Science Advances

RAVAAAS

advances.sciencemag.org/cgi/content/full/6/19/eaaw1838/DC1

Supplementary Materials for

The emergence of heat and humidity too severe for human tolerance
Colin Raymond*, Tom Matthews, Radley M. Horton

*Corresponding author. Email: colin.raymond@jpl.nasa.gov

Published 8 May 2020, Sci. Adv. 6, caaw1838 (2020)
DOI: 10.1126/sciadv.aaw1838

This PDF file includes:

Text S1

Figs. S1 to S20
Tables S1 and S2
References



Text S1. Commentary on Validation of Observed Extreme TW.

To assess the physical realism of the conclusion that TW has already exceeded 35°C at several of
the HadISD stations, we focus on the Persian Gulf, whose waters and near-surface atmosphere
are sampled independently and frequently by marine traffic and observing platforms, and which
is surrounded by the world’s largest concentration of extreme TW values measured on land (i.e.
>=31°C) (Figs. 1, 4). We scrutinize these additional datasets for evidence of maritime air masses
with TW exceeding 35°C, before evaluating whether it is likely that advection from the Persian
Gulf can explain the short-lived spikes in TW recorded at the coastal HadISD stations. The
presumably more complex processes associated with TW at inland locations such as the Indus
River Valley are deserving of a separate study; here, we are constrained to note the qualitative
agreement among HadISD, ERA-Interim, and ERAS (41) that the central Indus River Valley is a
TW hotspot, and it is particularly interesting in this regard that the higher-resolution ERAS
improves upon ERA-Interim by about 3.5°C on the most extreme days there, versus the
approximately 2.0°C improvement in the southern Persian Gulf (Fig. S4).

Hourly, point-scale measurements of atmosphere-ocean conditions in the Persian Gulf are taken
from the International Comprehensive Ocean-Atmosphere Data Set (ICOADS) (39), which
contains 64,734 observations of TW, dewpoint and SSTs reported by ships, buoys, and other
observing platforms in the region 23-31°N, 46-57°N between June-September, 1979-2017. Over
this period ICOADS registers 312 observations (0.95% of available measurements) with TW
exceeding 35°C, and 4,647 SST observations (9.5% of available measurements) above 35°C.
Over the Persian Gulf, the fraction of both SSTs and TW above 35°C peaked in 2017, reaching
32.6% and 5.9% of July-September observations, respectively (Fig. S16). Evidently, these
marine observations independently suggest that TW >35°C has already been observed, and there
is good physical consistency with the co-located SSTs which also regularly exceed this
threshold. The ERA-Interim reanalysis supports the notion that the globally highest TW values
occur over the Persian Gulf waters rather than over the adjacent land (Figs. 4, S10, S17).

To assess whether advection of air masses from the Persian Gulf could then explain the rapid
increases in humidity in TW at nearby HadISD stations, we investigate circulation during
extreme TW events using the Integrated Global Radiosonde Archive (22,39). Radiosonde
humidity data are reliable in the lower troposphere, and if anything have a slight dry bias there
(42) — where radiosondes (and consequently 4D gridded products) are known to exhibit
humidity biases is in very cold or dry conditions (hence not relevant here), and especially prior to
2000 (43,44). For radiosonde stations in the coastal Persian Gulf area, we find consistency of
values with the HadISD stations (Figs. S6-S8), and also that wind directions for the highest TW
values are generally quite different from those for less-extreme values (Figs. S6-S8), a shift that
is tightly confined to the lowest part of the planetary boundary layer. In contrast, stations in
North America (represented by Dulles Airport, Virginia) exhibit no such vertical confinement
nor a wind shift between moderate and extreme TW values (Fig. S9). These anomalous onshore
winds at low levels can be seen in Fig. S3 for Ras al-Khaimah, UAE and in Figs. S6-S8 for Abu
Dhabi, UAE; Muscat, Oman; and Bandar Abbas, Iran (the only stations around the Persian Gulf
with sufficient radiosonde data to evaluate circulation at times with TW above its 99.75%
percentile). The winds cause advection of marine air which we suggest may be driving the
observed sharp peaks in TW (Fig. S5). It is also noteworthy that ERA-Interim resolves these



winds quite poorly compared to the 2x-better-resolution ERAS (Fig. S3), and similarly for winds
channeled by topography in the Indus River Valley (Fig. S4), suggesting that further model
developments and resolution improvements could lead to additional increases in the accuracy of
representing peak TW.

Finally, we consider most broadly the reliability of all of our quality-controlled HadISD stations
that have recorded TW >= 33°C at least 5 times (Fig. S18). This illustrates the overall temporal
consistency of dewpoint extremes at each station, as well as the similarity of values among
stations in the coastal Middle East. Fig. S19 then shows similarities across the world in the
amount by which the all-time maximum TW (Fig. S1) exceeds the much-more-readily-validated
95™ percentile of TW. Table S1 underscores the large number of 33°C days, their geographic
diversity, and also the fact that the full distribution of TW provides a clearer sense of how a TW
of 33°C typically requires only modest positive anomalies of heat and humidity. In presenting
boxplots of all TW recordings by month, Fig. S20 makes a similar argument for the two stations
with the most TW=35°C readings (Ras Al-Khaimah, UAE, and Jacobabad, Pakistan).

Our final dataset reflects a thorough re-examination of the HadISD dataset using both
algorithmic and manual analyses, and we believe that our efforts represent a fair balance between
eliminating stations or individual days with any potentially questionable aspects, while retaining
true anomalies explicable by the physical processes described above.
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Figure S1. All-time maximum observed extreme humid heat at weather stations. The all-
time maximum of TW in HadISD for 1979-2017, for stations with at least 50% data availability
over this period. Note that marker size is inversely proportional to station density.
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Figure S2. Brevity of observed extreme humid heat at weather stations. Event lengths for all
instances in HadISD of TW>=33°C, considering only the n=21 stations with regular hourly data
on days when TW>=33°C is observed.
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Figure S3. Meteorological conditions when TW=35°C. (Top) ERA-Interim composite of 10-m
winds and 2-m TW on the n=4 days when TW=35°C was recorded at Ras al-Khaimah, UAE
(blue square). Resolution of plotted data is 0.5°x0.5° and 6-hourly. (Bottom) Same as top but for
ERAS. Resolution of plotted data is 0.25°x0.25° and 1-hourly. Mean TW daily maximum near
station location is 28.7°C for ERA-Interim and 30.8°C for ERAS.
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Figure S4. Meteorological conditions when TW=35°C. Same as Figure S3 but for Jacobabad,
Pakistan (n=6). Mean TW daily maximum near station location is 26.7°C for ERA-Interim and
30.3°C for ERAS.
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Figure S5. Hourly dry-bulb and dewpoint temperatures for the most extreme wet-bulb
temperature days. Mean dry-bulb temperature (red) and dewpoint temperature (blue) in the 12
hours surrounding all 213 TW=33°C and 14 TW=35°C occurrences with available hourly data
from HadISD.
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Figure S6. Vertical profiles of coastal extreme humid heat. Radiosonde temperature
(diamonds) and TW (circles) for Abu Dhabi International Airport, United Arab Emirates at 127
on all days between 1983 and 2019 with a lowest-level TW value greater than the annual 99.75%
percentile (red, 10 days); between the annual 97.5% and 99.75" percentiles (orange, 90 days);
between the annual 90" and 97.5'" percentiles (green, 298 days); and between the annual 50" and
90™ percentiles (blue, 1593 days). Profiles are truncated at 850 hPa for visibility. Vectors on the
right-hand side indicate composite wind speed and direction on these days for each height bin,
where available; the map on the left-hand side is a 2.5°x2.5° box indicating the location of the

launch site.
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Figure S7. Vertical profiles of coastal extreme humid heat. Same as Figure S6 but for Muscat,
Oman. Here, TW values greater than the annual 99.75" percentile comprise 10 days; those
between the annual 97.5" and 99.75" percentiles, 88 days; those between the annual 90" and
97.5" percentiles, 288 days; and those between the annual 50™ and 90™ percentiles, 1546 days.
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Figure S8. Vertical profiles of coastal extreme humid heat. Same as Figure S7 but for Bandar
Abbas, Iran. Here, TW values greater than the annual 99.75" percentile comprise 5 days; those
between the annual 97.5" and 99.75" percentiles, 42 days; those between the annual 90" and
97.5" percentiles, 139 days; and those between the annual 50" and 90™ percentiles, 738 days.
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Figure S9. Vertical profiles of extreme humid heat in eastern North America. Same as
Figure S8 but for Sterling, Virginia, USA. Here, TW values greater than the annual 99.75%
percentile comprise 19 days; those between the annual 97.5" and 99.75" percentiles, 169 days;
those between the annual 90" and 97.5™ percentiles, 563 days; and those between the annual 50

and 90" percentiles, 3004 days.
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Figure S10. Highest observed extreme humid heat in reanalysis. (A) All-time maximum TW
in the ERA-Interim (1979-2017). Values below 27°C are masked. (B) Zoomed-in perspective on

the region with the highest TW values; the extent of this region is given by the magenta rectangle
in (A).
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Figure S11. Distribution of ERA-Interim differences from weather stations across regions.
Normalized frequency distributions of TW for the highest-TW stations in HadISD (green) and
hottest grid cells in ERA-Interim (orange), where stations and grid cells are defined
independently between the two datasets. Small type indicates biases in °C for the 50th, 95th, and
99.9th percentiles. Tropics (subtropics) are defined as 0°-15° (15°-35°) in each hemisphere;
longitudinal bounds for each region are given in the titles of the subplots.
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Figure S12. ERA-Interim differences from weather stations for extreme humid heat.
Station-mean differences of ERA-Interim from weather stations, across all 33°C TW
observations at the shaded HadISD stations. For each station, comparisons are made with the
neighboring ERA-Interim grid cell with the highest TW value (regardless of precise distance), so
as to minimize the penalty for ERA-Interim’s spatial smoothing.
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Figure S13. Correlation between ENSO and global extreme humid heat. Correlation
between the Bivariate ENSO Timeseries [BEST] index and global counts of TW exceedances
over 1979-2017. Shading shows the 5%and 95" percentile bounds based on 1000 bootstrapped

samples of the timeseries for each threshold.
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Figure S14. Correlations of extreme humid heat with major indices. Detrended correlation
between regional annual station-days exceeding TW>=27°C and (top) DJF Nino 3.4 index;
(middle) local JJA sea-surface temperatures from HadISST; and (bottom) local annual-mean TW
from HadISD. Tropics (subtropics) are defined as 0°-15° (15°-35°) in each hemisphere.
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Figure S15. Temperature-humidity combinations leading to extreme humid heat.
Frequency of dry-bulb temperature and relative humidity combinations associated with all
occurrences of TW>=27°C (top), TW>=31°C (middle), and TW>=35°C (bottom) in HadISD.
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Figure S16. TW and SSTs >= 35°C in the Persian Gulf and Gulf of Oman. Top: Annual
(July-September) percentage of ICOADS sea-surface temperature observations reported in the
Persian Gulf or Gulf of Oman (23-31°N, 47-60°N) that exceed 35°C. Red line indicates the
median. Bottom: Same as top but for percentage of TW observations exceeding 35°C.



32°N

35
30°N

30

28°N -
. 10

26°N 20
11
12
24°N 15 13
14
15

46°E 48°E 50°E 52°E 54°E 56°E 58°F

10 16
17
Figure S17. Mean annual-maximum TW in reanalysis. Mean annual-maximum near-surface

TW over 1979-2017 according to the ERA-Interim reanalysis. Red crosses mark the 20 grid cells
(land or ocean) with the highest values globally.

0 NOoO O WOWN -

Mean Ann, Max Tw (°C)
©



30 R 30
Dhahran Al Hofuf
Saudi Arabia 10 Saudi Arabia 10
" n -10 L N
30 ) 30
Yanbu Bandar Abbas 10 l
Saudi Arabia 10 Iran
-10
30 \ ' 30 X |
Jeddah Ras Al-Khaimah
Saudi Arabia 10 1 UAE 10
30 30 )
Sohar (Port) Dera Ismail Khan
Oman 10 / | Pakistan 10 ‘
30 30 '
Jacobabad ‘ Choix ’Mr “ ’| ‘M ! 'Mpnﬂ ¢ W’WWWWVW
Pakistan 10 ‘ Mexico ! '
| L =10 L N
30| ' 30 ' ' R
La Paz Soto la Marina ,
. 10 .
Mexico Mexico 10
-10
0

=)

~S

!

5000 10000 15000 0 5000 10000 15000

————

Figure S18. All dewpoints for selected extreme stations. Full timeseries (1979-2017) of daily-
maximum dewpoint temperature for each station that has exceeded TW=33°C at least 5 times. X-
axis units are days since Jan 1, 1979.
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Figure S20. Annual patterns in TW on the Persian Gulf coast and in the Indus River
Valley. Boxplots of daily-maximum TW, separated by month, for the two stations that have
recorded TW=35°C multiple times: Ras Al-Khaimah, UAE (top), and Jacobabad, Pakistan
(bottom).



Table S1. Statistics for TW>=33°C stations. Details of all (n=14) stations that have recorded 3
or more days, over 3 or more different years, with a daily-maximum TW >= 33°C. The ‘years’
column indicates the equivalent number of valid years of data available; pXX columns indicate
the 99, 90™, and 50™ percentiles of daily-maximum TW over the entire station period of record;
and in the final column, the distance from the coast is given, for stations situated near a marine
coastline.

Lat Lon Location Country 33+ First Last | Years | p99 p90 p50 Region (Distance from Coast)
24.47 56.63 Sohar Oman 69 1983 2017 34.4 32.5 30.7 25.7 Gulf of Oman coast (7.0 km)
28.28 68.45 Jacobabad Pakistan 40 1981 2017 35.3 31.5 29.4 Indus River Valley

26.27 50.15 Dhahran Saudi Arabia 26 2001 2017 38.0 32.0 28.3 Persian Gulf coast (6.5 km)
25.62 55.94 Ras Al-Khaimah UAE 25 1988 2010 34.3 31.8 29.6 Persian Gulf coast (15.0 km)
31.91 70.90 Dera Ismail Khan Pakistan 12 1980 2017 35.9 31.0 28.9 Indus River Valley

27.22 56.38 Bandar Abbas Iran 10 1994 2017 27.6 31.9 30.5 Persian Gulf coast (3.0 km)
21.68 39.16 Jeddah Saudi Arabia 8 1999 2010 33.6 30.7 28.5 Red Sea coast (7.0 km)
24.14 38.06 Yanbu Saudi Arabia 8 2003 2006 38.1 31.3 28.5 Red Sea coast (7.5 km)
23.77 | -98.20 Soto la Marina Mexico 9 2006 2017 34.2 29.9 27.2 Gulf of Mexico coast (45 km)
24.17 | -110.3 La Paz Mexico 7 2001 2011 36.8 29.4 26.8 Gulf of California coast (1.0 km)
26.73 | -108.28 Choix Mexico 6 1993 2003 26.8 30.7 28.2 Gulf of California coast (100 km)
25.28 60.62 Chabahar Iran 4 1992 2015 24.6 31.2 29.0 Persian Gulf coast (7.0 km)
25.29 49.49 Al Hofuf Saudi Arabia 5 1993 2006 36.4 29.6 25.0 Persian Gulf coast (85 km)
26.27 50.63 Muharraq Bahrain 3 1998 2001 33.3 31.9 29.6 Persian Gulf coast (2.5 km)

Table S2. Statistics for TW>=35°C stations. Same as Table S1 but for stations with any
number of TW >= 35°C occurrences.

Lat Lon Location Country 35+ First Last | Years | p99 p90 p50 Region (Distance from Coast)
28.28 68.45 Jacobabad Pakistan 6 1987 2012 35.3 31.5 29.4 22.1 Indus River Valley

25.62 55.94 Ras Al-Khaimah UAE 4 1995 2010 34.3 31.8 29.6 23.6 Persian Gulf coast (15.0 km)
21.68 39.16 Jeddah Saudi Arabia 2 1999 2010 33.6 30.7 28.5 25.0 Red Sea coast (7.0 km)
31.91 70.90 Dera Ismail Khan Pakistan 1 2017 2017 35.9 31.0 28.9 21.3 Indus River Valley

26.27 50.15 Dhahran Saudi Arabia 1 2003 2003 38.0 32.0 28.3 21.7 Persian Gulf coast (6.5 km)
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