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Abstract
The projected increase in the frequency and intensity of extreme heat events
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due to climate change means an associated increase in risk of heat-related ill-
nesses and mortality. Public health systems need to be prepared to identify
and reduce the susceptibility of vulnerable populations to increased occurrence
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of heat-related illness and stress. To facilitate this, climate services have begun

. . . developing climate change projections for heat-stress indices based on excee-
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dances of thresholds used operationally in meteorological heat warning sys-
tems. This task is complicated by the fact that heat-stress indices are generally
computed using hourly data whereas climate model outputs are often archived
at daily or longer time steps. This study focuses on Humidex, a heat-stress
index used in heat alerts issued by the Meteorological Service of Canada. Sev-
eral potential solutions for computing robust Humidex indices using daily data
are examined, including a new approximation method. Indices obtained with
the new method are compared with indices obtained using the classic method
based on hourly data as well as with other two methods based on average daily
values. The new approximation gives good estimations for humidex indices,
while the daily-average-value methods present biases with respect to the
hourly-value method.
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1 | INTRODUCTION radiation (Schwingshackl et al., 2021). Exposure to

extreme heat-stress can lead not only to loss of work

Human health is directly influenced by several environ-
mental conditions associated with temperature, humid-
ity, wind, and incoming solar radiation. The term “heat
stress” is often used to describe the heat-related impacts
on human health that are associated with high values
of air temperature, humidity, and solar and thermal

productivity (Dunne et al., 2013; Kjellstrom et al., 2013)
but also to dehydration, heat stroke, and many cardio-
vascular, respiratory, and cerebrovascular diseases,
depending on the time of exposure and intensity of
stress (McMichael and Lindgren, 2011; Mora
etal., 2017).
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Many meteorological services around the globe have
developed operational systems to alert the public of the
danger of heat stress (Schwingshackl et al., 2021). An
alert is usually issued when an index related to heat-
stress is forecast to be greater than a specific threshold
value. Examples of heat-stress indices include Environ-
ment and Climate Change Canada (ECCC) Humidex
(Masterton and Richardson, 1979), NOAA heat index
(Steadman, 1979; Rothfusz, 1990), Australian Bureau of
Meteorology Simplified Wet-Bulb Globe Temperature
(Buzan et al., 2015), and Perceived Temperature (Staiger
et al., 2012). The Wet-Bulb Globe Temperature is often
used for heat safety recommendations for athletes and
worker productivity (Chavaillaz et al., 2019). Schwing-
shackl et al. (2021) summarizes the definitions of many
heat-stress indices and presents a table with the exceed-
ance thresholds used for each of them.

Humidex (HX) is a relatively simple index, depending
only on temperature and relative humidity, and is easier
to calculate compared to other more complex indices
(e.g., the Universal Thermal Climate Index, the Wet-Bulb
Globe Temperature). For these reasons, HX has been
adopted in other parts of the world (see, e.g., Golbabaei
et al., 2021 for Iran; Scoccimarro et al., 2017 for Europe;
Sttedova et al., 2015 for Czech Republic; Giannopoulou
et al.,, 2014 for Greece; Alfano et al., 2010; Infusino
et al., 2021 for Italy). In Canada, meteorological forecasts
are usually accompanied by recommendations based on
threshold values of HX. For example, it is recommended
that outdoor activities be moderated depending on age
and health conditions when the HX exceeds 30, and that
all unnecessary outdoor activities cease completely when
it reaches 40 (Mekis et al., 2015).

The average temperature has shown a warming trend
in recent decades over the entire world (IPCC, 2013).
Global surface temperature over land was 1.59°C warmer
in 2011-2020 than in 1850-1900 (IPCC, 2021). In
Canada, the linear trend indicates an increase of 1.7°C in
mean temperature over the 1948-2016 period, with six
(6) of the 10 warmest years during the last 15 years (Bush
and Lemmen, 2019). There is also a steady increase in
the number of countries that have reported new maxi-
mum temperature records (Martinez-Austria and
Bandala, 2018) and in the number of regional heat waves
(Perkins-Kirkpatrick and Lewis, 2020). Some of them are
occurring in regions not accustomed to facing hot condi-
tions. For example, Siberia reported a heat wave with
extreme monthly temperatures of +6°C anomalies from
January through May 2020 (Overland and Wang, 2021).
Another example is the June-July 2021 U.S. Pacific
Northwest and Western Canadian heat wave that took
communities by surprise with the hottest temperature of

49.5°C ever recorded in Canada and anomalies of maxi-
mum temperatures for the time of year of +16 to +20°C
(Philip et al., 2021).

Climate models project an increase in the mean tem-
perature as well as in the probability of extremes, includ-
ing heat wave events (IPCC, 2013; IPCC, 2021). The
Intergovernmental Panel on Climate Change (IPCC)
sixth assessment report (IPCC, 2021) shows that global
temperature is projected to reach the 2°C warmer the
pre-industrial levels in the 2040s in the case of the high-
carbon pathway (the SSP5-8.5 scenario). The projected
warming is greater at high latitudes where the population
is not prepared to deal with long and frequent periods of
hot temperatures. For example, the mean temperature in
Canada is projected to increase at 1.92 (1.90-1.94) times
and 1.98 (1.96-2.01) times the global rate according to
projections from large (>20 members) CMIP5 and CMIP6
ensembles, respectively (Sobie et al., 2021). This means
that at 2°C of annual mean global surface air temperature
increase, Canada is projected to warm by 3.9°C (2.7-
4.7°C) in CMIP5 and by 4.1°C (3.1-4.9°C) in CMIP6
(Sobie et al., 2021).

The warming associated with climate change consti-
tutes a serious threat to future living and working envi-
ronments and human health. The severity of those risks
will depend on the ability of public health and safety sys-
tems to address these changing threats (McMichael and
Lindgren, 2011). Developing climate change projections
for heat-stress indices used in meteorological alerts, and
for the exceedances of thresholds already established in
heat warning systems and occupational health, will help
with preparedness efforts of public health and safety sys-
tems for adaptation to climate change. For HX, indices
like the annual number of days with HX greater then
30, 35, or 40 can be very useful. Mekis et al. (2015) ana-
lysed trends in historical values (1953-2012) of those HX-
based indices across Canada using hourly observations at
126 stations. The indices have statistically significant pos-
itive trends at many stations and for most of the large
urban centres. However, producing projections of those
indices is not an easy task because they are based on
hourly values, whereas outputs from climate models are
frequently only available on a daily time step. The same
issue stands for the other heat-stress indices and thresh-
old exceedance products.

First, this study demonstrates that standard methods
that rely on daily mean temperature and humidity data
to calculate HX and exceedance of HX thresholds pro-
duce daily indices that differ from those computed
directly from hourly values. Second, this study proposes a
new approach that enables the reliable estimate of daily
HX indices using daily temperature and humidity data.
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FIGURE 1 Time evolution for HX computed with p from Equation (2) and from Equation (3), T,, and T, over a short period of 1 week

(a) and a month (b) in July 2019 at the Montréal-Pierre Elliott Trudeau International Airport. The horizontal line in (a) denotes the

threshold that determines when HX is included in forecasts for the station [Colour figure can be viewed at wileyonlinelibrary.com]

2 | DATA AND METHODS
2.1 | Humidex definition and
characteristics

HX is an empirical heat-stress index introduced by Mas-
terton and Richardson (1979) that relates outdoor ther-
mal discomfort experienced by the general population
with air temperature and humidity. HX is expressed as a
linear combination of air temperature T, (°C) and the
vapour pressure of water p (hPa),

5
HX=Ta+ (p=10), )

p=6.11x 54177530(23716 Td)

2)
where T, is dew point temperature (K). However, outputs
of p and T, are usually not archived from climate models.
Instead, approximations are used to express p using rela-
tive humidity RH (%) or specific humidity q and surface
air pressure Ps (Pa),

p=6.112x107°*Ta/2377+Ta) w RH /100, (3)
P
0.622+q

Figure 1 presents an example of the time evolution
for HX (with p computed from Equations (2) and (3)), T,
and T, over a period of 1 week (Figure 1a) and 1 month
(Figure 1b) using hourly data from a meteorological sta-
tion at Montreal, Canada. There is a great similarity
between the two estimations and HX is generally corre-
lated with T,,.

HX 1is typically computed hourly, with values
included in the 24-hr forecast when HX > 25, T; > 0°C,
and T, > 20°C. Table 1 presents the degree of discomfort
associated with different thresholds and ranges of HX
values and describes the associated response plan of
Occupational Health Clinics for Ontario Workers (Alfano
et al., 2010).

As T, increases due to climate change, an increase
in the number of days per year with HX greater than
those thresholds is expected. Hence, these thresholds
can also be used to develop climate indices with impact-
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TABLE 1
workers

Humidex range Thermal discomfort level
25°C < HX £29°C

30°C < HX <£33°C

Discomfort perceived by a few people

Noticeable discomfort

Ranges of the HX index suggested by the humidex heat stress response plan by occupational health clinics for Ontario

Response
Supply water to workers on an “as needed” basis

Post heat stress alert notice

Encourage workers to drink extra water
Start recording hourly T, and RH

34°C < HX < 37°C  Evident discomfort

Start recording hourly T, and RH

Post heat stress warning notice
Notify workers that they are drinking extra water
Ensure workers are trained to recognize symptoms

38°C < HX £39°C

Provide 15 min relief per hour

Provide adequate cool (10-15°C) water
Provide at least 1 cup (240 mL) of water every 20 min
Workers with symptoms should seek medical attention

40°C < HX <42°C Intense discomfort. Avoid efforts

Provide 30 min relief per hour in addition to the provisions listed

previously

43°C < HX <44°C

If feasible provide 45 min relief per hour in addition to the provisions

listed above
If a 75% relief period is not feasible then stop work until the HX is 42°C
or less

45°C and over Serious danger. Suspend physical

activities

relevant thresholds (Mekis et al., 2015; Schwingshackl
et al., 2021).

2.2 | Proposed approximation

Mekis et al. (2015) has used three threshold exceedance
indices based on daytime hourly HX for Canada. They
are defined as the annual number of days with one or
more hourly HX value >30, 35, or 40. Our objective is to
obtain the same indices using daily data instead of hourly
data. The proposed methodology is based on the fact that
“the count of the number of annual days with at least
one hourly HX value greater than a specific threshold” is
equivalent to counting the number of annual days with
“daily maximum HX (HXmax)” (computed from hourly
data) greater than that threshold. Therefore, calculation
of the indices can be done if a robust approximation of
daily HXmax can be obtained that does not directly
require hourly HX records.

Figure 1 shows that daily HXmax generally occurs at
the time of daily maximum T, (Tmax). This observation
is confirmed by the climatological diurnal cycle of T, and
HX shown in Figure 2 and suggests that daily HXmax
can be approximated using:

« Daily Tmax and RH at the time of Tmax via Equa-
tions (1) and (3), or

Stop work until the HX is 44°C or less

« Daily Tmax, q at the time of Tmax, and Ps at the time
of Tmax via Equations (1) and (4).

Generally, archived climate model outputs only
include daily mean q or RH and daily Tmax, or, more
recently, daily minimum RH (RHmin).

Some previous studies have used daily HX and thresh-
old indices obtained using daily mean g and Ps instead of
g and Ps at the time of Tmax. For example, Zhao et al.
(2015) and Mistry (2020) used daily means of T, g, and
Ps; Schwingshackl et al. (2021) used daily Tmax and daily
mean g and Ps. It is important to note that Ty, g, and Ps
do also vary during the day but they do not have a clear
diurnal cycle. This is evident in Figure 1 for T, Conse-
quently, it is difficult to find relationships between daily
HXmax and daily values of T, or g and Ps at the time of
Tmax that are valid for climatological studies.

Figure 2 compares the diurnal cycles of T, and HX
cycles to that of RH computed from hourly measure-
ments at Montréal-Pierre Elliott Trudeau International
Airport. At the time of Tmax (when HX is also at its max-
imum), RH is at its minimum. Therefore, using daily
mean RH with daily Tmax will result in an overestima-
tion of daily HXmax. However, combining daily Tmax
with daily RHmin could result in a good approximation
of daily HXmax and thus threshold exceedance indices.

Here, we propose approximating daily HXmax using
daily Tmax and daily RHmin in Equations (1) and (3)
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Mean hourly temperature, relative humidity and humidex at Montreal for MJJAS (1980-2018)
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FIGURE 2 Average summer (May-September) 1980-2018 diurnal cycles of 2 m T,, RH, and HX measured at Montréal-Pierre Elliott

Trudeau International Airport. T, and HX reach the daily maximum at 16 h00, when RH is at the daily minimum [Colour figure can be

viewed at wileyonlinelibrary.com]|

and next computing the annual number of days with
daily HXmax > 30, 35, or 40 (HXmax30, HXmax35 and
HXmax40, respectively).

2.3 | Data and evaluation methods

To validate the approximation, we used hourly T, and
RH data for the 1980-2018 period from the National Cli-
mate Archive of Environment and Climate Change
Canada (ECCC). As HX is an outdoor index and the
exceedances of HX thresholds of interest in Canada only
occur in the warmer months of the year, the analysis is
restricted to local standard times between 0700 and
1900 LST (UTC-4 for Atlantic regions to UTC-7 for Brit-
ish Columbia) in the months of May to September.
Approximately 2000 stations in the ECCC archive have
hourly data. Completeness criteria were used to select
stations with sufficient length for climate analysis: sta-
tions that were retained have no more than 20% missing
data and at least 15 valid years during the 1980-2018
period.

A total of 319 stations meet these criteria (Figure 3).
There are at least 100 stations valid for each year over
the 1980-2018 period. The stations are fairly well dis-
tributed across Canada, with a greater number of sta-
tions situated in southern Canada, which is the region
where HX can exceed the impact thresholds listed in
Table 1. The northern half of Canada is characterized
by a cold climate and the impact thresholds there are
rarely exceeded.

Only days with fewer than 3 hr of missing data (dur-
ing the 0700 to 1900 LST) were used in subsequent
calculations.

The evaluation of the approximation was done in two
steps:

1. Daily HXmax approximation from daily Tmax and
daily RHmin were compared with daily HXmax
obtained directly from hourly HX and other daily
value approximations.

2. HXmax30, HXmax35, and HXmax40 indices obtained
using daily HXmax approximation were compared
with those obtained from hourly HX.

The datasets are computed as follows.

Hourly records for T, and RH from the selected sta-
tions were used to compute hourly HX using Equa-
tions (1) and (3); hourly HX values are next used to
compute the control dataset for daily HXmax (noted
HXmax-HR) against which the approximated daily
HXmax will be validated. The proposed approximation
(noted as Al) is replacing T, and RH in Equations (1)
and (3) with daily Tmax and daily RHmin. Because daily
RHmin is not archived for all climate models, but most of
them have daily RHmean, two other approximations
(noted as A2 and A3) were computed for comparison.
They are obtained by replacing T, and RH in Equa-
tions (1) and (3) with daily Tmean/Tmax and daily
RHmean. Table 2 summarizes all datasets with daily
HXmax and their notations.

The skill of each approximation in estimating the
annual indices and the daily HXmax was determined
using three metrics: the Perkins' skill score
(which measures the overlap of distributions of daily
values), the mean bias, and the root mean square error
(RMSE). Values of these three statistical metrics are pre-
sented at every station on maps in section 3.

95UB017 SUOWIWIOD BA 11810 3|qeot dde 8y Aq peusenob e Sajolie YO 8SN JO Sa|nJ 10} ARIq1T8UIUO /8|1 UO (SUOTPUOO-PUR-SLUIBYWIOD A8 |1 Ale.q 1 Bu [UO//Scy) SUOTIPUOD pue SWie 1 8y} 89S *[6202/20/8Z] Uo Ariqiaulluo A8 (1M ‘sulee N BLOWIA JO AIsRAIUN AQ £68/°00(/Z00T 0T/10p/L00 A IM A1 1[I UO'SIBLUL//StY Wol) papeojumoq ‘2 ‘€202 ‘8800.60T


http://wileyonlinelibrary.com

842 International Journal

DIACONESCU Er AL.

of Climatology

(a) Number of valid years
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FIGURE 3 Spatial (a) and temporal (b) distribution of stations that meet selection criteria. The colours in (a) indicate the number of
valid years per station, and the bars in (b) indicate the number of stations that meet the criteria for each year. A valid year is a year with less
than 20% missing data for the months of May to September, from 0700 to 1900 LST [Colour figure can be viewed at wileyonlinelibrary.com]

The Perkins' skill score (PSS) is a robust metric that
has been used in many studies to evaluate temperature
and precipitation distributions (e.g., Perkins et al., 2007;
2009; 2012; Maxino et al, 2008; Pitman and
Perkins, 2009; Boberg et al., 2010; Kjellstrom et al., 2010;
Kabela and Carbone, 2015; Diaconescu et al., 2018). It is
defined as the overlap between two empirical probability
density functions (EPDF) and has the advantage of being

independent of the shape of the underlying distribution,
thus applicable to any variable. In this study, normalized
histograms of daily HXmax values from the three approx-
imations were compared with corresponding histograms
of daily HXmax from the control dataset, for each station,
with a bin size of 1 unit. The metric was computed as the
common area between the two distributions using the
formula:
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n
PSS, = minimum(EPDFy(x), EPDFo(x)), ~ (5)

x=1

where n is the number of bins used to calculate the nor-
malized histograms, EPDF; (x) is the frequency in bin

x for the dataset k, EPDFq(x) is the corresponding fre-

distributions.

TABLE 2 Approximations used for HXmax

Daily HXmax

dataset notation Description

HXmax-HR Hourly HX is computed using
Equations (1) and (3), and daily
HXmax is obtained as daily maximum
of hourly values

HXmax-Al Daily HXmax is obtained by replacing
T, and RH in Equations (1) and (3)
with daily Tmax and daily RHmin

HXmax-A2 Daily HXmax is obtained by replacing
T, and RH in Equations (1) and (3)
with daily Tmean and daily RHmean

HXmax-A3 Daily HXmax is obtained by replacing

60°

E

50N

T, and RH in Equations (1) and (3)

with daily Tmax and daily RHmean

(b Mean Bias-Al

quency for the recorded dataset in bin x. PSS values range
from zero to one, a zero value corresponding to no over-
lap between the two distributions and one to identical

Scatter plots with regression lines and correlation
coefficients for daily HXmax and time evolutions of indi-
ces are presented for two stations, which were selected as
representative examples for most stations.
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FIGURE 4 May-September (1980-2018) daily HXmax statistics for 319 stations across Canada, showing (a) the climatological mean for
the control method, (b) mean bias for approximation Al, (c) mean bias for approximation A2, (d) mean bias for approximation A3,
(e) Perkins skill score for approximation Al, (f) Perkins skill score for approximation A2, and (g) Perkins skill score for approximation A3

[Colour figure can be viewed at wileyonlinelibrary.com]
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(b) Toronto
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(a) Montreal and (b) Toronto. Scatterplots show daily HXmax-A1l on the vertical axis and daily HXmax-HR (control dataset)

on the horizontal axis. The correlation coefficient, the slope and p-value are indicated on the scatter plots. The mean (i) and standard

deviation (o) for each distribution are indicated in the legend [Colour figure can be viewed at wileyonlinelibrary.com]
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3 | RESULTS

3.1 | Daily HXmax evaluation

Figure 4 shows long-term mean values over the 1980-
2018 period for the daily HXmax obtained with the con-
trol method, as well as the mean bias and the Perkins

£
120W 115°W 110°W 105°W 100°W 95°W 90°W 85'W B0W 75W  70W  65W  60°W

Wo 210 240 200 .0 oo 30 60 a0 20 e e 20 240 200 .0

Mean bias and RMSE for the approximations (a, d) Al, (b, e) A2, and (c, f) A3, for HXmax30, and for 319 stations across

skill score for the daily HXmax estimated with the three
approximations.

As expected from the diurnal cycle presented in
Figure 2, approximation A3, using daily Tmax and daily
RHmean leads to overestimation of HXmax at all stations
(the mean bias in Figure 4d varies between —0.2 and
+2.5). Approximation A2 (i.e., daily Tmean and daily
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RHmean) provides an estimate of daily HXmean, which
subsequently results in an underestimate of daily HXmax
(the mean bias in Figure 4c varies between —4.4 and
—1.5). Approximation Al produces HXmax estimates that

2500 4 o
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FIGURE 7 Bivariate (central figure) and univariate (lateral

figures) histograms of the bias between the time of occurrence of
daily Tmax and daily HXmax and the time of occurrence of daily
RHmin and daily HXmax, for Toronto [Colour figure can be viewed
at wileyonlinelibrary.com|
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are more similar to the control dataset, with small nega-
tive mean biases between —1.3 and 0.0, and an average
bias of 0.5 (Figure 4a). Perkins skill scores show that the
distributions of daily HXmax obtained from approxima-
tion Al are very close to those from the control method
(values of Perkins score in Figure 4e are between 0.91
and 0.98 with an average value of 0.96, showing that at
least 91% of distributions are overlapping at every sta-
tion). Perkins scores are smaller for approximation A2
(between 0.61 and 0.90) and approximation A3 (between
0.84 and 0.97).

For each station, we have also computed the correla-
tion coefficient between daily values from the control
dataset and the approximation Al, which are close to
1 for all stations.

Figure 5 presents frequency distributions and scatter-
plots of daily values obtained for two locations with high
HX values and typical mean bias (Montreal and Toronto) to
illustrate the strength of the correlation, the typical magni-
tude of the negative bias, and the similarity of distributions
for approximation Al. For both locations, approximation
A1l and the control method have the same standard devia-
tion and they overlap at 96%. The small difference is due to
a shift in the mean of the distribution of approximation Al
toward smaller values. The small negative bias is also visible
in the scatter plot despite a high correlation coefficient. Sim-
ilar results are obtained at all stations.

The analysis of the correlation coefficients, the mean
bias and the Perkins scores shows that the use of daily
HRmin and Tmax in Equations (1) and (3) (approxima-
tion Al) works very well for daily HXmax. The errors are
greater for the approximations A2 and A3. However,
approximation A3 performs better than approximation
A2 because the errors in A2 arise from poor estimation of
the RH (replacing RH at the time of HXmax with

(b) Toronto Buttonville airport, ON
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Time evolution of three HX indices (HXmax30, HXmax35 and HXmax40). The dashed lines show indices computed using

the control method (with hourly HX) and the solid lines show indices computed using daily HXmax approximation Al (with daily Tmax and
daily RHmin). The mean () and standard deviation (o) for each dataset are indicated in the legend [Colour figure can be viewed at

wileyonlinelibrary.com]
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FIGURE 9 Time evolution of HXmax30 at Montreal for hourly
HX, approximation A2, and approximation A3 with the bias
corrected versions presented with dash lines. The mean (x) and
standard deviation (o) for each dataset are indicated in the legend
[Colour figure can be viewed at wileyonlinelibrary.com]

RHmean), while A3 also includes errors due to poor esti-
mation of temperature (using Tmean instead of Tmax in
the estimation of the HXmax).

3.2 | HXmax30, HXmax35, and HXmax40
evaluation

HXmax30, HXmax35, and HXmax40 indices obtained
from the three daily approximations described in the pre-
vious section were compared with the equivalent control
indices obtained from hourly data. As an example,
Figure 6 shows the mean bias and the RMSE of
HXmax30 over the 1980-2018 period.

Approximation Al has the smallest RMSE and smal-
lest mean biases. As for the daily HXmax, approximation
A2 has larger errors than approximation A3. The average
RMSE for approximation Al is 3 days (Figure 6d) com-
pared to 11 days and 10 days for approximations A2 and
A3, respectively (Figure 6e,f). Approximation A3 leads to
overestimates of threshold exceedances: the average
mean bias is 8 days (Figure 6c), whereas approximation
A2, based on daily HXmean, leads to substantial underes-
timates at most stations: the average mean bias is
—10 days (Figure 6b) and there are locations where the
mean bias exceeds —20 days. Approximation Al provides
the most accurate estimates; stations typically have biases
less than 2.5 days (Figure 6a). These small biases are due
to the fact that the times of occurrence of daily HXmax,
daily Tmax, and daily RHmin are not always identical.
This is evident in the example presented in Figure 7,
which plots the differences in the times of occurrence of
daily Tmax/RHmin with respect to daily HXmin as histo-
grams, for Toronto.

The times of occurrence of daily Tmax and daily
HXmax coincide for most of the days (most of the days
are located in the central bin centred on 0). However, this
occurs less often for daily RHmin, which has a broader
distribution of differences, with most of the values situ-
ated between 4 and —4 hr. The fact that the HXmax30
obtained with approximation Al only has small biases
despite this temporal variation in RHmin is due to the
fact that Tmax has a larger influence on HXmax than
RHmin.

Similar conclusions are obtained for HXmax35 and
HXmax40, although the biases are smaller because there
are fewer days per year at these levels. As an example,
Figure 8 compares the time evolution of the three indices
calculated using approximation Al against the hourly
control indices at Montreal and Toronto (these cities have
mean biases and RMSE among the highest across all sta-
tions). The values of the mean and standard deviation
over the 1980-2018 period for each dataset are presented
in the legends of the figures.

In general, indices obtained with approximation Al
show similar temporal variations as the control data; the
differences between the standard deviations are less than
1 day. The minima and maxima occur at the same time,
although the approximation is subject to the small nega-
tive mean biases discussed earlier. However, this bias is
reduced if one is interested in anomalies rather than
absolute values (not shown).

For situations when models do not provide daily
RHmin, we recommend applying a bias correction method
against a target dataset with hourly data, thereby avoiding
the need for direct approximation of HXmax by allowing
the bias correction to perform the correction implicitly.
One way to do this is to correct the approximated daily
HXmax (obtained with RH daily mean values) using the
index obtained from hourly values of the target dataset.
Figure 9 presents an example for HXmax30 using the
Quantile Delta Mapping bias correction method (Cannon
et al., 2015) on daily HXmax obtained from approxima-
tions A2 and A3, for the Montreal station. The target data
used for correction is HXmax30 obtained from hourly HX.
The values of the mean and standard deviation over the
1980-2018 period for each dataset are presented in the leg-
ends of the figures. Both approximations have very large
biases for HXmax30: +11-day mean bias between the con-
trol dataset and approximation A3 and —21-day mean bias
between the control dataset and approximation A2. Those
are highly reduced (mean bias of 1 day or less) using the
bias correction.

Another option for bias correction when daily RHmin is
not available consists of using a multivariate bias correction
that corrects the daily RHmean and daily Tmean/Tmax
from the model, with the RH and T, hourly values at the
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time of HXmax provided by the hourly target dataset; daily
HXmax would then be computed using the bias corrected
values.

In such situations where daily RHmin is not avail-
able, a target dataset with good historical representation
of daily HXmax is needed so that bias correction can
implicitly correct the daily estimations from models.
Thus, a thorough evaluation of the target dataset and
costs and benefits of different bias correction methods
would be necessary before implementing either of the
above approaches. These methods are beyond the scope
of this paper but are a potentially promising avenue of
future work.

4 | CONCLUSIONS AND
RECOMMENDATIONS

There is a demand for future projections of heat-stress
indices, like Humidex (HX), that are based on the exceed-
ance of thresholds used in meteorological heat warning
systems. As operational systems rely on hourly data,
which are usually not available in climate model
archives, the objective of this study was to find a method
that permits the reliable estimation of HX indices using
more commonly available daily data.

The proposed method is based on the observation
that, statistically, daily maximum HX (HXmax) coincides
with the time of daily maximum air temperature (Tmax),
which is also when relative humidity (RH) is at its daily
minimum (RHmin). Therefore, daily HXmax can be
approximated using daily Tmax and daily RHmin
(approximation A1l). Distributions of daily HXmax from
this approximation are very similar to those calculated
directly from hourly data for all stations used in the anal-
ysis. Using Tmax and RHmean (approximation A3),
instead of Tmax and RHmin, adds positive errors as
RHmean overestimates RH at the time of HXmax. The
errors are even greater (and negative) if Tmean and
RHmean are used (approximation A2) because Tmean
underestimates temperature values at the time of HXmax
and has a greater impact than RH on the HX. A more
detailed analysis of approximations A2 and A3 is beyond
the scope of the paper.

Results obtained for the threshold exceedance indices
confirm the observations for daily HXmax. The approxi-
mated values with the approximation Al present just a
small negative bias (climatological mean biases of fewer
than 2 days for most of the stations). Therefore, the pro-
posed Al approximation could be used for estimating
threshold-based HX indices when daily Tmax and daily
RHmin are available (e.g., Eyring et al., 2016 for some
CMIP6 models).

of Climatology

However, not all climate models include archived
values of daily RHmin, which has led to the use of daily
mean variables to compute HX indices (e.g., Scoccimarro
et al., 2017; Neethu and Ramesh, 2022). This short study
demonstrates that threshold-based HX indices calculated
using daily RHmean are highly underestimated when
combined with daily Tmean and overestimated when
combined with daily Tmax. A bias correction of the daily
values against a target dataset with hourly values is
recommended in this situation.

Approximation Al proposed in this study assumes a
strong relationship between the diurnal cycles of T, and
RH and is validated over Canada, a country where the
population is not accustomed to facing long and frequent
hot and humid periods. Several scientific papers have
shown that the diurnal cycle of T, and RH correlate well
in other regions with a hotter and more humid climate
such as Kuala Lumpur in West Malaysia (Aktas
et al., 2020) and Singapore (Acero et al., 2020). Examples
of diurnal cycles for short periods are also presented in
Reddy et al. (2021) at a tropical coastal station in India,
in Idris et al. (2019) at Aceh in Indonesia, and in Calvo
et al. (2018) at locations in Spain. Those studies indicate
that the new proposed approximation could also hold
over other climatic regions and has potential for applica-
tions at global scale.

This study focussed on humidex indices. However,
the issue of lack of availability of hourly datasets for cli-
mate projections stands for the other heat-stress indices
(and many climate indices relevant to other impacts).
Threshold-based heat indices in particular will be biased
if daily mean values are used as input variables instead of
hourly values, without direct adjustment or careful con-
sideration of the implications of leaving the adjustment
implicitly to bias correction methods. Some of the heat
indices are defined using temperature and vapour pres-
sure (e.g., NOAA heat index, apparent temperature, sim-
plified wet-bulb globe temperature and universal thermal
climate index) and they can be computed using T, and
RH. Figures presented in Aktas et al. (2020) show that
the diurnal cycle of NOAA heat index and of apparent
temperature index potentially correlate with the T, and
RH diurnal circle, and a similar approximation as for HX
may be applicable as well. Likewise, wet-bulb tempera-
ture can be computed using T,, RH, and pressure; how-
ever, pressure does not have a diurnal cycle. A detailed
study is recommended over the region of interest before
extending the approximation to other indices.
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