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ABSTRACT

Heat events may be humid or dry. While several indices incorporate humidity, such combined indices obscure
identification and exploration of heat events by their different humidity characteristics. The new HadISDH.extremes global
gridded monitoring product uniquely provides a range of wet and dry bulb temperature extremes indices. Analysis of this
new data product demonstrates its value as a tool for quantifying exposure to humid verses dry heat events. It also enables
exploration into ‘“stealth heat events”, where humidity is high, perhaps enough to affect productivity and health, while
temperature remains moderate. Such events may not typically be identified as “heat events” by temperature-focused heat
indices. Over 1973-2022, the peak magnitude of humid extremes (maximum daily wet bulb temperature over a month;
T, X) for the global annual mean increased significantly at 0.13 + 0.04°C (10 yr)~!, which is slightly slower than the global
annual mean 7, increase of 0.22+ 0.04°C (10 yr)~!. The frequency of moderate humid extreme events per year (90th per-
centile daily maxima wet bulb temperature exceedance; T,,X90p) also increased significantly at 4.61 + 1.07 d yr~! (10 yr)~L.
These rates were slower than for temperature extremes, TX and TX90p, which respectively increased significantly at 0.27 +
0.04°C (10 yr)~! and 5.53 + 0.72 d yr~! (10 yr)~L. Similarly, for the UK/Europe focus region, JJA-mean T, X increased
significantly, again at a slower rate than for TX and mean T,,. HadISDH.extremes shows some evidence of “stealth heat

events” occurring where humidity is high but temperature remains more moderate.
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Article Highlights:

* HadISDH.extremes is a new monitoring product for exploring large-scale, long-term features of humid and dry heat

events.

* HadISDH.extremes shows significantly increasing humid heat extreme magnitude and frequency, but at a slower rate

than for dry heat.

* HadISDH.extremes shows that increasing extreme heat magnitude is changing more slowly than mean temperature and

humidity.

1. Introduction

Humans constantly regulate their body temperature to sur-
vive and optimise performance. We are very good at it, both
with man-made interventions of clothing and heating/cooling
systems, and naturally, through our ability to change our
pore size, shiver and sweat. However, our natural cooling abil-
ity depends on the temperature, humidity, wind speed and
radiation of our surrounding environment. Critically, when
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we need to reduce the temperature of our bodies we must be
able to lose heat faster than we gain it. Heat gain can occur
through several mechanisms: direct or indirect radiation
from a heat source such as the sun; conduction from surround-
ing air or water; or internally from raising our metabolic
rate by undertaking physical exertion.

There are various heat indices that combine these
things to quantify the heat stress loading on a human. The
wet bulb globe temperature (WBGT), humidex, environmen-
tal stress index, and apparent temperature and universal ther-
mal comfort index (UTCI) are the most commonly used.
These are described variously in Willett and Sherwood
(2012), Zare et al. (2018), Schwingshackl et al. (2021) and
Brimicombeet al. (2022). These indices typically require mea-
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surements of temperature, humidity, radiation and wind
speed. In some cases, approximations of the latter two are
used, often assuming light winds and shaded conditions. In
the case of the UTCI (Jendritzky et al., 2012), the calculation
incorporates a physiological model of the human body,
approximating the heat loading on an average person walking
at 4 km h~1. These added layers of complexity are very use-
ful. However, they make it difficult to create long-term moni-
toring datasets of these quantities because the required obser-
vations are not available on a global scale for a sufficiently
long (e.g., 30 year) time period. Combined heat indices also
make it harder to distinguish the driving atmospheric and ter-
restrial processes that may have driven extremes in those
quantities, because these differ depending on whether the
heat event is dry or humid (Raymond et al., 2017, 2021;
Zhang et al., 2021). Furthermore, the impact of heat can differ
depending on whether the heat is humid or dry (Yu etal.,
2021); yet for WBGT, the same value can be reached by
either very hot and dry conditions or moderately hot and
humid conditions (Budd, 2008). The behavioural decisions
and mechanisms put in place to avoid ill-effects of excess
heat may differ (Ahmed et al., 2014). In dry heat, staying in
the shade, reducing activity levels, keeping hydrated, increas-
ing air flow, and use of other passive cooling techniques
such as evaporative cooling, night ventilation, ground cool-
ing, and radiant cooling may be sufficient to keep cool. In
humid heat, increased hydration, air flow, and passive cooling
techniques may not be as effective. Activity levels must be
far more limited and mechanical air cooling may be
required.

The wet bulb temperature (7,,) has become a measure
of interest relating to heat stress severity (Sherwood and
Huber, 2010; Schir, 2016) because it is in some ways analo-
gous to human body temperature regulation by means of evap-
oration of sweat from skin. Explicitly, the T,, is the tempera-
ture of the air cooled by evaporation, given the ambient tem-
perature and amount of moisture in the air. If the air is
below saturation [< 100 %rh relative humidity (RH)], then
evaporation into it should occur. The process of evaporation
removes energy from the water source. Hence, the less satu-
rated the air is, the more evaporation that can occur, the
lower the T,, will be. By covering a thermometer in a material
wick that is continuously wetted through contact with a reser-
voir of water, evaporation can readily occur up to the point
where the air becomes saturated — at which point the 7, is
then equal to the dry bulb temperature 7. The difference
between 7T, and T represents the degree to which evaporative
cooling can be effective.

Taking this back to the human body analogy, our skin
is the gateway for dissipating heat from the body. Although
our skin temperature can vary quite a lot, on average it is
between 33°C and 37°C. Generally, T,, is below this level,
so water (sweat) can be readily evaporated away from the
skin, leaving the skin cooler as a result, just like the wet
bulb thermometer. However, should the air have a T, of a sim-
ilar level to the skin temperature, this means that very little
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or no evaporative cooling of the skin can take place. Once
the body can no longer dissipate heat effectively, the internal
body temperature has to rise, which can prove fatal. A theoret-
ical T,, of 35°C has been established as the critical level (Sher-
wood and Huber, 2010; Raymond et al., 2020). In practice,
the T,, threshold above which sweat can no longer offload
heat faster than heat gain can be much lower even in young,
healthy adults undertaking moderate activity (Vecellio et al.,
2022).

Clearly, 7,,is a very useful measure of how inhabitable
a place is in terms of the ability of the human body to sur-
vive. The ability to thrive and be productive can also be
related to T,, because as T,, gets closer to skin temperature
(~35°C) it becomes harder and more dangerous for the body
to be physically active either for work or leisure purposes.
Levels of activity, rest periods and water intake must be
scaled appropriately to keep the body healthy. Animals too
can be significantly impacted under high 7, conditions.

A new dataset, HadISDH.extremes.1.0.0.2022f (Willett,
2023a), provides global gridded monthly fields of wet and
dry bulb temperature indices. These align with indices
under the remit of the Expert Team on Sector-Specific Cli-
mate Indices (ET-SCI; ET-SCI, 2022), Climpact project
(Climpact, 2022), and HadEX3 gridded extremes indices cli-
mate monitoring product (Dunn et al., 2020). Previous studies
have presented 7, threshold exceedance values (Wang et al.,
2019; Freychet et al., 2020, Raymond et al., 2020; Yu et al.,
2021) but none have yet provided this as a globally consis-
tent, updating monitoring product, alongside simultaneous
indices for 7. Hence, HadISDH.extremes provides a unique
resource to study different types of heat events that may be
highhumidity—moderatetemperature,low humidity—hightem-
perature, or compound high humidity—high temperature. In
terms of heat-related mortality, temperature is usually the
dominant factor, correlating as well or better with mortality
than indices that include humidity (Armstrong et al., 2019).
However, high humidity can still lead to reduced productivity
and non-fatal health impacts that are more difficult to detect
and quantify.

Following the initial dataset paper (Willett, 2023a),
here, several of the key indices from HadISDH.extremes are
presented at a range of spatial and temporal scales. Two
focus regions are used as case studies: China/East Asia and
UK/Europe. These are used to explore the value of this prod-
uct as a tool for monitoring heat extremes across the globe.
Comparisons between the wet and dry bulb temperature
indices are made to establish the different characteristics of
these two contributing factors to heat stress and whether
‘stealth heat events’ are detectable. These are when high
humidity heat may be occurring while temperature remains
more moderate. Such events would not be detected using tem-
perature-focused indices.

2. Methods
HadISDH.extremes (Willett, 2023a) is a gridded (5° by
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5°) global monthly product from January 1973 to December
2022 (at time of writing). It is built within the framework of
the existing Met Office Hadley Centre led International Sur-
face Dataset for Humidity, HadISDH.land (Willett et al.,
2013, 2014), which is a long-term, quality controlled,
homogenised, gridded monthly mean land surface humidity
monitoring product. A wide range of monthly extremes
indices are available based on the maximum and minimum
daily maxima and minima 7,, over the month (T,X and
T,N) and the equivalent for T (TX and TN). The indices
used here are summarised in Table 1.

As HadISDH.extremes is designed as a climate monitor-
ing product, data quality and long-term stability are a key
focus. However, this is always a balance between data cover-
age and data quality. Persistent saturation is a specific issue
for T,. If the wet bulb thermometer (if this is the primary
instrument used for measurement) partially or totally dries
out, T,, will begin to track T, leading to spurious high (possibly
extreme) 7,, values, especially in hot climates. The quality
control (QC) includes humidity-specific tests for this, and
neighbour checks to avoid removal of real extremes,
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The data originate as sub-daily observations that could
be as coarse as six-hourly. Even with hourly data the true
maxima and minima are likely under- and overestimated,
respectively. To minimise the error from this, strict data com-
pleteness requirements are in place:

* = 4 observations per day with at least one in each 8-h
tercile (0000-0700, 0800-1500, 1600-2300);

* < 6 days missing per month;

* < 20 days missing per year;

3 months missing per year;

* = 15 years for each calendar month within the climato-
logical period (1991-2020), with at least one in each decade
(1991-2000, 2001-2010, 2011-2020).

This results in 4460 contributing stations. Data gaps
remain over the high latitudes, Africa and large parts of Cen-
tral and South America. Outside of North America, Europe,
eastern China and Japan, most gridboxes contain only one
to two stations [see Fig. 1 in (Willett 2023)]. Only gridboxes
with at least 70% data completeness over the period
1973-2021 are used when calculating global and regional
means to minimise temporal sampling bias.
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although of course no QC is perfect.

Homogenisation to remove non-climate artefacts from

Table 1. Descriptions of HadISDH.extremes indices used within this study.

Index description

Index name Index long name (NB: in all cases, climatological refers to the period 1991-2020)
T, X Maximum wet bulb temperature  Gridbox mean of station month maxima of daily maximum 7,
Ty X90p  90th percentile maximum wet Gridbox mean of station percentages of days per month where the daily maximum 7,,
bulb temperature exceedance exceeds the climatological 90th percentile of daily maxima
T, X25 25°Cmaximumwetbulbtempera- Gridbox mean of station percentages of days per month where the daily maximum 7,,
ture exceedance is equal to or exceeds 25°C
T, X27 27°Cmaximumwetbulbtempera- Gridbox mean of station percentages of days per month where the daily maximum 7,
ture exceedance is equal to or exceeds 27°C
T, X29 29°Cmaximumwetbulbtempera- Gridbox mean of station percentages of days per month where the daily maximum T,
ture exceedance is equal to or exceeds 29°C
T, X31 31°Cmaximumwetbulbtempera- Gridbox mean of station percentages of days per month where the daily maximum 7,
ture exceedance is equal to or exceeds 31°C
T, X33 33°Cmaximumwetbulbtempera- Gridbox mean of station percentages of days per month where the daily maximum 7,
ture exceedance is equal to or exceeds 33°C
T X35 35°Cmaximumwetbulbtempera- Gridbox mean of station percentages of days per month where the daily maximum 7,
ture exceedance is equal to or exceeds 35°C
X Maximum temperature Gridbox mean of station month maxima of daily maximum 7
TX90p 90th percentile maximum temper- Gridbox mean of station percentages of days per month where the daily maximum 7°
ature exceedance exceeds the climatological 90th percentile of daily maxima
TX25 25°C  maximum temperature Gridbox mean of station percentages of days per month where the daily maximum 7'
exceedance is equal to or exceeds 25°C
TX30 30°C  maximum temperature Gridbox mean of station percentages of days per month where the daily maximum 7
exceedance is equal to or exceeds 30°C
TX35 35°C  maximum temperature Gridbox mean of station percentages of days per month where the daily maximum 7
exceedance is equal to or exceeds 35°C
TX40 40°C maximum temperature Gridbox mean of station percentages of days per month where the daily maximum 7'
exceedance is equal to or exceeds 40°C
TX45 45°C  maximum temperature Gridbox mean of station percentages of days per month where the daily maximum 7
exceedance is equal to or exceeds 45°C
TX50 50°C  maximum temperature Gridbox mean of station percentages of days per month where the daily maximum T
exceedance is equal to or exceeds 50°C
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Fig. 1. Geographical extent and HadISDH.extremes mean

station density over the 1991-2020 climatological period

per 5° by 5° gridbox for the two case study regions of (a) China/East Asia (15°-55°N, 70°-135°E) and (b) UK/

Europe (35°-70°N, 35°W-30°E).

the station time series is fundamental to long-term stability.
However, this is very difficult to do, and validate, for large
datasets with no digitised metadata available, especially at
the daily or sub-daily level. It can lead to large uncertainty.
HadISDH.extremes instead uses a homogeneity assessment
approach. It uses the homogenisation adjustment information
from the monthly mean HadISDH.land T and T, stations to
allocate a score (HQ Flag) for each gridbox month depending
on the number of stations present, whether or not they contain
an inhomogeneity and the size of that inhomogeneity. To
remove the data with the largest inhomogeneities, while
retaining reasonably consistent coverage over space and
time, only those gridboxes with an HQ Flag = 0-6 are used
here, as recommended in Willett (2023a). As with the QC,
no method is perfect. It is also possible that inhomogeneities
in the station data, which are not removed by the HQ Flag
screening, might lead to periods where stations give systemati-
cally higher or lower readings than they should.

Furthermore, in addition to observation error, measure-
ment error, and inhomogeneity, the conversion from the origi-
nally observed humidity variable to reported dewpoint temper-
ature, and then to 7,, for HadISDH, will contain some
degree of error that is very difficult to quantify. Most humidity
calculations are close approximations to some degree and fur-
ther complicated by choice of precision of the input values.
The gridbox monthly extremes indices are more vulnerable
to these errors than the HadISDH.land gridbox monthly
means, even if using the provided anomalies from the
1991-2020 climatological period. This is because they are
based on a single hourly observation from the month rather
than a mean where random errors at least may be reduced
by averaging.

Anomalies are used where possible here to minimise
error. This also minimises the impact of heterogeneity in alti-
tude, aspect and land cover across the 5° gridboxes. Actual
values, particularly extremes, could differ considerably
between nearby stations. These differences affect the anoma-
lies to a lesser extent because there is a larger correlation
decay distance in the anomalies compared to the actual val-

ues. As Fig. 1 demonstrates, a gridbox mean could be from
one single station or 30+, and this number can change over
time. Clearly, caution is needed when interpreting the
results of HadISDH.extremes at very small regional scales.
Where HadISDH.extremes is used for specific feature analy-
sis, cross-checking with other evidence such as national
datasets or records of extreme events should be undertaken
to verify the features. HadISDH.extremes is useful for identi-
fying extreme humidity events in a consistent way across
the globe, but given the vulnerability of extremes to error,
users should always explore the nature of the data prior to
making conclusions to ensure the validity and fit of conclu-
sions to the data.

Two case study regions are chosen that have good data
coverage and station density but represent different climato-
logical zones. These are shown in Fig. 1. China/East Asia cov-
ers a wide range of climates, encompassing gridboxes
where high humidity and temperature is common. UK/
Europe is a generally climatologically drier region in terms
of humidity. The China humidity observations have been
found to contain a region-wide inhomogeneity over the
early 2000s when manual wet bulb thermometers were
changed to automated RH sensors (Freychet et al., 2020; Li
et al., 2020). After homogenisation, Freychet et al. (2020)
found that trends in 7, increased. This inhomogeneity is not
detectable in the HQ Flag scores provided with HadISDH.
extremes (Willett, 2023a). It is possible that the HadISDH.
land homogenisation process is less able to detect it because
the changes occur at a similar time across the whole region.
This means that HadISDH.extremes T, extremes indices pre-
sented over China may well be underestimates.

3. Analysis and validation of HadISDH.
extremes

3.1. Changes in peak extreme magnitude and moderate

extreme frequencies

Figure 2 shows an overview of HadISDH.extremes
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Fig. 2. Global mean annual and regional mean JJA anomaly time series and decadal trends from HadISDH.
extremes (T, X, T, X90p, TX and TX90p) screened to remove gridboxes where the HQ Flag > 6, and the
homogenised HadISDH.land (7, and 7). Regional extents are as presented in Fig. 1 but only gridboxes with
70% temporal completeness. Decadal trends in anomalies (relative to 1991-2020) are fitted using ordinary
least-squares regression with 90th percentile confidence intervals corrected for AR(1) following Santer et al.

(2008).

global (annual) and regional (seasonal — JJA) time series
and trends in the magnitude of peak extremes (T, X and TX)
and the frequency of moderate extremes (T,X90p and
TX90p), alongside equivalent monthly mean quantities (7,
and 7) from HadISDH.land.4.5.1.2022f. For T,X90p and
TX90p, the annual/seasonal totals are plotted. Global mean

TyX and T,X90p have increased significantly at 0.13 +
0.04°C (10 yr)~! and 4.61 £ 1.07 d yr! (10 yr)-!, respec-
tively, while global mean T,, increased significantly faster
than T, X at 0.22 + 0.04°C (10 yr)~!. Global TX and TX90p
increased significantly at 0.27 + 0.04°C (10 yr)~! and 5.53 +
0.72 d yr=! (10 yr)~!, respectively, alongside a global mean
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significant T increase of 0.29 + 0.04°C (10 yr)~!.Collec-
tively, Fig. 2 shows that humid heat has increased signifi-
cantly in both magnitude and frequency but that this rate is
slower than the rate of increase in means, and slower than
the rate of increase in high temperature heat.

For the UK/Europe, the peak magnitudes of extremes
are increasing significantly at a rate of 0.51 = 0.09°C
(10 yr)~! for TX compared to only 0.25 + 0.05°C (10 yr)~!
for T,X. Over China/East Asia, the peak magnitude of
extremes for TX is increasing significantly at 0.20 £ 0.09°C
(10 yr)~!, while there is in fact no significant increase in
T,X [0.05 + 0.06°C (10 yr)~1, p-value > 0.01]. Trends in
the peak magnitude of extremes are increasing faster over
the UK/Europe compared to China/East Asia.

In terms of frequency of moderate heat events,
although for both regions the TX90p exceedance increases
slightly faster than the T,,X90p exceedance, the 90th per-
centile confidence intervals overlap considerably, meaning
that these differences are not statistically significant. For
the UK/Europe, T, X90p increases significantly at 1.76 +
0.38 d season~! (10 yr)~! compared to 1.85 + 0.38 d season™!
(10 yr)~! for TX90p. Over China/East Asia, the rate is
slightly smaller, with T, X90p increasing significantly at
1.52 + 0.62 d season~! (10 yr)"! compared to 1.66 +
0.31 d season~! (10 yr)~! for TX90p. Similarly, this difference
between regions is not statistically significant.

For the UK/Europe region, humidity is a growing factor
both in terms of peak magnitude of extremes and frequency
of moderate events. Over China/East Asia, while the fre-
quency of moderate humid heat events is increasing signifi-
cantly, the peak magnitude of extremes appears not to be.
Other parts of the distribution may change at different rates.
Indeed, HadISDH.land regional mean JJA T, increases
faster than T, X for both regions, at 0.32 + 0.05°C (10 yr)-!
for the UK/Europe and 0.19 + 0.04°C (10 yr)~! for China/
East Asia. For comparison, regional mean JJA T is increasing
at a faster rate than T,, in both regions, at 0.44 + 0.06°C
(10 yr)~! for the UK/Europe and 0.28 + 0.06°C (10 yr)~! for
China/East Asia. This shows faster rates of increase in both
mean 7 and T, as well as extremes (TX and T, X) over the
UK/Europe compared to China/East Asia. Clearly, increasing
temperature rather than humidity is the main driver of increas-
ing heat stress over the UK/Europe and China/East Asia
regions. This agrees broadly with the findings of Freychet
et al. (2020) for China.

It is important to note the caveat that the trends over
China/East Asia may be underestimated. Although trends in
T, X90p, TX90p, and TX from HadISDH.extremes, and in
T, and T from HadISDH.land, are comparable to those for
the globe and UK/Europe, the HadISDH.extremes trend in
T,X is small and not significant. Freychet et al. (2020)
demonstrated that inhomogeneity in the Chinese data leads
to underestimated trends in 7,,, and consequently, T, X and
any related quantities. This is discussed in relation to
HadISDH.extremes in Willett (2023a). The fact that
HadISDH.extremes shows no significant trend in T, X, yet a
comparable (with other regions) significant positive trend in
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T,,X90p, suggests that the peak extremes (T, X) are more sen-
sitive to this inhomogeneity than the mean (7,,) and moderate
extremes (T, X90p). Overall, this region should be treated cau-
tiously and 7, extremes from HadISDH.extremes seen as
potential underestimates. The general agreement between
regions and the globe shows that HadISDH.extremes
enables a robust conclusion that high humidity heat stress is
increasing in magnitude and frequency, albeit to a lesser
degree than high temperature heat stress.

3.2. Locations of the threshold

exceedance

most  frequent

Changes in peak magnitude of extremes and frequency
of moderate heat events are useful for monitoring climate
change. However, they may not necessarily correlate with
societal impacts that are dependent on specific thresholds.
As for T, there is a level of acclimatisation to T, such that
the level of impact associated with a threshold may differ
from region to region (Shen and Zhu, 2015). The six T,X
thresholds from 25°C to 35°C are chosen to cover a wide
range of societally relevant thresholds. Figure 3 shows grid-
box percentages of days where T, X is equal to or exceeds
these thresholds over the period of record (1973-2022).
These are based on the gridbox mean counts and so mask
the fact that some stations within the gridbox exceeded the
count while others experienced fewer days.

Various sources of error and uncertainty are discussed
in section 2, especially in relation to using actual values of
the indices rather than the anomalies, and when using
indices tied to specific values such as T\, X35. Hence, treating
these exceedance thresholds more broadly where possible is
recommended. For example, aggregating the six thresholds
to “moderate” (T, X25 and T,X27), “high” (T,X29 and
T,X31) and “severe ” (T, X33 and T,X35) extremes
increases the number of data points and reduces the risk of
features being driven by a few outliers.

Nearly everywhere outside of the high-latitude and
high-elevation regions has experienced days of “moderate”
extremes of T, X25 and T,,X27. Over some parts of the trop-
ics, particularly Southeast Asia, T,,X25 has been almost a
daily occurrence. The gridbox with the highest percentage
of days, at 96%), lies in the tropical Pacific centred at (7.5°N,
152.5°E). Chuuk International Airport, Micronesia, is the
only contributing station. It has a T, X consistently above
25°C, which appears to increase steadily over time. A data
gap in the early 2010s is followed by a period of higher
T, X. For T, X27, the gridbox with the highest percentage of
days lies in the extratropics at (22.5°N, 87.5°E), where three
Indian stations contribute. These stations have strong seasonal
cycles in T, X, exceeding 27°C during every summer sea-
son.

The “high” extremes thresholds of T, X29 and T,X31
have a narrower latitudinal range and much lower percent-
ages, as expected. The gridboxes with the highest counts for
each threshold are extratropical, over and around the Middle
East. For T,,X29, the gridbox with the highest count is centred
at (27.5°N, 57.5°E), which contains three stations from the
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Fig. 3. Percentage of days exceeding various T,,X thresholds from January 1973 to December 2022 from HadISDH.
extremes. All data are screened to remove gridboxes where the HQ Flag > 6 and where temporal completeness falls

below 70%.

United Arab Emirates and one from Iran. For T, X31, the grid-
box with the highest count is nearby, centred at (27.5°N,
52.5°E), where Bahrain International Airport, Bahrain, and
Doha International Airport, Qatar, contribute. From both
visual inspection of the HadISDH.extremes stations and the
regional consistency, it can be concluded that this extratropi-
cal Middle Eastern region experiences the most frequent
‘high’ heat extremes.

The ‘severe’ extremes thresholds of T, X33 and T,, X35
are very limited in spatial extent and day counts, although
day counts are apparent over several different continents.
The gridboxes containing the highest day counts for both
thresholds are over northern Australia. For T, X33 and
T, X35, the gridbox with the highest count is centred at
(17.5°S, 122.5°E), where three stations contribute: Derby Air-
port, Broome International, and Curtin Airport. Raymond
et al. (2020) found robust evidence of T, X exceeding 35°C
over the Persian Gulf and Pakistan between 1979 and 2017,
of which the former is also identified by HadISDH.extremes.

The additional locations noted here may be because Raymond
et al. (2020) used the earlier version (2.0.1.2017f) of the
HadISD dataset, which had fewer stations and was four
years shorter. However, it has not been possible to verify
the Australian exceedances with other sources. The
exceedances over Australia are a good example of why
users must seek verification for analysis on small-scale iso-
lated features within HadISDH.extremes. Comparison with
national Australian Bureau of Meteorology data holdings
for Derby Airport and Curtin Airport [not shown (pers.
comm., Blair Trewin)] found mixed results. There were sev-
eral occurrences of T,,X above 35°C in both the HadISDH.
extremes and national data holdings but these did not
always match up in time and appeared to be far (~7°C)
above “normal” peak values. In each case, the exceedances
appeared suspect. Most of these instances occurred before
wet bulb thermometers were replaced by RH probes as the pri-
mary instruments at the sites concerned, and are likely the
result of wet bulb thermometers drying out. Conclusively,
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these Australian exceedances are highly uncertain. Regard-
less, at larger regional scales the conclusions of widespread
increasing extremes of 7, are robust.

For comparison, six set thresholds for TX have also
been selected, from 25°C to 50°C (Fig. 4). For “moderate”
extreme thresholds of TX25 and TX30, the gridboxes with
the highest day counts occurred in the tropics over the western
tropical Pacific Islands, South East Asia, and eastern Brazil.
For the most part, these are close to the locations of peak fre-
quency for “moderate” T,X thresholds. For the “high”
extreme thresholds, the peaks occurred over the Middle East,
close to the region of peak ‘“high” extreme threshold
exceedance for T, X. For the “severe” extremes, both thresh-
old peaks are over Kuwait and Saudi Arabia in the Middle
East.

3.3. Changes in the frequency of threshold exceedance
for the case study regions

Focusing again on the China/East Asia and UK/Europe
regions, Fig. 5 shows monthly time series of T,,X threshold
exceedances in days. A regional mean of gridbox day

(a) TX25 exceedance
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counts is difficult to interpret directly in terms of societal
impacts but useful for studying exposure relative to other
regions and change in exposure over time. For both regions,
every year on record had T,, X exceeding thresholds of 25°C,
27°C and 29°C. Trends are increasing significantly for these
thresholds, although only over China/East Asia for T, X29.
For China/East Asia T, X25 and T, X27, “moderate” extr-
eme threshold trends are quite large at 3.36 + 0.81 d yr!
(10 yr)~! and 2.84 + 0.68 d yr~! (10 yr)~l, respectively.
T, X29 “high” extreme threshold trends are small but positive
at 0.46 + 0.12 d yr! (10 yr)~!. For UK/Europe, exposure is
far lower and T, X25 and T,,X27 “moderate” extreme thresh-
old trends are much smaller at 0.59 + 0.20 d yr~! (10 yr)!
and 0.14 £ 0.05 d yr! (10 yr)~!, respectively. Both regions
show regular exceedances of the Ty X31 “high” extreme
threshold, with exceedances occurring annually for China/
East Asia since 1994. T,,X31 trends are significant, but very
small, for the China/East Asia region, at 0.01 = 0.01 d yr!
(10 yr)~L. For the UK only (50°-60°N, 10°W-5°E; not
shown), there have been days exceeding T,X29 but not
T,X31. UK-only trends are not significant for any of the
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180°W 120°W 60°W 0° 60°E 120°E 180°E
(d) TX40 exceedance

180°W 120°W 60°W 0° 60°E 120°E 180°E
(f) TX50 exceedance

180°W 120°W 60°W  0°

60°E 120°E 180°E

180°W 120°W 60°W 0°  60°E 120°E 180°E

0 0 0.01 0.1 0.2 0.5 1

2 5 10 30 50 75 100

Percentage of days over 1973 to 2022

Fig. 4. As in Fig. 3 but for TX thresholds.
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Fig. 5. Time series of monthly T, X threshold exceedance for the China/East Asia region (blue) and UK/
Europe region (red). Regional extents are as presented in Fig. 3 but only including gridboxes with at least 70%
temporal completeness. The data have been screened to remove any gridboxes where the HQ Flag > 6.
Decadal trends in annual total counts are shown for each region, fitted using ordinary least-squares regression
with 90th percentile confidence intervals corrected for AR(1) following Santer et al. (2008).

thresholds. For the “severe” extreme thresholds, both wider
regions have sporadic exceedances of T,X33 over time
with no discernible trend.

There is a single exceedance of T,X35 in the China/
East Asia region in 2007 (not shown). This is from a gridbox
over northern India (27.5°N, 77.5°E; also identifiable in
Fig. 3f) in June. There are three contributing stations for
this gridbox: Hissar, Jaipur and Indira Ghandi International
Airport. Asnoted above, these isolated exceedances are uncer-

tain. Visual inspection of the station time series shows a
T.X35 exceedance for Hissar only. This value is around
5°C higher than all others in the time series, suggesting that
it is uncertain. This exceedance occurred during the deadly
South Asian heat wave in 2007 (ADPC, 2007; Reuters,
2007), but such an extreme value should still be treated with
caution. There have been several heat waves over the region
since then (Mazdiyasni et al., 2017) but these have not led
to such high 7,,.
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A combined interpretation of the threshold exceedance
indices, indices for peak magnitude of extremes, and moder-
ate extreme event frequency, is useful here. Over the China/
East Asia region, the lack of any significant trend in the
peak magnitude of extremes (T, X) does not mean that
humid heat events are not becoming more of an issue, only
that the most extreme extremes do not appear to be increas-
ing. The significant positive trends in T, X25, T,X27,
T, X29 and T,X31 (and also T, X90p, shown above) show
that there are now more days with “moderate” and “high”
humidity heat. For the UK/Europe region, although there
are significant trends in the peak magnitude of extremes,
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there have not yet been corresponding increases in the fre-
quency of “high” humid heat days where T X is equal to or
greater than 31°C. Clearly, humid heat is far less of a problem
for the UK/Europe region compared to the China/East Asia
region. Nevertheless, “moderate” extreme threshold days of
T,,X25 and T,,X27 could still have negative impacts on pro-
ductivity over the UK/Europe region where the population
is less acclimatised to, and perhaps less well adapted to,
humid heat days.

Equivalent time series for the TX thresholds are shown
in Fig. 6. For both regions, there are exceedances for TX25
and TX30 every year on record, and indeed all but one
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Fig. 6. As in Fig. 5 but for TX thresholds.
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month for China/East Asia. China/East Asia also has
exceedances every year for TX35, whereas for the UK/
Europe exceedances have occurred annually only since
2005. Trends for TX25, TX30 and TX35 are significantly pos-
itive for both regions. These trends are 5.46 + 2.34 d yr!
(10 yr)~!, 4.62 + 1.49 d yr! (10 yr)!, and 1.48 £ 0.49 d yr!
(10 yr)~1, respectively, for the China/East Asia region. They
are much smaller, at 1.10 = 0.57 d yr~! (10 yr)~!, 0.40 +
0.13d yr ! (10 yr)~!, and 0.02 £ 0.01 d yr~! (10 yr)~!, respec-
tively, for the UK/Europe region. For China/East Asia,
trends are also significantly positive for TX40 and TX45, at
0.17 £0.07 d yr! (10 yr)~!, and 0.01 £ 0.01 d yr~! (10 yr)~1,
respectively. Every year on record has had exceedances for
TX40. For TX45, there have been annual exceedances since
2001. Only the China/East Asia region has an exceedance
for TX50. This is during May 2016 over western India and
southeastern Pakistan (22.5°N, 72.5°E). There are three con-
tributing stations: Ahmedabad, Rajkot and Surat. Only
Ahmedabad shows the TX50 exceedance. There was a heat
wave reported over the region at that time, where temperatures
exceeded 50°C (World Weather Attribution, 2016). How-
ever, the reported station was in Rajasthan, further to the
northeast than Ahmedabad. Overall, the trends in TX for
both regions are larger than for T X.

3.4. Assessing the co-occurrence of seasonal extreme
humidity and temperature heat events

There may be occasions where an extreme heat event
would not be detectable from 7, yet significant impacts may
result from high T,. To investigate the value of HadISDH.
extremes for identifying these “stealth heat events” the co-
occurrence, or lack thereof, of high numbers of days (as
anomalies from the climatological mean) exceeding the
T.X and TX extreme thresholds over the JJA season for the
two regions is explored (Fig. 7). The T,,X and TX thresholds
are paired as follows: T, X25 with TX25; T,X27 with
TX30; T, X29 with TX35; T, X31 with TX40; T, X33 with
TX45; and T,, X35 with TX50. There is no strong physical rea-
son for pairing the T, X and TX thresholds as done here but
this covers the spread from generally “moderate” to “severe’
extremes. Figure 7 shows that there is co-occurrence of very
high JJA total exceedance anomalies within the threshold
pairs, but not always. Only the T, X27 with TX30 pair over
the China/East Asia region shares the year with the highest
anomaly of JJA exceedance, which is 2022.

Figure 7 identifies several potential “stealth heat event
JJA seasons where T, X “moderate” to “high” threshold
exceedances were relatively high while TX exceedances
remained relatively low. Here, such seasons are identified
where T,X exceedance anomalies are positive and TX
exceedance anomalies are negative or much lower, for most
of the threshold pairs. Such an analysis is subjective and illus-
trative rather than conclusive. For the UK/Europe region,
1987, 1988, 1989, 1998, 1999,2003,2012 and 2017 are exam-
ples of these. Over China/East Asia, 1973, 1990, 1998,
2016 and 2020 are examples but, overall, there is lower vari-
ability and more frequent co-occurrence of high humidity
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and high temperature events. Table 2 lists the top 10 years
of JJA exceedance anomalies for each threshold and region.
It identifies years of possible “humid and hot heat events”
(in bold) where the year appears in both a T,,X and TX thresh-
old top 10, years of potential “stealth heat events” (in blue)
where the year appears in a T, X threshold top 10 but not in
any TX threshold top 10s, and possible “dry and hot heat
events” (in red) where a year appears in a TX threshold top
10 but not in any T, X threshold top 10s. The caveat here is
that the time scales are broad. Treating the three threshold
pairs collectively (T, X25 and TX25, T,X27 and TX30,
T.X29 and TX35), there are five potential “stealth heat
events” for the UK/Europe region and for China/East Asia.
For “dry and hot heat events”, there are nine for the UK/
Europe region and seven for the China/East Asia region.
There are eight “humid and hot events” for the UK/Europe
region and nine for the China/East Asia region. This demon-
strates the value of a T, -based extremes index product to be
used alongside traditional 7T-focussed indices to capture the
extreme humid heat events that would otherwise be missed.
Furthermore, Freychet et al. (2020) noted different trends in
T and T,, means, extremes and diurnal temperature ranges,
concluding that different processes govern the changes in T
compared to T,,. The majority of top 10 years for both vari-
ables are post 2000, in line with the significant long-term
increasing trends of numbers of days equal to or exceeding
extreme thresholds.

Of'these top 10 JJA threshold exceedance anomalies, sev-
eral are noteworthy regional extreme events. For example,
over the China/East Asia region, detected heat events
included:

* June to August 2022 — record-breaking heat wave
for intensity, duration, spatial extent and impact (Guardian,
2022);

e July 2021 — the hottest month on record (at the time)
for Asia and also the global average (NOAA, 2021);

* August 2020 — record heat over southern Asia and
warmest Northern Hemisphere August on record (NOAA Cli-
mate.gov, 2020);

e July 2017 — a Chinese heat wave that was
attributable to human influence (Sparrow et al., 2018);

* July 2016 — a heat wave extending over Southwest
Asia and the Middle East (NASA Earth Observatory, 2016);
and

* July 1994 — an extensive East Asian summer drought
(Park and Schubert, 1997).

Over the UK/Europe region, detected heat events
included:

* July 2022 — a record-breaking heat wave over south-
western Europe, particularly for the UK (Copernicus, 2022);

* July 2018 — a long heat wave and drought over north-
western Europe (Rosner et al., 2019);

* July 2006 — a record-breaking heat wave over western
Europe (Rebetez et al., 2009; Russo et al., 2015);

* August 2003 — a record-breaking heat wave over
Europe (Met Office, 2003; Stott et al., 2004; Rebetez et al.,
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Fig. 7. JJA standardised anomaly time series of threshold exceedance for T, X (blue) and TX (red) for the
(a—c) UK/Europe and (d—f) China/East Asia region means. Regional extents are as presented in Fig. 3 but
only gridboxes with at least 70% temporal completeness. The data have been screened to remove any
gridboxes where the HQ Flag > 6. Decadal trends in seasonal total counts are shown for each region and
threshold, fitted using ordinary least-squares regression with 90th percentile confidence intervals corrected

for AR(1) following Santer et al. (2008).

2009; Russo et al., 2015); and
e August 1994 — a severe heat wave over Central
Europe (Russo et al., 2015; Climate Change Post, 2018).
This demonstrates the ability of HadISDH.extremes to
capture regional-scale extreme high temperature events. The
humidity aspect is hard to verify as this is rarely reported on.

None of the potential “stealth heat event” years, as identified
by years in blue in Table 2, appear to co-occur with notable
heat waves. This is as expected and concurs with the theory
that such events are often not lethal but could still have
impacts on productivity and wellbeing, which are far harder
to monitor.
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Table 2. Comparison of top 10 years of JJA exceedances for the T, X and TX threshold pairs for both regions. Only threshold pairs for
where there are at least 10 JJA seasons with > 0 days of exceedances for both T, X and TX are shown. Years shown in black (bold) are
“humid and hot heat events” because they appear in both (paired) T, X and TX threshold top 10s. Years shown in blue are potential
“stealth heat events”, where they are a top 10 for the T, X threshold but do not appear in any of the top 10 TX thresholds. Years shown in
red are “dry heat events”, where they are a top 10 for the TX threshold but do not appear in any of the T, X thresholds.

Top 10 JJAs (high to low)

Region T, X25 TX25 T, X27 TX30 T, X29 TX35
UK/Europe 2003 2018 2003 19%4 2022 2019
2022 2022 2022 2022 2003 2015

1994 2019 19%4 2010 1994 2022

2021 1975 2021 2018 2012 1994

2012 2006 2012 2019 2021 1992

2015 2021 1999 2015 2010 2010

1998 1973 2015 2006 2015 2018

1999 2014 2010 2021 1999 2003

2019 1995 2019 2003 2007 1976

2010 2010 2017 1976 2019 2013

China/East Asia 2022 2000 2022 2022 1998 2022
1973 2010 2016 2017 2022 2019

2018 2007 2020 2000 2016 2010

1998 2011 2017 2010 2020 2017

2016 2005 1998 2007 2019 2018

2017 2021 2019 2016 2017 2016

2021 2017 2021 2011 2018 2020

1994 2015 2018 2021 2021 2015

2000 2001 2014 2001 2014 2021

2020 2008 2010 2015 2003 2013

3.5. Spatial analysis of trends

HadISDH.extremes reveals that 7,, extremes can differ
in location to T equivalent extremes, and that seasons of
high threshold exceedances do not always co-occur. This is
also the case for location of the strongest trends to some
degree. Figure 8 shows global maps of decadal trends in
TyX90p, TX90p, T\ X, TX, T,X27 and TX30 over the
period 1973-2022. Trends are almost exclusively positive
and significant for the moderate extremes frequency
(T, X90p and TX90p) and peak magnitude of extremes
(T,X and TX). This is less so for specific threshold
exceedances of T, X27 and TX30, which is to be expected
because thresholds are only regionally and not globally appli-
cable. For T, X27, significant trends are mostly positive, lim-
ited in extent to the tropics. For TX30 trends are almost exclu-
sively positive, with widespread significance across the trop-
ics, extratropics and much of the midlatitudes. The
widespread positive significant trends in T\, X and TX are in
line with previous findings using ERAS from Yu etal.
(2021, Fig. 3).

Broadly, there are similarities between 7 and T,
extremes. The larger trends in moderate extremes frequency
for both lie over the tropics, while the larger trends in the
peak magnitude of extremes for both lie over the midlati-
tudes, especially the European continent. As noted above,
T,X27 is not yet relevant for many regions outside of the trop-
ics, whereas for TX30 larger trends are more latitudinally

extensive. At the gridbox level, there are differences in loca-
tions of the largest trends between T and 7. Trends over Aus-
tralia, Europe and the Persian Gulf are stronger for T
extremes, whereas trends over Southeast Asia are stronger
for T,, extremes. Other research has detected an impact of
local irrigation on humid heat extremes using climate models
(Krakauer et al., 2020). This small-scale regional detail is
clearly important for studying societal impacts.

4. Discussion and conclusions

HadISDH.extremes provides the gridbox mean of
monthly maximums of the daily maximum wet bulb tempera-
ture (T,X). This is a measure of the peak magnitude of
extremes. A significant increase in T, X is detectable in the
global annual mean and for the UK/Europe region JJA
mean. These are smaller than both the equivalent trend in
mean 7T, and also the trends in maximum dry bulb temperature
(TX). There is a similar story for the China/East Asia region,
although the positive trends in T, X are small and not signifi-
cant. It is possible that the observations from China contain
an inhomogeneity that reduces the moistening trend, espe-
cially in the peak magnitude of T, X.

Indices presenting the frequency of “moderate ” to
“severe” events are also provided by HadISDH.extremes.
These include the globally relevant gridbox mean monthly
total of days exceeding the 90th percentile of daily maxima
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Fig. 8. Decadal trends in monthly anomalies of several T, X and TX extremes indices from 1973 to 2021. The data
have been screened to remove gridboxes where the HQ Flag > 6 and only include gridboxes with 70% data
completeness. Decadal trends are fitted using ordinary least-squares regression with 90th percentile confidence
intervals corrected for AR(1) following Santer et al. (2008).

(T, X90p) and regionally relevant gridbox mean monthly
total of days where T, X is equal to or exceeding specific
thresholds (T X25 to T,,X35). Equivalents are provided for
T (TX90p, TX25 to TX50). Trends in the JJA frequency of
exceedance of “moderate” thresholds (T, X90p, T, X25 and
T, X27) are significantly positive for both the China/East
Asia and UK/Europe regions. For the “high” extremes thresh-
olds (T, X29 and T, X31), only the China/East Asia region
shows significant positive trends, although there are months
where days exceed these thresholds for the UK/Europe
region.

HadISDH.extremes shows that gridboxes over some

regions have apparently already experienced days where the
T, X reaches 35°C, including the Persian Gulf and Australia.
Uncertainty can be large in these isolated exceedances of
severe extreme thresholds and exceedances over Australia
cannot be verified against national data holdings.

In all cases and regions, the trends in TX-related thresh-
olds are larger than for T,X, confirming that T is the key
driver of heat extremes over these regions. However, it is
clear that humidity is playing an important role too. There is
some evidence that T, X extremes can occur when TX is
more moderate; in effect, these are “stealth heat events” that
may not be detected by current temperature-focussed warning
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systems, yet can have notable impacts on productivity and
general health as opposed to mortality.

At the gridbox level, significant positive trends in both
the peak magnitude of extremes (T, X) and frequency of mod-
erate extreme events (T, X90p) are widespread. This is less
so for specific thresholds because even the lowest threshold
of T,X25 has a limited spatial extent of relevance — it
shows significant positive trends across most of the tropics
(not shown). Collectively, this shows that the humid heat com-
ponent of heat waves is increasing across the globe. For
most regions outside of the tropics this only occasionally
reaches levels that affect productivity or health. However,
the widespread increasing trends show increasing risk for
these regions. For regions in the tropics, 7, is already reaching
levels that can potentially cause significant impacts.

HadISDH.extremes is based on hourly station data
from all over the globe. These data have been quality con-
trolled at the hourly level and various temporal completeness
tests are made at the daily, monthly, annual, climatological
and full record level to remove poorer quality, intermittent
and short-record stations. The parent dataset, HadISDH.land,
which is based on the same station data, compares well with
estimates from ERAS (Simmons et al., 2021), inferring that
HadISDH.extremes should be of reasonable quality. How-
ever, HadISDH.extremes is more susceptible to errors and
biases in the station data because its monthly values are
based on either a single occasion in the month (maximum
daily maxima) or counts of days exceeding a specific thresh-
old. There is no averaging across the month and therefore
no minimising of any random error. Monthly anomalies
from the 1991-2020 climatology of these values are produced
and averaged over the stations within each gridbox, reducing
the effect of differing altitudes, aspects and land cover. For
assessment of long-term trends, it is safer to use these gridbox
mean anomalies than the gridbox mean of actual values.
The results shown here are in line with other studies on T,
and humid heat extremes (Freychet et al., 2020; Raymond
et al., 2020; Yu et al., 2021). However, users may well find
differences at smaller spatial and temporal scales, especially
if using actual values rather than the anomalies because
these will be strongly dependent on the locations of the under-
lying station data. Furthermore, the HadISDH.extremes
(T, X and TX) will always likely be an underestimate of the
true value because the origin observations are discrete in
time, sampling at most hourly and often 3 hourly or less fre-
quently. Caution is required over gridbox level interpretation
of the threshold exceedance indices especially, with cross-vali-
dation against independent information recommended. Treat-
ing these as grouped “moderate” (T,X25 and T, X27),
“high” (TyX29 and T,X31) and “severe” (T,,X33 and
T, X35) extremes thresholds for making comparative state-
ments or looking at long-term changes is safer than identify-
ing specific times and locations of day counts.

HadISDH.extremes can be used to make robust conclu-
sions when the following criteria are taken into considera-
tion. Firstly, any statistical analysis should be based on a
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data selection where the number of non-missing and non-
zero (count) data points is high enough to provide sufficient
degrees of freedom. Trends in time series of T,, X33, for exam-
ple, where there may be many months or years of zero
counts, could be strongly driven by outliers. Secondly, users
should look for regional consistency in signals rather than
drawing conclusions from single gridboxes to reduce the vul-
nerability to outliers. Thirdly, the time series themselves
should be analysed to ensure that any fitted trend is a sensible
representation of the data. Finally, where possible, users
should cross-check with independent evidence such as
national records or media reports of extremes. Further infor-
mation on the dataset and advice on its usage can be found
in Willett (2023a).

The known issue of a region-wide shift from manual
wet bulb thermometers to automated RH sensors over China
is likely still an issue for HadISDH.extremes. This is both
because the homogenisation process used to provide homo-
geneity scores may be under-detecting this region-wide
change and also because extreme values are more susceptible
to inhomogeneity error than mean values. Hence, the HQ
Flag scores over China may not fully identify poor quality
gridboxes. Trends in T, extremes are considerably smaller
for the HadISDH.extremes China/East Asia region compared
to those from a homogenised Chinese dataset (Freychet
etal., 2020). However, significant positive trends are
detectable in HadISDH.extremes in the days equal to or
exceeding thresholds (specific and 90th percentile).

Following on from the concept of the HadISDH family
(HadISDH.land, HadISDH.marine and HadISDH.blend),
HadISDH.extremes is a coarse-resolution product designed
for spatial and temporal stability with which to detect large-
scale long-term features. It is designed for exploring current
regional exposure to extremes, tracking the evolution of
extremes exposure over time, and comparing with historical
reconstructions from climate models. The latter aids model
validation, which in turn provides confidence in future projec-
tions of such extremes and their related climate impacts.
Heat extremes are often local and short-lived features. A
region like the UK for example tends to experience heat
waves of a few days with very high heat unlikely to simultane-
ously cover the entire country. However, there have been sev-
eral regional-scale and longer-lived heat events that are
detectable with HadISDH.extremes, such as the UK/Euro-
pean region heat waves in 2022, 2018, 2006, 2003 and 1994,
and the China/East Asian region heat waves in 2022, 2021,
2020, 2017, 2016 and 1994.

Although several studies have now explored heat
extremes around the globe based on 7,,, HadISDH.extremes
is the first dedicated product for monitoring them. It is envis-
aged that updates will continue alongside the rest of the
HadISDH family. This provides a stable base with which to
assess long-term and year-on-year changes in humid and
dry heat extremes, alongside changes in the mean from
HadISDH.land.

The provision of simultaneously observed dry and wet
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bulb heat extremes, from a near-identical station base and
identical methodological processing provides the opportunity
to study co-occurrence of dry and humid heat extremes. It is
possible for an event to be moderate in terms of 7, yet impact-
ful because of its extreme humidity. Such events may not be
linked to mortality to the same degree as high temperature
heat events, but their economic and general health and wellbe-
ing impact can still be considerable (Parsons et al., 2022).

HadISDH.extremes provides the ability to assess the rela-
tive exposure to humid heat extremes and changes over time
across different regions in addition to global and hemispheric
analyses. The framework of HadISDH.extremes can be
expanded to produce different indices as required. Other valu-
able future developments include a dedicated uncertainty
model for the extremes and a higher resolution product over
the data-rich regions. Such regions are limited geographi-
cally, and many stations suffer from intermittency, inhomo-
geneity or limited record length. Ultimately, this limits our
ability to quantify and understand current exposure and pre-
dict future exposure in the detail required for devising opti-
mum city- or district-level adaptation. Knowledge and under-
standing of extremes is considerably limited across much of
the globe, especially Africa, owing to data sparsity and/or
lack of sharing of the sub-daily data required to characterise
the extremes. Furthermore, extremes are more susceptible to
errors and biases than means, and more difficult to quality
control and homogenise. To reduce the uncertainty in an
extremes monitoring product such as HadiSDH.extremes
requires a high quality, observation-dense network with
detailed digitised metadata about the station and instrument
setup and any changes, all of which are openly shared. At
present, this is not the case for the majority of the land mass.
However, while uncertainty can be large when assessing
actual extreme values rather than anomalies, and very
localised features, especially where observations are sparse,
there is confidence in the large-scale, long-term changes pre-
sented by HadISDH.extremes.

HadISDH.extremes may serve as a proof-of-concept
product for a similar approach to the HadEX family of
indices. Such a product would ideally utilise dense networks
of high-quality homogeneous 7, data provided as indices by
countries themselves, presenting improved coverage and qual-
ity over HadISDH.extremes. Until such a product exists,
HadISDH.extremes will hopefully prove a useful tool in
developing our understanding of humid heat extremes and
their evolution over time.

5. Sources of datasets

The HadISDH.extremes dataset is available in netCDF
format under the Open Government Licence (https://www.
nationalarchives.gov.uk/doc/open-government-licence/ver-
sion/3/). The data can be accessed from the Centre for Envi-
ronmental Data Analysis (CEDA) Archive (Willett, 2023b;
https://catalogue.ceda.ac.uk/uuid/2d1613955e1b4cd1b156e5
f3edbd7e66). It is also available alongside other related mate-
rial and information from the Met Office Hadley Centre cli-
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mate monitoring observations portal, HadOBS: www.metof-
fice.gov.uk/hadobs/hadisdh/.

Additionally, the land-based Met Office Hadley
Centre’s Integrated Surface Dataset of Humidity, HadISDH.
land.4.5.1.2022f (Willett et al., 2023), was used within this
paper. This is the latest version available at time of writing.
It is downloadable as netCDF files from www.metoffice.
gov.uk/hadobs/hadisdh under the Open Government
Licence (https://www.nationalarchives.gov.uk/doc/open-go-
vernment-licence/version/3/). It is also available from the
CEDA Archive: https://catalogue.ceda.ac.uk/uuid/8956cf9e
31334914ab4991796f0f645a.
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