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Addressing challenges in identifying trends in 
extremes to better compare models and 
observations



Directly comparing historical trends in heat extremes with model 
simulations is difficult due to influence of internal variability

Section S3 in the supplementary material details
regional heatwave trends in CMIP5 ensemble (Taylor
et al 2012). While the spread in CMIP5 trends is
greater, this is likely due to the larger sampling of
model configurations (e.g. physics, resolution, etc).
The variability of CESM trends is within that of
CMIP5, and centered on a similar median. The overall
conclusions of our study are very similar across both
ensembles, however quantitative results detailed below
are specific to CESM, and could differ if another
climate model (with an adequate number of realiza-
tions) was used.

3. Results and discussion

Rank histograms of short- and long-term heatwave
frequency trends (figure 1) indicate that the ensemble
is under-dispersive when compared to the observed

spatial trend pattern. Considering long-term trends,
almost 14% of grid boxes the observed trend is larger
and 12% are smaller than the entire CESM ensemble
(figure 1(a)). This indicates an underestimation in the
range of forced changes by CESM. In figure 1(b),
observed trends are smaller than the ensemble over
almost 18% of grid boxes, indicating that CESM over-
estimates short-term changes in heatwave frequency.
However, for the majority of grid boxes (the 76% or
82% not affected by an over- or under-estimation) the
ranking of observations against CESM is within the
model’s uncertainty envelope (see supplementary
material available at stacks.iop.org/ERL/12/044005/
mmedia). This corresponds well to where the observed
long- and short-term trends are within the CESM
ensemble range (figures 2(a) and (b)), with the
exception of parts of Eastern (Central) Asia in figure 2
(a) and (b) where the observed trend is higher (lower).
While some improvements could be made in the
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Figure 2. global long- (1955–2010) and short-term (1998–2010) trends in heatwave frequency. (a) observed long-term trends,
hatching indicates where observed trends are within the CESMensemble; (b) same as (a) but for short-term; (c) 1 st percentile of long-
term trends from the externally forced 21member CESM ensemble; (d) same as (c) but for short term trends. Units of these graphs are
days/decade. (e) percentage of forced long-term trends greater than the control; (f) same as (e) but for short-term trends; (g)
percentage of significantly increasing forced long-term trends; (h) same as (g) but for short-term trends.
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22). Because the models do not include the effects of irrigation, this
could be another contributing factor to the models simulating greater
daytime maxima compared with observations.
This assessment of possible biases in the simulation of record highs

vs. lows in the models brings us to the idea of trying to relate the
behavior of the record ratio with mean temperature changes, known
to be better simulated by climate models. We first quantify the
nonlinear time evolution of the ratio of record highs to record lows
seen in Fig. 1 for the observations as a function of mean temperature
(across the same set of stations) by fitting the log of the ratio of re-
cord highs to record lows to US mean annual temperature (Fig. 5A).
The fit has an R2 value of 0.50 and a slope of 0.66 (SD, 0.07). Similar
plots for the two model versions, in which we use all ensemble
members individually (i.e., without computing the ensemble mean,
but using ensemble members as replicates) are shown in the rest of
Fig. 5, with black dots plotted for the values from 1930 to 2015, and
red dots for the rest of the time series, using RCP8.5 to 2100. The
nonlinear fit has a large R2 of 0.93 in both cases, with slopes of 1.16
(SD, 0.004) for the LE and 1.05 (SD, 0.01) for the Hdeg. The re-
lationship is therefore similar between the two model resolutions,
with a steeper slope for the 20th century compared with observations
because of the issues noted earlier regarding the effects of the warm
1930s and the differences inferred for precipitation trends, and likely
the implied evapotranspiration trends. Note that if we fit individual
log-linear relationships to the single ensemble members, we still ob-
tain relationships showing a substantial positive bias in all cases (see

Fig. S8, where we plot histograms of the log-linear coefficients from
the individual ensemble members and compare them with the ob-
served values for the three starting dates used in our analysis of 1930,
1950, and 1970).
As mean temperatures increase in the 21st century, the nonlinear

relationship holds strongly for both model versions, but we propose
comparing the model projections with a projection made from the
observed relation and accounting for its uncertainty. As already
mentioned, for the observations starting in 1930, the slope is 0.66 with
a SD of 0.07. For a start date in 1950, the coefficient is 0.90 with the
same SD, and for a 1970 start date, the slope is 0.89 with the same
SD. To estimate a value for the future slope that factors in both the
uncertainty relating to the starting date and the uncertainty in the fit,
we use the lowest and highest values from the three observation-
based fits (0.66 and 0.90) and add and subtract two times their SDs
(2 × 0.08), obtaining a range for the future slope of 0.50–1.06. Note
that even by using this wide range based on observed behavior, one
that includes a period (starting from 1970) when models and obser-
vations are in better agreement, our proposed future slopes are only
barely overlapping with the model-based slopes (values of 1.05 and
1.16). This procedure therefore notes a likely positive bias in the
model simulations of these future ratios, and at the same time relates
the behavior of the ratio to what we know is a better simulated
quantity, mean temperature, while divorcing the projections from any
specific scenario. For example, for a 3 °C annual average warming
over the United States, the ratio of record highs to record lows is
projected to be ∼15 ± 8.

Discussion
This article builds on an earlier study (1) that examined US daily
record high maximum and daily record low minimum temperatures
in observations and a model from 1950 to 2006, as well as future
changes of the ratio to 2100 in one future climate change scenario.
Here, the period of the observations is expanded to include the warm
1930s, and is updated with more recent observations to 2015. Simu-
lations from a climate model at two different resolutions (CCSM4 at
one degree and at a half degree) are analyzed for historical forcings in
the 20th century (taking the same period as the observations) and
future climate simulations, using RCP8.5. These two models have
similar characteristics, with regard to record highs and lows, as the
larger set of CMIP5 models. We set out to test the robustness of our
previous findings when considering the warmer starting period of the
1930s, and in the process, we investigate model biases. We argue that
some systematic shortcomings in the simulation of maximum tem-
perature may be at play (besides the difficulty of simulating an es-
pecially warm period that was a result of not only internal variability
but also anthropogenic forcing through land use malpractice and its
feedbacks). We propose an approach to evaluate the credibility of the
model projections in the context of observations, while also gener-
alizing future increases in the ratio of record highs to record lows as a
function only of future mean temperature increases over the conti-
nental United States that are independent of scenario.
Earlier results (1) are confirmed, in that the ratio of daily record

highs to record lows over the United States has been increasing, such
that the average value in the first decade of the 20th century was
about 2–1, even when starting from a period as warm as the 1930s in
the United States. The newer CCSM4 simulations at both resolutions,
as well as 23 other CMIP5 models, show a greater number of record
highs compared with observations, although with a comparable de-
crease in record lows. This is in part a result of the warm 1930s over
the United States, such that starting a compilation of daily temper-
ature records in the warm decade of the 1930s makes it more difficult
to set daily record highs later on. This is evidenced by the observed
values of record highs lying below the expected 1/n line. Starting the
compilation at successively more recent start dates in decades cooler
than the 1930s produces better agreement with the expected 1/n
values, but still points to a persistent warm bias in the model versions.
Assuming the warm 1930s was partly a result of naturally occurring

internally generated climate variability related to tropical Pacific
SSTs, and partly a result of disastrous land use practices in large parts
of the United States that exacerbated the warmth of the 1930s, we
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Fig. 5. Nonlinear fits as log plots of the ratio of daily record highs to record
lows as a function of US mean temperature increase for (A) observations
1930–2015. (B) Large ensemble 1930–2100 with extensions of empirical fit
from observations in A to 2100. (C) Same as B, except for half-degree 1930–
2100. Gray-shaded ranges delimit the fits, using the smallest and largest
values of the coefficient from the 1930/1950/1970 fits, plus or minus two
times the (common) SD. The R2 values are given in figure panels. Black dots
are individual annual values from 1930–2015, red dots for 2016–2100.
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Signals in extremes get more clear through spatial aggregation. 
Hot extremes warm “too” fast in US in CCSM ensemble
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In contrast, western European heat extremes are warming faster than 
most models (1950-2022), difference greater than for mean

However, the rapid observed increase in frequency of this flow field
( + 43%/GWD [10–76%]) is only roughly captured by one among the
170 simulations (NorESM2-LM, and weaker in the others (Supple-
mentary Table 1).

Discussion
Overall, our results show that, except for a very few of them,
CMIP6 simulations do not capture the rapid observed warming of
extreme heat over Western Europe. The analysis of atmospheric

Fig. 3 | Simulated vs. observed TX trends in Western Europe. Comparison
between the ECMWF reanalysis ERA5 and 273 CMIP6 simulations of trends in
Summermaximumsummerofdailymaximumtemperature, TX, (TXx,a) and c) and
summer mean summer TX (TXm, b) and d) in °C/GWD represented in different
ways; top panels: percentage of simulations with a trend larger than ERA5 at each
gridpoint; bottompanels: representationof trends formodel ensembles (dots) and
observations (red and orange lines) after averaging over Western Europe (5°W to

15°E; 45°N-55°N); blue dots represent the 170 simulations that were analyzed with
the analogue approach. Histograms at the bottom of the figure summarize the
overall distribution of the TXx (left) and TXm (right) trends across the 273 simula-
tions considered, together with the (blue) part analyzed with the analogue
approach. Percentages of simulations with a trend larger than ERA5 are indicated in
top right corners.

Article https://doi.org/10.1038/s41467-023-42143-3

Nature Communications | ��������(2023)�14:6803� 5

Vautard et al (2023) Nature Communications 



Many metrics of changes in extremes are a strong 
function of the mean state.  

Three examples. 

In all cases, the true climate change signal is a uniform 
warming across summertime temperatures.



estimated and simulated frequencies reveals the impor-
tance of these individual contributions [(i), (ii), or (iii)].
Assuming a uniform shift of the temperature distri-

bution, models with a narrow temperature distribution
(low variability; Fig. 5b) show a larger increase in fre-
quencies for a given warming than models with wide
temperature distributions (high variability; Fig. 5a)
(Sillmann et al. 2014). To quantify the uncertainty con-
tribution due to the representation of the present-day
distribution [(i)], we shift the local daily temperature
distribution of each model by the corresponding local
multimodel mean warming consistent with 38C global
warming (see section 2b for details). The model dis-
agreement in frequencies estimated from a multimodel
mean shift is then entirely due to the differences in the
model representation of the present-day distribution, as
the shift is identical across models. In the Northern
Hemisphere, we find a strong relationship between
model-simulated frequencies and frequencies estimated
from the multimodel mean shift (Fig. 6a). This implies
that an accurate representation of the present-day
temperature distribution is important. For the North-
ernHemisphere,more thanhalf of themodel disagreement

(an explained variance of 0.6) in projected frequencies can
be explained by the model’s representation of the present-
day temperature distribution.
However, for a given level of global mean warming of,

for example, 38C, models simulate different magnitudes
of local warming for any given grid point. Assuming a
simple shift of the present-day temperature distribu-
tions, this disagreement in local warming contributes to
the uncertainties in simulated frequencies. To estimate
this contribution [(ii)], we repeat the abovementioned
analysis but shift the distribution at each grid point with
each model’s individual local warming rather than the
multimodel mean warming. The difference between
uncertainties in frequencies of hot extremes estimated
from shifting with multimodel mean local warming and
each model’s individually simulated local mean warm-
ing is used as a quantification of the uncertainty contri-
bution caused by model uncertainty in the local mean
warming [(ii)]. This contribution explains an additional
30% of the disagreement in frequencies of hot extremes
over the Northern Hemisphere (Fig. 6b). The remaining
disagreement acrossmodels, which cannot be explained by
(i) or (ii), can be attributed to the uncertain changes of

FIG. 5. A schematic diagram illustrating changes in frequency from a uniform shift of (a) wide
and (b) narrow distributions.

15 DECEMBER 2017 BOROD INA ET AL . 9957
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The change of the number of days beyond a threshold depends on the 
width of the distribution: greater increases for narrow distributions

Borodina et al (2017) JClim 



procedure. To see this, note that the shift examined in sections 2a and 2b is equivalent to using the CDF of the
shift variable s= (Tt! T)/σ. If the empirical CDF emerges from the envelope sampled from the reference
Gaussian, the two differ at the specified level. Importantly, for this application, it is apparent when the
differences in the slope that lead to this separation result from differences in PDF near Tt, the neighborhood
of interest in the warm-side tail (as opposed to differences from Gaussian arising in the cold-side tail).
Third, this leads to an index of non-Gaussianity from which maps can be plotted. Choosing the separation
between these CDFs at a specific shift value, here s= σ, and comparing to the distribution sampled from
the reference Gaussian creates a statistic that has a physical interpretation (increase in the fraction of days
exceeding the threshold for the given shift relative to that of the Gaussian) and also has a direct relationship
to a significance level.

4. Domain-Wide Exceedances

Expanding on the examples in section 3, Figures 3a and 4a show maps of the threshold exceedances for all
grid cells when a uniform 1σ warming is applied to the PDF as in the above examples (similar patterns occur
with a 0.5σ shift; see Figure S5). The map of σ is shown on the right of each figure for reference. Unshaded

Figure 2. Same as in Figure 1 except for JJA and different locations.

Geophysical Research Letters 10.1002/2015GL065602
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The change of the number of days beyond a threshold depends on the 
symmetry of the distribution: greater increases for short upper tails

Loikith and Neelin (2015) GRL

actual distribution 
normal distribution



The change in the probability of an event depends non-linearly on the 
threshold and the underlying distribution

Climate change 
signal: +2 C∘

Climate change 
signal: +2 C∘



A modest proposal: measure change in extremes as the change in 
temperature for a given percentile (max = 100th percentile)



A hierarchy of controls on the change in extremes  
(across models, or comparing models and observations)

Global mean temperature 
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The probability of very extreme events compared to the mean is higher 
for locations with positive skewness and/or kurtosis

Color: hottest Tx anomaly ( ) over 8,500 years in CESM2 
(forced response removed)

σ

McKinnon and Simpson (2022), GRL; see also Van Loon and Thompson (2023), GRL



This can lead to apparent trends in extremes from sampling alone

Color: hottest Tx anomaly ( ) over 8,500 years in CESM2 
(forced response removed)

σ

McKinnon and Simpson (2022), GRL; see also Van Loon and Thompson (2023), GRL



Two challenges: 

1. The contribution of internal variability to trends in 
extremes is very large 

2. The probability of a given extreme (e.g. a 3-sigma 
event) is spatially-variable due to non-normality in 
temperature distributions, so unclear how to average 
across space



Approach: spatial average of ranked difference between hot 
extremes and median

Synthetic data: normal distribution with an increasing variance

Synthetic years

McKinnon, Simpson, and Williams (in prep)



Approach: spatial average of ranked difference between hot 
extremes and median
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Approach: spatial average of ranked difference between hot 
extremes and median

amplification



Advantages of a rank-based approach

• No dependence on the underlying distribution 

• The expected rank across locations and time is known 
(33 for 65 years of data) 

• Can combine information or inter-compare across 
different definitions of heatwaves 



Advantages of a rank-based approach

• No dependence on the underlying distribution 

• The expected rank across locations and time is known 
(33 for 65 years of data) 

• Can combine information or inter-compare across 
different definitions of heatwaves 

Data: ERA5, daily maximum (Tx), 1959-2023



Spatial heterogeneity in trends of amplification in ERA5, 
very few trends are locally significant ( )αFDR = 0.05

significance indicated by white contours / stippling



No significant trends at the global 
or hemispheric/tropical scale



What about cold summertime temperatures (still Tx though)? 
In most regions of the world, they are warming less than the median 



Significant trends (except in 
NH) towards damped 

warming of the lower tail



CMIP6 simulations tend to agree with observations of no historical, 
significant amplification of heat extremes



But they miss the observed damping of the cold tail in the tropics and 
Southern Hemisphere, perhaps related to precipitation changes



Consistency between models and observations in terms of lack of hot 
day amplification does not preclude model errors

Figure 2. The relationship between evaporative fraction andmaximum temperature for models and observations classified
by the aridity index. The median quantile regression slope between evaporative fraction (EF) and Tmax (ΩEF,Tmax) is
shown for each model and for observations for the three aridity classes. The red dots represent each model’s slope, with
error bars indicating the 95% confidence intervals. The blue shading shows the full range of the two observed slopes
calculated from site- and Climatic Research Unit-based aridity, including their 95% confidence intervals. The dotted line
shows the zero line.

10.1029/2018GL079102Geophysical Research Letters
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observations: Tmax in “wet” 
regions is insensitive to 
evaporative fraction -> lack of 
land/atmosphere coupling 

most models (CMIP5): Tmax is 
higher when the evaporative 
fraction is lower (drier conditions) 
-> existence of land/atmosphere 
coupling

Ukkola et al (2018) GRL
How do mean state errors affect (or not) trends?



Trends in extremes are strongly affected by internal variability, so can be difficult to 
intercompare with models. 

Many trend metrics are a strong function of the underlying distribution, which 
should be considered before interpretation. 

The probability of extremes is spatially-variable due to non-normality. We propose 
a rank-based analysis. Heat extremes are not warming faster than the median at 

large scales in models or observations, but the models miss the damped 
warming of the lower tail.

karenamckinnonkmckinnon@ucla.edu

Heat extremes in a warming world 
Karen McKinnon, Dept. of Statistics and Institute of the Environment, UCLA 

email: kmckinnon@ucla.edu Kavli Frontiers of Science, US Symposium

Motivation and background
The greatest impacts of climate change are 
associated with extreme events. Heat waves are the 
most deadly weather event in the developed world, 
and can cause substantial economic losses related 
to crop mortality, wildfire, and reductions in labor 
productivity, among other impacts. It is thus critical 
to understand how — and why — continental heat 
waves are changing with warming global 
temperatures.

Historical trends in summertime temperatures are 
largely consistent with a basic shift in the distribution

The impacts of heat are mediated 
by humidity — and humidity is 
changing in an unexpected way
Temperature and humidity are interrelated due to 
both atmospheric and land surface physics. 
Further, the impact of heat is affected by humidity. 

Current research questions
1. What processes control the statistical 

characteristics of temperature, and their 
(potential) changes? 

2. Where and how do land-atmosphere 
interactions amplify heat waves? 

3. What is causing the observed decrease in 
humidity in dry regions?  

4. How does the biosphere and wildfire risk 
respond to humidity changes? 

References
McKinnon et al (2016), The changing shape of 
Northern Hemisphere temperature distributions, 
JGR-Atmospheres. 
McKinnon and Poppick (2020), Estimating 
Changes in the Observed Relationship Between 
Humidity and Temperature Using Noncrossing 
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McKinnon et al (2021), Hot extremes have become 
drier in the United States Southwest, Nature 
Climate Change. 
McKinnon and Simpson (2022), How unexpected 
was the 2021 Pacific Northwest heatwave?, GRL.

A framework: shifting distributions

Figure 1: Schematics from the Intergovernmental Panel on 
Climate Change showing different types of possible 
distributional changes, and their impact on extreme events.

Method: Quantile regression + 
Legendre polynomials 
Daily temperatures do not follow a Gaussian 
distribution, so their changes cannot be summarized 
by a change in mean and variance alone. Instead, 
we estimate trends in the 5th-95th quantiles (in steps 
of 5%) using quantile regression, and summarize the 
behavior by projecting onto the first four Legendre 
polynomials. Intriguingly, these polynomials emerge 
as a natural (variance maximizing) basis for the 
quantile trends, and also closely map to changes in 
mean, variance, skewness, and kurtosis. 

Figure 2: The first four Legendre polynomials shown in the 
space of percentiles (spanning zero to one).

Shift

Stretch
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Tails

Figure 3: Historical trends in the distribution of summertime daily temperatures at 
weather stations, as summarized by four orthogonal bases: shift, stretch, skew, and 
tails, which roughly correspond to positive increases in the mean, variance, skewness, 
and kurtosis. The variance explained by each basis is shown at the lower right. 

Understanding very extreme events: the 2021 Pacific 
Northwest heatwave
At the end of June 2021, temperatures in the Pacific Northwest shattered 
records, in some cases exceeding prior records by 5-6 C. Does the 
occurrence of events like this suggest that we are seeing more than the 
“simple shift” of temperatures?  
In a word: no. While the event was highly unlikely (roughly 1 in 10,000 years), 
its occurrence is consistent with the underlying statistical characteristics of 
temperature in the region, and comparable events are simulated by climate 
models even without substantial warming. 

∘

Figure 4: (top) An example of a very extreme event from a climate model. (bottom) The 
maximum temperature simulated in the climate model CESM2 across 8500 years of 
data, as well as the temperatures observed in the 2021 Pacific Northwest heatwave, 
closely follow their underlying skewness and kurtosis.
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Figure 5: Example of a possible change in the joint 
temperature-humidity distribution.

Figure 6: Trends in humidity on hot days. Humidity is 
decreasing in dry regions around the world, which 
increases wildfire risk and is contrary to expectations from 
theory and climate models.
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fraction of gridboxes in CESM2 with similar climatological statistics have a maximum value that exceeds the stand-
ardized 2021 anomaly (Figure 2c). This result indicates that a modern climate model is able to simulate very extreme 
values comparable to those observed in 2021. However, it also suggests that their probability in CESM2 is astonish-
ingly small: for the most extreme anomalies (exceeding 4.5σ), on average 6% of the maxima across gridboxes were 
more extreme than 2021. This suggests a probability on the order of 0.06 × 1/8,500 ≈ 0.00001 (one in a hundred 
thousand years), which could not be easily estimated with a smaller ensemble or more limited spatial sampling.

4. Estimating Probabilities of Record-Breaking Events With the Generalized Extreme 
Value Distribution
We now return to the question of estimating the probability of never-before-seen extreme events through fitting a 
GEV to the prior data. Specifically, we identify 351 gridboxes in CESM2 with similar statistics to PNW stations 

Figure 2. (a) The largest standardized maximum temperatures (Tx) anomaly across the Community Earth System Model version 2 Large Ensemble (CESM2-LE) 
simulations as a function of skewness and kurtosis at each gridbox between 40°N and 70°N. The 2021 record-breaking standardized Tx anomalies for the station data 
are shown in circles outlined in black. (b) The average of the maximum standardized temperature anomalies in CESM2 in each skewness bin (line) and the maximum 
standardized temperature anomaly in the station data as a function of skewness (dots). (c) The fraction of CESM2 gridboxes with skewness and kurtosis values 
consistent with each Pacific Northwest station that produce a maximum standardized Tx anomaly greater than the observed standardized 2021 anomaly.

“Analog locations” (similar skewness and kurtosis) in CESM2 
produce heatwaves as large and larger than we saw in 2021

But comparable events are rare:  
the maxima across 171 years x 50 ensemble members



After accounting for warming of the mean, a large climate model 
ensemble detects significant trends of the most extreme events, 

although their probabilities remain small

Data: CESM2 large ensemble



Daily temperature data is typically non-Gaussian, so insufficient to only 
assess changes in the mean and variance 

Journal of Geophysical Research: Atmospheres 10.1002/2016JD025292

Figure 1. The distribution of Global Historical Climatology Network-Daily stations that have sufficient data for inclusion
in the analysis. Daily summer temperature tends to be nonnormal, as shown by the nonzero (a, b) skewness and (c, d)
excess kurtosis for (Figures 1a and 1c) Tx and (Figures 1b and 1d) Tn. Skewness and excess kurtosis values are calculated
as the average across all summers between 1980 and 2015. Gray regions on both color bars indicate that the values of
skewness and excess kurtosis are not inconsistent with a normal distribution at the 5% level based on 10,000 bootstrap
samples. Due to the highly variable station density, points in densely sampled regions such as the United States are
plotted on top of each other. In Figure 1a, the horizontal lines indicate the region of study (30–72∘N).

of western Russia, where many stations have more than half of their data flagged. In order to be included in
the analysis, stations are required to have at least 80% coverage during summer (JA) for at least 80% of the
years considered in the analysis (1980–2015), yielding a minimum number of daily observations of 1428.

Some weather stations in the GHCND database suffer from changes in measurement practices that can influ-
ence the temperature observations termed inhomogeneities. For example, the switch from liquid in glass to
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Figure 1. The distribution of Global Historical Climatology Network-Daily stations that have sufficient data for inclusion
in the analysis. Daily summer temperature tends to be nonnormal, as shown by the nonzero (a, b) skewness and (c, d)
excess kurtosis for (Figures 1a and 1c) Tx and (Figures 1b and 1d) Tn. Skewness and excess kurtosis values are calculated
as the average across all summers between 1980 and 2015. Gray regions on both color bars indicate that the values of
skewness and excess kurtosis are not inconsistent with a normal distribution at the 5% level based on 10,000 bootstrap
samples. Due to the highly variable station density, points in densely sampled regions such as the United States are
plotted on top of each other. In Figure 1a, the horizontal lines indicate the region of study (30–72∘N).

of western Russia, where many stations have more than half of their data flagged. In order to be included in
the analysis, stations are required to have at least 80% coverage during summer (JA) for at least 80% of the
years considered in the analysis (1980–2015), yielding a minimum number of daily observations of 1428.

Some weather stations in the GHCND database suffer from changes in measurement practices that can influ-
ence the temperature observations termed inhomogeneities. For example, the switch from liquid in glass to

MCKINNON ET AL. CHANGING TEMPERATURE DISTRIBUTIONS 8851

JournalofG
eophysicalResearch:A

tm
ospheres

10.1002/2016JD
025292

Figure
1.The

distribution
ofG

lobalH
istoricalClim

atology
N

etw
ork-D

aily
stations

thathave
suffi

cientdata
forinclusion

in
the

analysis.D
aily

sum
m

ertem
perature

tends
to

be
nonnorm

al,as
show

n
by

the
nonzero

(a,b)skew
ness

and
(c,d)

excess
kurtosis

for(Figures
1a

and
1c)Tx

and
(Figures

1b
and

1d)Tn.Skew
ness

and
excess

kurtosis
values

are
calculated

as
the

average
across

allsum
m

ers
betw

een
1980

and
2015.G

ray
regions

on
both

colorbars
indicate

thatthe
values

of
skew

ness
and

excess
kurtosis

are
notinconsistentw

ith
a

norm
aldistribution

atthe
5%

levelbased
on

10,000
bootstrap

sam
ples.D

ue
to

the
highly

variable
station

density,points
in

densely
sam

pled
regions

such
as

the
U

nited
States

are
plotted

on
top

ofeach
other.In

Figure
1a,the

horizontallines
indicate

the
region

ofstudy
(30

–72 ∘N
).

ofw
estern

Russia,w
here

m
any

stations
have

m
ore

than
halfoftheirdata

flagged.In
orderto

be
included

in
the

analysis,stations
are

required
to

have
atleast80%

coverage
during

sum
m

er(JA
)foratleast80%

ofthe
years

considered
in

the
analysis

(1980
–2015),yielding

a
m

inim
um

num
berofdaily

observations
of1428.

Som
e

w
eatherstations

in
the

G
H

CN
D

database
sufferfrom

changes
in

m
easurem

entpractices
thatcan

influ-
ence

the
tem

perature
observations

term
ed

inhom
ogeneities.Forexam

ple,the
sw

itch
from

liquid
in

glass
to

M
CKIN

N
O

N
ET

A
L.

CH
A

N
G

IN
G

TEM
PERATU

RE
D

ISTRIBU
TIO

N
S

8851

JournalofG
eophysicalResearch:A

tm
ospheres

10.1002/2016JD
025292

Figure
1.The

distribution
ofG

lobalH
istoricalClim

atology
N

etw
ork-D

aily
stations

thathave
suffi

cientdata
forinclusion

in
the

analysis.D
aily

sum
m

ertem
perature

tends
to

be
nonnorm

al,as
show

n
by

the
nonzero

(a,b)skew
ness

and
(c,d)

excess
kurtosis

for(Figures
1a

and
1c)Tx

and
(Figures

1b
and

1d)Tn.Skew
ness

and
excess

kurtosis
values

are
calculated

as
the

average
across

allsum
m

ers
betw

een
1980

and
2015.G

ray
regions

on
both

colorbars
indicate

thatthe
values

of
skew

ness
and

excess
kurtosis

are
notinconsistentw

ith
a

norm
aldistribution

atthe
5%

levelbased
on

10,000
bootstrap

sam
ples.D

ue
to

the
highly

variable
station

density,points
in

densely
sam

pled
regions

such
as

the
U

nited
States

are
plotted

on
top

ofeach
other.In

Figure
1a,the

horizontallines
indicate

the
region

ofstudy
(30

–72 ∘N
).

ofw
estern

Russia,w
here

m
any

stations
have

m
ore

than
halfoftheirdata

flagged.In
orderto

be
included

in
the

analysis,stations
are

required
to

have
atleast80%

coverage
during

sum
m

er(JA
)foratleast80%

ofthe
years

considered
in

the
analysis

(1980
–2015),yielding

a
m

inim
um

num
berofdaily

observations
of1428.

Som
e

w
eatherstations

in
the

G
H

CN
D

database
sufferfrom

changes
in

m
easurem

entpractices
thatcan

influ-
ence

the
tem

perature
observations

term
ed

inhom
ogeneities.Forexam

ple,the
sw

itch
from

liquid
in

glass
to

M
CKIN

N
O

N
ET

A
L.

CH
A

N
G

IN
G

TEM
PERATU

RE
D

ISTRIBU
TIO

N
S

8851

Data: GHCND (weather) stations



Figure S3. An example showing the identification of CESM2 gridboxes with similar 
skewness and kurtosis values to a given weather station. The horizontal axis in both 
panels shows values of skewness and kurtosis for daily maximum temperature during 
the June 15-July 15 period estimated for a single weather station (GHCND station 
CA001090660 in Barkerville, British Columbia, Canada; data from 1900-2021) based on 
resampling years of the record with replacement. The vertical axis shows the values of 
skewness and kurtosis for CESM2 gridboxes chosen to most closely match (as 
measured by Euclidean distance) the bootstrapped values from the station data. The 
one-to-one line is shown in gray. Across all stations and bootstrap samples, the 
correlation between the station value and the CESM2 value is 0.987 for skewness, and 
0.998 for kurtosis.

Figure S4. The location of gridboxes in CESM2 that have similar skewness and kurtosis 
to at least one station in the Pacific Northwest domain. Red dots indicate a CESM2 
gridbox where (1) the “matching” PNW weather station had a temperature anomaly 
during the 2021 heatwave that exceeded 4 , and (2) the CESM2 gridbox had a 
maximum temperature that exceeded the value from the weather station (in  units).

σ
σ

 3

Black: all analog locations 
Red: both observations and CESM2 had greater than 4 sigma event



Hot days largely follow the median; some places have warmed a lot
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Relatively small differences between percentiles, limited significance
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Qualitatively similar results with the 1959-2023 ERA5 analysis

Assuming climate change has 
mostly shifted the temperature 
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Qualitatively similar results with the 1959-2023 ERA5 analysis

3.1 Analysis of point station data and gridded data

Figure 6a shows our standard extreme value analysis and the challenge of applying it to this event. The
distribution of our index including data up to 2020 is described very well by a GEV distribution that has
linearly warmed at a rate about twice as fast as the GMST. This is consistent with the general
characteristic of global warming that summers over continents warm faster than the global mean. The fit
has a negative shape parameter ξ, which implies a finite tail, and hence an upper bound. In this case it is at
35.5±1.3 ºC (2σ uncertainty). However, the observed value in 2021, 39.5 ºC, is far above this upper
bound. Therefore, this GEV fit with constant shape and scale parameters that excludes all information
about 2021 is not a valid description of the heatwaves in the area.

Figure 6. GEV fit with constant scale and shape parameters, and location parameter shifting proportional
to GMST of the index series. No information from 2021 is included in the fit. Left: the observed TXx as a
function of the smoothed GMST. The thick red line denotes the location parameter, the thin red lines the 6
and 40-yr return times. The June 2021 observation is highlighted with the red box and is not included in
this fit. Right: Return time plots for the climate of 2021 (red) and a climate with GMST 1.2 ºC cooler
(blue). The past observations are shown twice: once shifted up to the current climate and once shifted
down to the climate of the late nineteenth century. Based on ERA5 extended with operational ECMWF
analyses for June 2021.

An alternative to the standard approach of not using any information of the event under study to avoid a
selection bias, is to use some of the information from the June 2021 heatwave, namely that it actually
happened. Specifically, in the next fit we still assume that the data up to 2020 can be described by a GEV
with constant scale and shape parameters, but we reject all GEV models in which the upper bound is
below the value observed in 2021. In other words, we enforce a distribution that does not a priori reject
the 2021 event as impossible. The result is shown in Figure 7. While the distribution now includes the
2021 event, the fit to the data up to and including the year 2020 is noticeably worse than when not taking
2021 into account. This suggests either a low-probability extreme or the contribution of non-linear effects
to the event (Section 7). The return time for the 2021 event under these assumptions still has a lower
bound of 10,000 years in the current climate. The fit differs from the previous one mainly in the shape
parameter, which is now much less negative (about −0.2 instead of −0.4). This shifts the upper bound to
higher values. The fit also gives a somewhat higher trend parameter.
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