmest parts of the image, 272 

while the value at the upper left indicates the temperature in the cross-hairs at centre. Note that 273 

the mussels in (B) have died and are gaping open. Panels C-I show a subset of species that 274 

were impacted by the heatwave, including (C) bay mussels, Mytilus trossulus, (D) Pacific 275 

oysters, Magallana (= Crassostrea) gigas, (E) heart cockles, Clinocardium nuttallii, (F) leather 276 

stars, Dermasterias imbricata, (G) kelp crabs, Pugettia producta, (H) dogwhelks, Nucella 277 

lamellosa, and (I) barnacles, Chthamalus dalli (upper portion of image) and Balanus glandula 278 

(lower portion of image). See methods for locations and dates of photos C-I.  279 

 280 

On one representative mussel-dominated shoreline, the mussel (Mytilus trossulus) mortality rate 281 

was in excess of 70%, and over one million mussels were estimated to have died in a mere 282 

100-m stretch of shoreline (see Methods). Surveys on a barnacle-dominated shoreline 283 

documented barnacle mortality rates that were also in excess of 70%; at this site, the heatwave 284 

killed roughly 10 million barnacles (Balanus glandula) along a single 100-m stretch of intertidal 285 

habitat (see Methods). While precise estimates for total heatwave-induced mortality along the 286 

highly heterogeneous ~7,500 km coastline of the Salish Sea are difficult to make, similar 287 



magnitudes of proportional barnacle and mussel mortality were widely observed, and the total 288 

number of marine invertebrates killed was almost certainly in the billions. 289 

 290 

Wildfires 291 

The persistent hot and dry conditions associated with the heatwave cured forest vegetation, 292 

resulting in extreme fire danger and increased wildfire activity. Figure 5 shows the increase in 293 

Fire Weather Index (FWI; see Methods), modeled smoke concentration, and satellite-detected 294 

hotspots from 20 June (pre-heatwave) and 3 July (post-heatwave). Over this period, BC went 295 

from six active wildfires with 123.5 hectares burned to 175 wildfires consuming 78,939 hectares. 296 

On 30 June, observed FWI values in Lytton, BC, reached an extraordinary value of 132. By 11 297 

July, the Canadian Interagency Forest Fire Centre (CIFFC) increased Canada's National 298 

preparedness level to 5, its highest rank: wildfire suppression resources were limited, and aid 299 

from international agencies was requested. 300 

 301 

During the heatwave itself, two noteworthy fires were discovered actively burning within the BC 302 

Southern Interior: the Sparks Lake Fire (discovered 28 June), and the McKay Creek Fire 303 

(discovered 29 June). Both are suspected to be human-caused, and were located in the 304 

Southwest Interior of BC, a zone that experienced some of the hottest and driest conditions 305 

throughout the heatwave. On the afternoon of 29 June, mid-tropospheric moisture moved into 306 

the high pressure ridge, helping produce the thermodynamics for pyrocumulonimbus 307 

flammagenitus (CbFg) clouds to form over these burning wildfires. These CbFg clouds can 308 

produce large amounts of lightning, providing ignition for more fires 36,37. Combustion of the 309 

forest vegetation produces smoke particles and releases additional water vapour into strong 310 

thermal updrafts above wildfires 36. The combined smoke and water vapour rise to cloud base, 311 

where they cool and condense into cloud droplets; this led to the development of CbFgs over 312 

each wildfire in the late afternoon on 29 and 30 June. On 30 June, the CbFgs were highly 313 

convective, producing positively charged anvil cloud tops that propagated northward (as 314 

determined from GOES-17 visible satellite imagery). Over the evening hours of 30 June, 315 

approximately 120,800 cloud-to-ground lightning strikes occurred 38, with the CIFFC reporting at 316 

least 127 new lightning-ignited wildfires from 30 June to 2 July.   317 

 318 

The high pressure ridge began to break down around 30 June. This led to additional hot, dry, 319 

and now windy and unstable conditions, which fanned the flames of wildfires ignited by the 320 

CbFg lightning and enabled rapid growth of these fires. The continued breakdown of the ridge 321 

and a cold frontal passage yielded more CbFgs and lightning with little precipitation. This cycle 322 

occurred each afternoon during the first week of July and ignited on average 40 new wildfires 323 

each day.  324 

 325 



 326 
Figure 5. Top row: model estimated Fire Weather Index (FWI). Bottom row: smoke 327 

concentration as represented by the concentration of Particulate Matter (PM) 2.5 and satellite 328 

hotspots. Left column is for 20 June (pre-heatwave); right column is 3 July (post-heatwave). 329 

 330 

Agriculture 331 

The heatwave had pronounced impacts on agriculture in BC and AB, notably occurring during 332 

crucial growing stages of many crops. The BC agricultural sector generates $3.9B in farm value 333 

and encompasses over 2.6M hectares of farmland, with the highest diversity of crops in Canada 334 
39; whilst in Alberta agriculture encompasses 25.3M hectares with a farm value of $15.4B 40. BC 335 

also produces more fruit than any other province in Canada 39. Extreme weather events such as 336 

heatwaves can severely impact annual yields41—when temperatures exceed a crop-dependent 337 

threshold substantial drops in yield result 42. We compare 2021 annual crop and fruit yield 338 

estimates (e.g., kilograms of crop per hectare harvested) to the 2011-2020 average. It is 339 

extremely difficult to isolate the impacts of one particular event on annual yield data however; 340 

thus we also use weekly resolution, satellite-derived Normalized Difference Vegetation Index 341 

(NDVI; see Methods) to analyse the timing of changes in crop greenness relative to the 342 

heatwave. 343 

 344 

Estimates of 2021 yields for major BC field crops were substantially lower than 10-year 345 

averages, with tame hay reduced by 32%, canola by 18%, spring wheat by 35% and barley by 346 

30%. An exception to these yield declines was oats, with 2021 yields only 5% below the 10-year 347 



average. Similar yield declines were seen in AB, with many field crop yields the lowest since the 348 

widespread drought of 2002, including tame hay (35% lower than the 10-year average), canola 349 

(31%), spring wheat (31%), barley (32%) and oats (23%). 350 

 351 

In 6 out of the 8 BC agricultural divisions a noticeable drop in NDVI occurred during the 352 

heatwave period (Fig. 6), with the strongest impacts in the Kootenay and Thompson-Okanagan 353 

regions of interior BC; the latter region includes the town of Lytton (shown in Fig. 1a). In these 354 

two regions the NDVI dropped from climatological mean values before the heatwave, to more 355 

than 2 standard deviations below the mean by mid-July, and remained at extremely low levels 356 

until August (Julian weeks 31-35). The timing of these decreases suggests that this 357 

unprecedented heatwave likely played a significant role in the annual yield declines. 358 

 359 

 360 
Figure 6. Weekly NDVI from the Crop Condition Assessment Program (see methods), spatially 361 

averaged over agricultural divisions in BC, organized alphabetically.  Blue line shows 2021, red 362 

line the 2000-2020 mean, and shading shows interannual variability (+/- 1 and 2 standard 363 

deviations). The grey highlighted region shows the heatwave period, 20 June - 3 July; data is 364 

reported as weekly averages and so the heatwave is split between weeks 20-26 June and 27 365 

June - 3 July.  366 

 367 

The production of many major fruit crops also faced major declines in 2021, with yields lower 368 

than the 10-year average for blueberries (by 10%), sweet cherries (39%), grapes (19%), apples 369 

(12%) and raspberries (39%). Cranberry yields were 10% above the 10-year average, which 370 

may be due to more intensive moisture management of a crop that has high irrigation coverage 371 



compared to other fruits in the province. Vegetable yields also suffered in 2021 for many crops, 372 

including cabbage (10% lower than 10-year average), pumpkins (34%), and lettuce (12%), 373 

amongst others. The livestock sector in BC also experienced significant mortalities during the 374 

heatwave, with reportedly at least 651,000 farm animals dying between 24 June to 30 June 2. 375 

 376 

Cryosphere and streamflow 377 

The unprecedented heatwave had a pronounced influence on the region’s cryosphere and 378 

hydrology both during the event, and for months after. The BC heatwave-induced streamflow 379 

response was spatially variable, in large part due to the variation in snowpack and glacier 380 

coverage throughout the province (see Supplemental Figure S2).  381 

 382 

The exceptionally warm temperatures and clear sky conditions drove rapid ice and snow melt, 383 

leading to substantially increased streamflow in basins that had snow or ice available to melt 384 

(Fig. 7a-f). In many cases, daily record high flows were achieved, with some all-time records 385 

broken (Supplementary Fig. S3). The rapid increase in streamflow led to flood warnings for 386 

several downstream communities and an evacuation order in the Pemberton Valley. In some 387 

cases, melt rates and the rate of change of daily streamflow decreased during the heatwave 388 

due to snowpack depletion, despite continuing extreme temperatures (e.g. Fig 7d and f). While 389 

dry conditions persisted in many regions in the days following the heatwave, subsequent rainfall 390 

in the Rocky Mountains near the BC/AB border exacerbated flooding and damages 43, leading 391 

to substantial damages within BC’s Mt Robson Provincial Park, and the helicopter evacuation of 392 

hikers 44. 393 

 394 

Glacier melt is an important control of interannual summer streamflow variability 45,46. The 395 

extensive snow melt during the heatwave exposed darker, lower-albedo glacier ice. Combined 396 

with persistent warm conditions through much of July this resulted in large amounts of seasonal 397 

glacier melt. While basins without substantial glacier coverage experienced lower than normal 398 

flows (Fig. 7g-i), the influx of glacier meltwater in glaciated basins resulted in late summer 399 

streamflows similar to the historical average (Fig. 7 a-c), despite the substantial loss of 400 

snowpack during the heatwave. The ability of glaciers to sustain normal flows is notable 401 

considering the unprecedented nature of the heatwave, and came at the cost of substantial 402 

glacier mass loss 47. The ability of glaciers to compensate for such extreme events is expected 403 

to diminish in the future with continued climate change48. 404 

 405 

 406 



 407 
Figure 7.  Streamflow observations at nine stream gauge stations in 2021 (black line) relative to 408 

the 1979-2020 median (blue line) and 1 standard deviation range (shaded).  (a) - (c) Highly 409 

glaciated basins; (d) - (f) Lightly glaciated basins; (g) - (i) Minimally or non-glaciated basins. 410 

 411 

Landslides 412 

Wildfires can result in an increased risk of flooding, erosion and landslides, due to impacts on 413 

both vegetation and soil 49. Such impacts include reduction of infiltration rate and water storage 414 

capacity, an increase in the susceptibility of the soil to erosion by raindrops, and in some cases 415 

increased water repellency of the soil below the surface 49,50. These changes increase the 416 

susceptibility of slopes to debris flows, with studies showing that post-wildfire debris flows often 417 

occur in areas with moderate to high burn severity 49,51. Processes associated with wildfires in 418 

BC during 2021 is twofold: the loss of vegetation and hydrophobicity of the soils led to a more 419 

pronounced stream runoff response with steeper hydrographs. Secondly, the added sediment 420 

charged the receiving rivers with excess sediment, locally aggrading channel beds and 421 

encouraging avulsions and bank erosion. 422 

Hundreds of post-wildfire debris flows were triggered by rainstorms in the summer and fall of 423 

2021 in southwestern BC (Supplementary Fig. S5). One of the largest wildfires associated with 424 

this heatwave was the Lytton Creek Fire, which began south of the village of Lytton and burned 425 

approximately 84,000 hectares 52.  In addition to the extensive damages to Lytton and Lytton 426 

First Nation reserves previously described, post-wildfire debris flows affected railway and 427 

highway infrastructure. On 16 August, debris flows impacted two semi-trailers and a car on the 428 



TransCanada Highway, with no fatalities reported. Further post-wildfire debris flows that 429 

damaged infrastructure but did not impact vehicles occurred on 17 September, and during an 430 

extreme atmospheric river event on 14-15 November.  431 

Debris flows following the 16 August rainstorm in the Nicoamen River watershed are shown in 432 

Fig. 8. Rainfall rates were not unusually heavy: 4-10 mm h-1 over approximately 4 hours, 433 

corresponding to a less than 2-year return period event in this region. The fire-related water 434 

repellency in the soil caused soil rilling and in-channel sediment mobilization, resulting in 435 

abundant sediment transport. Further rainfall in the Nicoamen River watershed during the 436 

atmospheric river on 14-15 November remobilized the debris flow sediment as part of a post-437 

wildfire debris flood that undermined three bridge approaches on the TransCanada Highway 438 

and one building foundation, resulting in one bridge collapse and necessitating repairs on 439 

another.  Outside of the Nicoamen River, post-wildfire debris flows and debris floods in the 440 

Lytton Creek Fire perimeter severed railway and highway infrastructure (bridges and 441 

embankments) in nine other locations53. This event likely resulted in the most expensive natural 442 

disaster in Canada’s history, with millions of dollars worth of damage along southwest BC’s 443 

highways and railways with bridges, railways, and highway embankments failing.   444 

 445 
Figure 8. Post-wildfire debris flows in Nicoamen River triggered by a rainstorm on 16 August 446 

2021. Severely burnt vegetation is shown by blackened trees. Debris flows originated as slope 447 

wash and rilling on steep burnt slopes. Extreme temperatures can also open desiccation cracks 448 

in fine-grained (clay and silt-rich) sediments. Those cracks can later allow ingress of rainwater 449 

to potential failure planes at depth which may exacerbate landslide hazards well after the heat 450 

waves and wildfires have ended. 451 

 452 



Discussion 453 

This event has been described as “the most anomalous regional extreme heat event to occur 454 

anywhere on Earth since temperature records began” 54. The unprecedented nature of this 455 

event made it difficult to anticipate and mitigate its potential impacts. While forecast information 456 

was available, and efforts were made to communicate the severity of the event and reduce heat 457 

mortality, the consequences of this event indicate we must do better in future. BC is in the 458 

process of identifying extreme heatwaves as ‘Extreme Heat Emergencies’, producing alerts 459 

analogous to similar systems for wildfires and flooding. The intention is to provide an 460 

appropriately coordinated and resourced provincial response when the next event occurs. The 461 

extraordinary nature of this extreme heatwave highlights that all jurisdictions should now be 462 

working to address the inevitable risk of unprecedented heat.  463 

 464 

As we move into an unrelentingly warmer world due to anthropogenic global warming, extreme 465 

heat events across the globe are becoming increasingly common and more intense 12,55. Many 466 

of the negative effects of this heatwave were disproportionately felt by First Nations people 467 

across BC, the elderly, and people living in neighbourhoods with higher material and social 468 

deprivation, highlighting the importance of climate justice in the response to climate change56.  469 

 470 

The catastrophic impacts of this unprecedented heatwave underscore the importance of 471 

understanding extreme weather events and how their frequency or intensity will change with 472 

anthropogenic climate change, and crucially, how to mitigate their impacts. Raju et al. (2022) 57 473 

argue that disasters occur when hazards meet vulnerability, and that we can, and should, work 474 

to reduce both the hazards (through reducing anthropogenic climate change) and the 475 

vulnerability (through changing social and political processes). This heatwave has provided 476 

lessons and examples that we can learn from. It provides us with a vivid depiction of why and 477 

how climate change can be so devastating. It is imperative that we listen, and learn, from what 478 

nature has to tell us.  479 
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Methods 522 

 523 

Event overview 524 

To compare the record temperature exceedance to previous heatwaves we used gridded daily 525 

maximum 2m temperatures (T2m) from 1950-2021 from the ERA5 reanalysis data 58, which 526 

assimilates observations. The data from 1950-1978 are preliminary, but quality concerns are 527 

restricted to tropical cyclones. A previous version of the ECMWF reanalysis, ERA-interim, 528 

performs well relative to pure-observational datasets for temperature extremes 59 and thus we 529 

expect ERA5 to provide a reasonably accurate assessment. Daily maximum temperatures are 530 

found from hourly maximum 2m temperature values. Data is downloaded from the C3S 531 

datastore 60,61 on a 1° x 1° spatial grid. Maximum daily maximum temperature is calculated for 532 

the heatwave period from 22 June - 3 July 2021, and for the ‘historical’ period from 1 January 533 

1950 through to 1 June 2021. The difference between these is shown in Fig. 1, with the 2003 534 

European heatwave (max T2m between 29 July - 16 August 2003 relative to max T2m from 1 535 

January 1950 - 1 June 2003), and the 2010 Russian heatwave (max T2m between 1 July 2010 - 536 

16 August 2010 relative to max T2m from 1 January 1950 - 1 June 2010. For comparison, we 537 

repeat the analysis with maximum daily maximum temperature and maximum daily minimum 538 

temperature from 1951-2021 using the monthly Gridded Temperature and Precipitation Climate 539 

Extreme Indices dataset (GHCNDEX) 62. These plots, with similar results, are shown in 540 

Supplementary Fig. S1. 541 

 542 

In Fig. 1b we include the same temperature exceedance for observations (shown in the 543 

individual markers) from the Canadian Long Term Climate Extremes database, created by the 544 

Meteorological Service of Canada 63. For this dataset “virtual” climate stations were created by 545 

joining together climate data from stations nearby to make long-term records, allowing for longer 546 

records than looking at individual stations. We show data only for virtual stations that go back to 547 

at least 1949, with the longest record starting in 1874. Note that these data have not been 548 

quality controlled to remove artifacts such as discontinuities and non-climate trends; however, 549 

the dataset is updated frequently, allowing us to use it for recent events. We expect the ‘record 550 

exceedance’ values from individual stations to be slightly lower than for the ERA5 dataset, as 551 

many of the records are longer; this can be seen in Fig. 1a.  The general extent and distribution 552 

of the record exceedances are similar, with close agreement over the station of Lytton, shown in 553 

the triangle, where the new Canadian daily record maximum temperature was set. 554 

 555 

Synoptic conditions 556 

The description of the synoptic conditions was produced through analysis of the evolution of  557 

geopotential height, wind speed, precipitable water, relative humidity, temperature, and sea-558 

level pressure fields, at various levels in the atmosphere. In Fig. 2 temperature values are daily 559 

averages of 6-hourly data, with anomalies relative to a daily 1980-2020 climatology, whilst 560 

geopotential heights are instantaneous values at 1200 UTC (0500 PDT); all data from the ERA5 561 

reanalysis58.  562 

 563 

To gain insight into the processes responsible for the near-surface temperature extremes, 4-day 564 

backwards trajectories terminating within the boundary layer over the BC Southern Interior at 565 



0000 UTC 28 June were calculated using the NOAA HYSPLIT model. Results are shown in 566 

Supplementary Fig. S4.  567 

 568 

Forecasts 569 

Over the past decade “ensemble” weather forecasting has become prevalent in operational 570 

forecast offices, particularly at the medium to long forecast horizons (~4-14 days into the future). 571 

A forecast ensemble contains many models, or “members,” that typically have varied initial 572 

states and/or physics parameters. The benefits of this approach are twofold: 1) the mean or 573 

median of the ensemble forecasts, typically taken as the most likely outcome, is more accurate 574 

than a single model; and 2) the members sample the uncertainty space, thus giving users a 575 

sense of the range and probability of various outcomes. Statistical post-processing is typically 576 

applied to the raw ensemble output to improve the accuracy of both the mean/median, and the 577 

probabilities derived from the distribution of ensemble members. 578 

 579 

We use forecast data from the 42-member North American Ensemble Forecast System 580 

(NAEFS) 64–66. The NAEFS setup presented here has undergone bias correction and 581 

probabilistic calibration (similar to the methods described in Bourdin et al. 201467), and is 582 

representative of the forecast skill of a typical modern medium-range operational forecast 583 

system.  584 

 585 

Seasonal forecasts 586 

This heatwave was characterized by record-breaking surface temperatures and a slowly 587 

propagating blocking high with extreme geopotential anomalies at 500-hPa (z500). Thus, to 588 

evaluate the subseasonal to seasonal (S2S) forecasts, we focus on probabilistic forecasts of 2-589 

m air temperature (t2m) anomalies and frequency of blocking68 observed over the days between 590 

25 June and 1 July and compare to those in ERA5 data 58. Soil moisture analysis was 591 

conducted using ERA5-land data69. 592 

 593 

We use the state-of-the-art ECMWF Integrated Forecasting System (IFS) model, one of 11 594 

models available as part of the S2S prediction project database 70. The IFS has 51 forecast 595 

ensemble members, with 11 reforecast members implemented over the previous 20 years, and 596 

has a maximum resolution of 0.5°. Previous evaluations of ECMWF indicate good performance 597 

up to lead times of 7-10 days for extreme cold events 71, up to 11 days for daily precipitation 72, 598 

up to 15 days for heatwaves 73,74 and up to 20 days for soil moisture 75. 599 

 600 

To understand the prediction skill of ensemble forecasts for an extreme event we take a 601 

probabilistic approach 76. We investigate the forecast skill in predicting ‘an extreme’, rather than 602 

necessarily an extreme of the magnitude observed. We show results for an extreme event 603 

defined as one exceeding the 95th percentile, but relatively similar results are obtained for the 604 

90th and 99th percentiles. We identify the 95th percentile threshold for the variable of interest 605 

(temporally averaged t2m anomalies or number of blocked days) averaged over 25 June to 1 606 

July across all reforecast years (2001-2020) and ensemble members. We then calculate the 607 

fraction of forecast ensemble members that predicted t2m anomalies or number of blocked days 608 

higher than this threshold for 25 June to 1 July 2021. Comparison to the expected value for a 609 



climatological forecast (0.05 for the 95th percentile) gives the increased probability of the event 610 

as predicted by the ensemble forecast. 611 

 612 

The model climatology, required to calculate anomalies, was calculated from the reforecast data 613 

using the methodology of Owens and Hewson (2018) 77. This eliminates systematic biases of 614 

the forecasted weather relative to the climatology, and accounts for model drift due to changing 615 

lead times. The original methodology has a slight difference in the calculation of the climatology 616 

for lead times greater than, or less than, 15 days; for consistency across all lead times 617 

considered in this work, we calculate all climatologies using 5 consecutive reforecasts. The 618 

climatology is calculated for years 2001-2020. For consistency between models and reanalysis 619 

data, the ERA5 climatology is calculated using years 2001-2020 and smoothed using a 5-day 620 

running mean.  621 

 622 

Blocking frequency was calculated based on a modified 78 version of the algorithm proposed by 623 

Dunn-Sigouin et al. (2012) 79,80. For the algorithm to define a block, a persistent, positive z500 624 

anomaly, spanning a 106 km2 region, must occur in the same region as a reversal of the 625 

meridional absolute z500 gradient. Anomalies must be greater than a given threshold calculated 626 

using data from all longitudes and latitudes 30-90°N (data normalized by latitude); we use a 627 

threshold of 1 standard deviation 78. In the original method the standard deviation is calculated 628 

for a 3-month period centred around the given month; to implement this for the forecasts using a 629 

methodology that could be operationalised (i.e., not relying on information from the future), we 630 

calculate the standard deviation based on all June values from ensemble members with June 631 

initializations across all available years. As the number of ensemble members varies between 632 

forecast (2021) and reforecast (2010-2020) years, standard deviations are calculated separately 633 

for each year and then averaged. The persistence requirement is considered to be satisfied if 634 

the events last for at least 5 days. 635 

 636 

For comparison to ERA5 data in Fig. 3, the location of the observed event (grey contours) is 637 

determined by temperature anomalies greater than the 90th percentile and 5°C, and areas 638 

where there is blocking for at least 5 of the 7 days (25 June to 1 July inclusive).  639 

 640 

Climate change context  641 

Analysis of the change in mean and daily maximum temperatures was conducted using the 642 

Berkeley Earth temperature anomaly dataset 81. We calculated a latitude-weighted mean of JJA 643 

monthly mean average, and monthly mean daily maximum land temperatures over the region 644 

45N–52°N, 119W–123°W, as highlighted in Fig. 1a; results are relatively insensitive to changes 645 

to this region definition. We analyse data over the period 1875-2020, the time period for which 646 

there was a valid value for every gridbox over the selected region, whilst excluding the 2021 647 

heatwave event. We calculate linear fits to approximate the change in annual mean 648 

temperatures, finding a value of 0.10°C/decade (p-value 0.4E-9) for annual mean temperatures, 649 

0.07°C/decade (p-value 0.3E-5) for June-July-August (JJA) mean temperatures, and 650 

0.04°C/decade (p-value 0.1) for JJA monthly mean daily max temperatures. For the period 651 

1950-2020, these values are 0.22°C/decade (p-value 0.5E-6), 0.18°C/decade (p-value 0.1E-3) 652 

and 0.14°C/decade (p-value 0.07) respectively. The higher values for the past 70 years are 653 



likely influenced by the reduction in aerosol emissions over the region during this time 14; 654 

however, such reductions are likely to continue in the coming decades, and so this may be a 655 

more accurate representation of near-future trends 15. 656 

 657 

The PAMIP simulations analysed are described in detail in Smith et al. (2019)19, and were 658 

designed to isolate the impacts of sea ice loss and sea surface temperature (SST) changes on 659 

atmospheric circulation. The experiments we analyse use fixed SSTs and sea-ice concentration 660 

(SIC) as boundary conditions for an atmosphere-only general circulation model. To isolate the 661 

impact of sea ice loss alone on atmospheric circulation patterns, we compare simulations with 662 

present day SSTs and pre-industrial Arctic SIC (pdSST-piSIC), present day SSTs and present 663 

day SIC (pdSST-pdSIC), and present day SSTs with future Arctic SIC (pdSST-futArcSIC). We 664 

further contrast the present day simulations (pdSST-pdSIC) with those with pre-industrial SSTs 665 

and SIC (piSST-piSIC) to understand if changes in SST may have increased the probability of 666 

amplified atmospheric waves. 667 

 668 

There are many available metrics of atmospheric ‘waviness’; to avoid results that may be highly 669 

sensitive to the metric selected, we choose two metrics that use different variables on different 670 

levels within the atmosphere. The first is the finite-amplitude local wave amplitude (LWA) 82,83; 671 

we calculate the LWA using geopotential height at 500 hPa (z500), a formulation which has 672 

been shown to be strongly connected to persistent weather systems 84, with the anti-cyclonic 673 

LWA (a-LWA) associated with blocking 85. We analyse differences within the PAMIP simulations 674 

in a-LWA. The second metric used is an algorithm to detect recurrent, or quasi-stationary, 675 

Rossby waves 86,87; this metric, R, uses meridional wind speeds at 250 hPa (v250). When 676 

applied to ERA-5 reanalysis data 58 both R and a-LWA show a positive anomaly over the Pacific 677 

Northwest region during the heatwave event relative to the 1979-2020 climatology for June/July, 678 

demonstrating their suitability as metrics for this type of event.  679 

 680 

We analyse results from two models from the PAMIP project, the IPSL-CM6A-LR and 681 

CanESM5. These models were chosen as the only models with both z500 and v250 at the 682 

required daily temporal resolution available on the Earth System Grid at the time of research for 683 

the simulations studied. These two models cover a wide range of the different model responses 684 

of the mid-latitude circulation to sea ice loss within the PAMIP model ensemble, with the 685 

CanESM5 showing a strong reduction in mid-latitude zonal winds, and the IPSL-CM6A-LR a 686 

similar, but much weaker response 20. We note that imposing sea ice loss alone misses other 687 

aspects of the AA response to anthropogenic warming 21, and the response may be sensitive to 688 

how or where AA is imposed 88,89. 689 

 690 

Human health impacts 691 

Mortality rates during and after the heatwave, and deaths attributed to the heatwave were 692 

sourced from coroners reports for BC25 , State or Country reports for WA 26 and OR 90, and local 693 

news reporting for AB 91 and ID 92. Non-fatal hospital admission data were from hospitals 694 

reporting to the National Syndromic Surveillance Program. 695 

The notice from WorksafeBC advising employers to consider workplace closures during the 696 

extreme heat event can be found here: https://www.worksafebc.com/en/about-us/news-697 



events/news-releases/2021/June/worksafebc-advising-employers-to-consider-workplace-698 

closures-during-heat-wave, with local news sources reporting that businesses followed this 699 

advice 93. 700 

 701 

Marine Life 702 

Mussel mortality surveys were conducted on a representative intertidal boulder field at the 703 

Porteau Cove Marine Park, BC (49.5613°N, -123.2336°W) on 8 July, 2021. The odor of rotting 704 

marine life was still pronounced at this site even 10-12 days after the peak of the heatwave. 705 

Randomly placed 100 cm2 quadrats (n = 20) were used to determine the number of live and 706 

dead mussels. The mean mortality across quadrats was 73.6 +/- 6.2% (mean +/- s.e.), with an 707 

average of 10.0 +/- 1.8 dead mussels per 100 cm2. The mussel population at this site occurred 708 

primarily in a zone 12 meters wide (cross-shore), suggesting that roughly 1,200,000 mussels 709 

died within the ~100 m alongshore extent of this boulder field. Although mussel shells remain 710 

attached to the shore via byssus for many weeks after death, we cannot rule out that our 711 

surveys slightly underestimated mortality due to shell loss (there was some evidence for this in 712 

some quadrats), or overestimated it by including previously dead animals (although the 713 

percentage of standing dead mussels is typically low). 714 

 715 

Estimates of barnacle deaths were obtained from random quadrat sampling (n=25) of barnacles 716 

(Balanus glandula) at a gently sloping cobble and boulder shore (1001 Steps Park, 49.0306, -717 

122.8752). Unlike mussels, which gape very soon after death (see Fig. 4c), barnacles can retain 718 

their opercular plates for several weeks after they have died, making mortality more difficult to 719 

discern visually. The barnacle mortality surveys reported here were conducted on 25 July, 2021, 720 

which allowed sufficient time for opercular plates of recently-deceased barnacles to wash away. 721 

Sampling revealed 80.6 +/- 5.7% mortality (mean +/- s.e.), which far exceeds the pre-heatwave 722 

background frequency of standing dead (7.9 +/- 1.2%). The number of excess dead barnacles 723 

per 100 cm2 quadrat was 55.1 +/- 9.0. Scaling up to the entire barnacle zone at this site (18 m 724 

wide in the cross-shore direction) suggests this heatwave killed roughly 10 million barnacles 725 

along a single 100-m stretch of cobble shoreline. Qualitative (Raymond et al., in revision) and 726 

quantitative (Harley et al., unpublished data) surveys of barnacle and mussel mortality at other 727 

sites in BC and WA suggest that these high rates of mortality were experienced throughout 728 

much of Puget Sound and the Strait of Georgia, with lower but still noticeable mortality further 729 

north along the BC Central Coast.  730 

 731 

Intertidal temperatures during the peak of the heatwave (the afternoon of 28 June 2021 in the 732 

vicinity of Vancouver, BC) were recorded with a FLIR E40 camera (Fig. 4a,b). The mortality of 733 

various species was documented opportunistically via additional photographs. The images in 734 

Fig. 4 were taken at the following locations and dates: (c) Lighthouse Park, West Vancouver, 735 

BC, 28 June 2021; (d,g,h) 1001 Steps Park, Surrey, BC, 11 July 2021; (e) Elliot Beach Park, 736 

Ladysmith, BC, 10 July 2021; (f) Stanley Park, Vancouver, BC, 12 July 2021; and (i) Selma 737 

Park, BC, 16 July 2021. 738 

 739 



Wildfires 740 

The Fire Weather Index System (FWI), combines components accounting for the effects of both 741 

fuel moisture and weather conditions on fire behavior 94. The system iteratively tracks the local 742 

weather’s effects on the forest vegetation moisture content, combining this with wind-affected 743 

fire spread rates to yield a dimensionless index value ranging on average from 0 to 30, where 744 

higher values represent the potential of extreme fire behavior.  745 

 746 

The FWI values shown in Fig. 5 are derived and iteratively tracked using output from a 747 

numerical weather prediction (NWP) model. The NWP model used is the Weather Research, 748 

and Forecasting (WRFv4) Version 4.1.2  model initialized with the North American Mesoscale 749 

(NAM) model with two way nested domains of 36, 12, and 4 km 95. All FWI parameters are 750 

solved within the 12km and 4km domains with output from the 4 km domain shown in Fig. 5.  751 

Further details of the WRF configuration and derived FWI values can be found here: 752 

NWP Derived FWI: https://cerodell.github.io/fwf-docs/build/html/index.html 753 

WRF configuration: http://weather.eos.ubc.ca/wxfcst/html-etc/model-metadata/wan00cg-01.html 754 

 755 

Observed FWI data for Lytton, BC on 30 June was obtained from Natural Resources Canada’s 756 

(NRCan) Canadian Wildfire Information System (CWFIS) FWI datamart 757 

(https://cwfis.cfs.nrcan.gc.ca/downloads/fwi_obs/) under Canada’s Open Government Licence 758 

(https://open.canada.ca/en/open-government-licence-canada). 759 

 760 

Smoke concentrations in Fig. 5 are outputs of ground-level smoke concentrations of particulate 761 

matter PM2.5 estimated from the BlueSky smoke forecasting system 96. The BlueSky model 762 

was developed by the United States Forest Service (USFS) AirFire Research Group using 763 

inputs of fire information from satellite observations and meteorology to estimate fire emissions, 764 

initial smoke-plume rise, and subsequent 3-D smoke dispersion. The University of British 765 

Columbia (UBC) Weather Forecast and Research Team (WFRT) runs a version of the BlueSky 766 

model operationally (firesmoke.ca) during the wildfire season using satellite hotspot information 767 

from the smartfire algorithm and meteorology from the WRFv4 model mentioned above 97. 768 

Hotspots are satellite image pixels with high infrared intensity, indicating a heat source and thus 769 

used as a proxy for wildfires. 770 

 771 

Mid-tropospheric moisture is known to help produce thermodynamic conditions conducive for 772 

pyrocumulonimbus flammagenitus (CbFg) clouds to form over the burning wildfires 36,37,98,99. 773 

These CbFg clouds can produce large amounts of lightning, providing ignition for more fires. 774 

Combustion of the forest vegetation produces smoke particles and releases additional water 775 

vapor into strong thermal updrafts above wildfires 36,100.  776 

 777 

Data on wildfires were obtained from reports published online by the BC Wildfire Service 778 

(https://www2.gov.bc.ca/gov/content/safety/wildfire-status/about-bcws) and the Canadian 779 

Interagency Forest Fire Centre (https://www.ciffc.ca/). In particular, reports were accessed on 780 

the Sparks Lake fire 101 and the McKay Creek fire 102. Data was also obtained from the CIFFC 781 

situational reports, in particular the report from July 11th 103, and those from July 1st, 2nd and 782 

3rd 104–106. 783 



 784 

Agriculture 785 

The Normalized Difference Vegetation Index (NDVI) is often used to estimate crop yields 107 and 786 

is publicly available from Statistics Canada’s Crop Condition Assessment Program 787 

(https://www35.statcan.gc.ca/CCAP/en/index). The NDVI is calculated during the growing 788 

season from 1,000 m resolution digital data from the National Oceanographic and Atmospheric 789 

Administration (NOAA) series of satellites and the 250 m MODIS digital data to monitor the 790 

changing vegetation conditions on a 7-day cycle over the agricultural region of Canada. We 791 

download these data for regions designated as “cropland” by the Crop Condition Assessment 792 

Program (CCAP), and spatially average over British Columbia.  793 

 794 

Yield estimates were obtained from data made available by Statistics Canada. Provincial crop 795 

yields were obtained from Table 32-10-0359-01 “Estimated areas, yield, production, average 796 

farm price and total farm value of principal field crops, in metric and imperial units”, 797 

https://doi.org/10.25318/3210035901-eng; regional crop yields from Table 32-10-0002-01 798 

“Estimated areas, yield and production of principal field crops by Small Area Data Regions, in 799 

metric and imperial units”, https://doi.org/10.25318/3210000201-eng; provincial fruit yields from 800 

Table 32-10-0364-01 Area, production and farm gate value of marketed fruits 801 

 https://doi.org/10.25318/3210036401-eng; and provincial vegetable yields from Table 32-10-802 

0365-01 Area, production and farm gate value of marketed vegetables, 803 

 https://doi.org/10.25318/3210036501-eng. 804 

 805 

Cryosphere and streamflow 806 

Streamflow data were extracted from the Environment and Climate Change Canada Real-time 807 

Hydrometric data web site 108. Snow water equivalent data were taken from the ERA5-Land 808 

hourly dataset69. Glacier area and location data are from the Randolph Glacier Inventory V6.0 809 
109, whilst basin areas and outlines are from the Water Survey of Canada 110. Basin glacier 810 

coverage is calculated as the summed area of all glaciers109 within a basin 110 divided by the 811 

basin area 108.  Code to reproduce the analyses and figures is available on GitHub 812 

(https://github.com/andersonsam/pacific_northwest_heatwave).  813 

 814 

Record streamflow values were identified using the Hydrometric data from Environment Canada 815 

(https://wateroffice.ec.gc.ca/mainmenu/real_time_data_index_e.html). Examples of all-time 816 

record flows during this extreme heatwave are shown in Supplementary Fig. S3a-c, with figures 817 

obtained from the following links: 818 

 819 

https://wateroffice.ec.gc.ca/report/real_time_e.html?stn=08KA005&mode=Graph&startDate=202820 

1-03-01&endDate=2021-11-821 

01&prm1=47&y1Max=&y1Min=&max1=1&upper1=1&lower1=1&prm2=47&y2Max=&y2Min= 822 

https://wateroffice.ec.gc.ca/report/real_time_e.html?stn=08ME028&mode=Graph&startDate=20823 

21-03-01&endDate=2021-11-824 

01&prm1=47&y1Max=&y1Min=&max1=1&upper1=1&lower1=1&prm2=47&y2Max=&y2Min= 825 



https://wateroffice.ec.gc.ca/report/real_time_e.html?stn=05DA009&mode=Graph&startDate=20826 

21-03-01&endDate=2021-11-827 

01&prm1=47&y1Max=&y1Min=&max1=1&upper1=1&lower1=1&prm2=47&y2Max=&y2Min= 828 

 829 

Figure S3d shows daily streamflow records broken for consecutive days on the Lillooet River 830 

near Pemberton, where an evacuation order was issued, although the all-time record was not 831 

broken.  832 

https://wateroffice.ec.gc.ca/report/real_time_e.html?stn=08MG005&mode=Graph&startDate=20833 

21-03-01&endDate=2021-11-834 

01&prm1=47&y1Max=&y1Min=&max1=1&upper1=1&lower1=1&prm2=47&y2Max=&y2Min= 835 

 836 

During the heatwave event flood watches and warnings along with high streamflow advisories 837 

were issued by the BC River Forecast Centre (http://bcrfc.env.gov.bc.ca/warnings/index.htm) 838 

and an evacuation order was issued by the Squamish-Lillooet Regional District. Links to the 839 

notices can be obtained from the Emergency Info BC twitter account (@EmergencyInfoBC). 840 

Below we list links to the Evacuation order, as well as flood watches and flood warnings. 841 

 842 

Squamish-Lillooet Regional District (2021).  EVACUATION ALERT Issued for SLRD Electoral 843 

Area C - Pemberton Valley 844 

https://www.slrd.bc.ca/sites/default/files/pictures/EOC/Evacuation%20ALERT%20%20-845 

%20Electoral%20Area%20C%20-%20Pemberton%20Valley%20Flooding%20-846 

%2026%20Jun%2021_0.pdf 847 

Squamish-Lillooet Regional District (2021). EVACUATION ORDER Issued for SLRD Electoral 848 

Area C - Pemberton Valley  849 

https://www.slrd.bc.ca/sites/default/files/pdfs/notices/Evacuation%20Order%20RESCIND%20-850 

%20Electoral%20Area%20C%20-%20Pemberton%20Valley%20Flooding_June29_2021.pdf 851 

 852 

Squamish-Lillooet Regional District (2021).  Evacuation order rescind for Electoral Area C - 853 

Pemberton Valley 854 

https://www.slrd.bc.ca/sites/default/files/pdfs/notices/Evacuation%20Order%20RESCIND%20-855 

%20Electoral%20Area%20C%20-%20Pemberton%20Valley%20Flooding_June29_2021.pdf 856 

 857 

Flood Watches (FWT) and Flood Warnings (FWN): 858 

http://bcrfc.env.gov.bc.ca/warnings/advisories/FWT_2021_0630_1130CentralCoastSouthCoast859 

_upg.pdf 860 

http://bcrfc.env.gov.bc.ca/warnings/advisories/FWT_2021_0627_1315Chilcotin_upg.pdf 861 

http://bcrfc.env.gov.bc.ca/warnings/advisories/FWN_2021_0630_0930_Chilcotin_upg.pdf 862 

http://bcrfc.env.gov.bc.ca/warnings/advisories/FWT_2021_0626_1000_Lillooet_iss.pdf 863 

http://bcrfc.env.gov.bc.ca/warnings/advisories/FWT_2021_0630_1330_Morice_upg.pdf 864 

http://bcrfc.env.gov.bc.ca/warnings/advisories/FWT_2021_0628_730_UpperColumbia_upg.pdf 865 

http://bcrfc.env.gov.bc.ca/warnings/advisories/FWT_2021_0627_1200UpperFraser_iss.pdf 866 

http://bcrfc.env.gov.bc.ca/warnings/advisories/FWN_2021_06_29_1300UpperFraser_iss.pdf 867 

 868 



Landslides 869 

Post-wildfire debris flows were mapped from field observations and satellite imagery (Sentinel 870 

imagery dates 3 August, 2021; 28 August, 2021; 6 March, 2022) (Supplementary Fig. S5). 871 

Vegetation burn severity data produced by BC Ministry of Forests, Lands, Natural Resource 872 

Operations and Rural Development 111 using Normalized Burn Ratio (dNBR) and classified 873 

according to the United States Forest Service Burned Area Reflectance Classification (BARC) 874 

system 112. Soil burn severity was also evaluated in the field to verify the classification of low, 875 

moderate, and high severity provided by the remotely-sense burn severity data. Field evaluation 876 

of burn severity was classified based on the apparent degree of mortality of the vegetative 877 

canopy and understory, depth of combusted organic matter in the soil and presence of water 878 

repellency. Shallow (<25 cm) test pits were hand dug to identify the percentage of ground cover 879 

burned, ash color and depth, changes to soil structure, depth to unburned roots, and soil water 880 

repellency. The test pits were accompanied by observations of the forest type and percentage 881 

of tree canopy burned. Soil burn severity corresponded to remotely sensed vegetation burn 882 

severity.  883 
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