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Abstract

Climate change leads to a more frequent occurrence of hot days (HDs) and hot nights (HNs). The consecutive occurrence
of HDs and HNs (COHs) is often used as a measure of the persistence of an extremely hot spell. Nonetheless, the combined
effect of air temperature and relative humidity on the changing COHs has never been studied. In this paper, we use an
ensemble of global climate models and multiple thermal indices to robustly examine the combined effect of air temperature
and relative humidity on COHs globally on an hourly basis. Our findings reveal that COHs show an increasing trend in the
future and a strong latitudinal gradient increasing from high latitudes to the equator. Compared to COHs based on air tem-
perature, the frequency of COHs based on perceived temperature is amplified by the combined effects of high temperature
and humidity for both boreal and austral summers. To investigate the underlying mechanisms, we examine two different
diurnal temperature ranges (DTRs), derived from air temperature and perceived temperature, for their corresponding types
of COHs. Both DTRs are projected to increase in the future relative to the historical period from 1980 to 2004, but the
DTR changes derived from perceived temperature are consistently larger than those derived from air temperature. Due to
the nonlinearity in thermal indices, the perceived temperature in HDs and HNss rising faster than air temperature leads to a
larger increase in perceived COHs. The COHs are further amplified by the increasing number of HNs and HDs that occur
consecutively under wet conditions.

1 Introduction studies found that prolonged heat could strongly amplify
health effects by inhibiting the recovery from the daytime
heat and by exacerbating the impact through sleep depriva-
tion (Chen et al. 2018; Ho et al. 2017; King et al. 2016;
Meehl and Tebaldi 2004; Pal and Eltahir 2015). COHs are
often measured using daily or hourly near-surface air tem-
perature (AT) as a single indicator (Chen and Zhai 2017,
Horton et al. 2016; Vaidyanathan et al. 2016; Wang et al.

2020a, b). However, the combined effect of high AT and

Hot days (HDs) or hot nights (HNs) have adverse impacts
on society and ecosystems (Braganza et al. 2004; Easter-
ling et al. 1997; Vose et al. 2005; Zhou et al. 2004). Under
climate warming, the increasingly sequential occurrence
of HDs and HNs within 24 h further exacerbates adverse
impacts on human health (Chen et al. 2019; Wang et al.
2020a, b; Wernberg et al. 2013). The consecutive occurrence

of daytime and nighttime hot extremes (COHs) is widely
used as a measure of the persistence of an extremely hot
spell to explain spatial and temporal variations in excess
mortality during heatwaves (Chen and Zhai 2017; Raymond
et al. 2020; Wang et al. 2020a, b; Xu et al. 2019). Previous
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high relative humidity (RH), which can lead to increased
thermal stress on human body, has never been examined
for COHs events. Neglecting such a combined effect could
result in a substantial underestimation of heat-induced con-
sequences (Mora et al. 2017; Willett et al. 2007; Willett
and Sherwood 2012). Hence, it is worthwhile to investigate
how COHs respond to the changing climate by taking into
account the combination of AT and RH. In this study, we
apply thermal indices to represent the combined effect of AT
and RH and quantify the resulting equivalent temperatures
perceived by humans. Furthermore, we examine the under-
lying diurnal relationship between AT and RH, which can
further complicate the nighttime and daytime hot conditions.
Generally, HNs occur under humid conditions, whereas HDs
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occur under relatively dry conditions. The high RH enhances
the greenhouse effect, reduces longwave radiation cooling
and upholds nighttime temperature, while the low RH results
in an enhancement of solar radiation heating the air near the
surface to increase the daytime temperature (Chen and Lu
2014).

People living in different regions have different accli-
mation capacities to the change in temperature. Previous
studies have not reached a consensus on the definition of
thresholds used for different hot conditions. To address this
issue, we use the 95th percentile of maximum or minimum
(equivalent) temperatures in the historical period from 1980
to 2004. It helps indicate the hot condition and reflects on
various implications for public health across different loca-
tions. For example, mean temperatures are generally low in
the mid-latitude areas where the temperature above 28 °C
would exceed the 95th percentile and thus cause thermal
discomfort, whereas the same temperature would be nearly
5° below the 95th percentile at the low latitudes where
28 °C may be perceived as a comfortable temperature.
Therefore, we define the (human-perceived) HDs as the
hot days with maximum (human-perceived) temperatures
above the 95th percentile of maximum (human-perceived)
temperatures in the reference period. Contrarily, we define
the (human-perceived) HNs as the hot nights with minimum
(human-perceived) temperatures above the 95th percentile of
minimum (human-perceived) temperatures in the reference
period. Moreover, we use COHs to represent the consecutive
occurrence of HDs and HN's on the same day. Similarly, we
use the human-perceived COHs to represent the consecutive
occurrence of human-perceived HDs and HNs within 24 h.
To robustly assess the combined effect of air temperature
and relative humidity on COHs, we conduct comparative
analyses on the two different types of COHs and explore the
underlying mechanisms.

2 Data and methods

An ensemble of global climate models (GCMs) and multiple
thermal indices were used in this study. The hourly AT and
RH were extracted from an ensemble of five GCM simula-
tions (IPSL-CMS5A-LR, GFDL-ESM2M, GFDL-ESM2G,
FGOALS-g2, and MIROC-ESM described in Supplemen-
tary Table S1) to investigate their interactive relationships.
The RH has a strong diurnal cycle opposite to the diurnal
cycle of AT. Thus, combining daily maximum and minimum
AT with daily mean RH would lead to a systematic bias.
We evaluated the spatial patterns of AT and RH derived
from hourly GCM outputs against the ERAS5 reanalysis over
1980-2004 (Supplementary Figs. S1, S2). The model bias
of GCMs for the historical period can systematically propa-
gate into future projections. To minimize the effect of model
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biases, we investigated the changes in the extreme event that
could be assessed by subtracting the historical simulation
from the future projection. We focused on the high emission
scenario RCP8.5 in which the CO, concentration is continu-
ously increasing through 2100 and the aggressive mitiga-
tion scenario RCP2.6 that limits the warming to below 2 °C
(Taylor et al. 2012).

We performed a comprehensive analysis of equivalent
temperatures using an ensemble of thermal indices. Ther-
mal indices have been widely used to quantify the perceived
temperature that can cause thermal stresses to a person
(Staiger et al. 2012). These equivalent temperatures have
the same unit as AT and, therefore, can be analyzed consist-
ently. Given recent climate change and various physiological
constraints, it is unlikely that human physiology will neces-
sarily evolve with higher heat tolerance (Hanna and Tait
2015; Mora et al. 2017; Sherwood et al. 2010). Hence, the
body-related inputs were excluded from this study, and the
perceived temperature was assessed only with atmospheric
inputs (Bobb et al. 2014; Gasparrini et al. 2015; Lowe et al.
2011). Among all indices, HEI (Heat Index), HUM (Humi-
dex), and AP (Apparent Temperature) have the advantages
of high usability and being well-validated for measuring the
perceived temperature globally (Buzan et al. 2015; Havenith
and Fiala 2016; Roghanchi and Kocsis 2018; Wang and Zhu
2020; Zhu et al. 2019). The thermal indices, calculated on a
seasonal (summer) basis, were adopted to robustly assess the
heat stress. All outputs of the three indices are temperature
equivalents in degree Celsius. HUM (Masterson 1979), HEI
(Steadman 1979; Karl and Knight 1997), and AP (Steadman
1984) are defined as follows.

o
HUM = AT + 0.5555 x <6.11 w 70 R ) 10)

(la)
RH AXAT
T _Bx[ln<m>+B+AT]
dew — A_ln<g> AXAT (lb)
100 B+AT
A =17.625 (1c)
B = 243.04 (1d)

HEI = —8.7847 + 1.6114 x AT — 0.012308
x AT? + RH x (2.3385 — 0.14612 x AT
+2.2117 X 107 x AT?) + RH? 2)
x (—0.016425 + 7.2546 x 107 x AT
—3.582x 107% x AT?)

AP =104 XAT +2xe—0.65x Wnd —2.7 3)



Increased occurrence of day-night hot extremes in a warming climate

1299

%5

T T T T T T T T T T T
0t oot w0 1506 180 150w 120w oW oW 0w

T T T T T T T T T T
a0 oo % 1208 1506 180 150w 1200 oW oW 0w

(c) HEI-RCP2.6 ~ Boreal&Austral Summer

oon o] gk

o

(d) HEI-RCP8.5  Boreal&Austral Summer

||

0 05 1

Fig. 1 The spatial pattern of the COH changes (days) derived from
AT and the perceived COH changes (days) derived from HEI for
2076-2100 relative to 1980-2004. a Upper panel, the COH changes
over the Northern Hemisphere (NH) under RCP2.6 for the boreal
summer (JJA); Lower panel, the COH changes over the South-
ern Hemisphere (SH) under RCP2.6 for the austral summer (DJF).
b Upper panel, the COH changes over NH under RCP8.5 for JJIA;
Lower panel, the COH changes for SH under RCPS8.5 for DJF. ¢

where RH is the hourly relative humidity (%), T,,,, is the
dew point temperature (°C), Wnd is the wind speed at 10 m
of height (m/s), e is the simultaneous vapor pressure (hPa),
and AT is the hourly maximum/minimum temperature (°C).
Hourly human-perceived equivalent temperatures are cal-
culated from the hourly AT and RH inputs. The maximum
and minimum human-perceived temperatures can be derived
from the hourly time series of equivalent temperatures. By
applying the 95th percentile thresholds, the human-per-
ceived HDs and HNs can be obtained. The valid temperature
range of HEI for assessing the combined effect of AT and
RH is over 21 °C. To keep the consistency in the comparison
between the results derived from AT and thermal indices,
HDs and HNs with their AT that are lower than 21 °C were
excluded from the study.

Based on the outputs of derived HDs and HNs, we first
examined the consecutive occurrence of HDs and HNs
(COHs) for both historical and future periods. Then we
calculated the change in COHs by subtracting the values

15 2 25 3 35 4 45 5 55

6 65 7 75 8 85 9 95 10 105 11

Upper panel, the perceived COH changes over NH under RCP2.6 for
JJA; Lower panel, the perceived COH changes over SH under RCP2.6
for DJF. d Upper panel, the perceived COH changes over NH under
RCP8.5 for JJA; Lower panel, the perceived COH changes over SH
under RCP8.5 in DJF. For all maps, white areas indicate the missing
values for air temperatures below 26 °C which is the valid tempera-
ture level for the HEI calculation

of COHs in the historical period from the values in the
future period (2076-2100). Second, we performed a similar
calculation for the human-perceived COHs to assess their
future changes relative to the reference period. Third, we
compared the changes in the two different types of COHs
and then identified the potential drivers. Fourth, we exam-
ined whether the DTR change contributed to the variation
in COHs. Last, we compared the persistent heat and large-
scale circulation anomalies associated with HDs and HN's
under different humid conditions to understand the underly-
ing mechanisms.

3 Results

Figure 1 presents the frequency changes in (perceived)
COHs in the future relative to the reference period under
RCP2.6 and RCP8.5. These frequencies are calculated
from the number of days with both sub-daily maximum and
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minimum (perceived) temperatures exceeding their corre-
sponding thresholds for the boreal (JJA; June—July—August)
and austral summers (DJF; December—January—February).
Both COHs show positive changes for most parts of the
world under both RCPs, but the magnitude of perceived
COH change is greater than the COH change derived solely
from AT. The combined effect of AT and RH largely ampli-
fies the COH changes under both RCPs. The changes in both
COHs demonstrate a strong latitudinal gradient increasing
from high latitudes to the equator. The amplification of per-
ceived COHs induced by the combined effect of AT and RH
is strongest over the most humid and warm regions. For both
seasons (boreal and austral summers), we find that tropi-
cal regions (for example, Western Africa, Eastern Africa,
Amazon Basin, and Southeast Asia) will be exposed to the
perceived COH for more than 5 days per year under RCP2.6
by the end of this century. The increased number of days is,

as expected, higher under RCP8.5 (by a factor of 4 relative
to the reference period) than the number under RCP2.6 (by
a factor of 2). Results obtained based on the other two ther-
mal indices (Supplementary Fig. S3) also exhibit a similar
spatial pattern of the perceived COH with small variations in
magnitudes. The different nonlinearities in thermal indices
(Supplementary Fig. S4) have a relatively small effect on
assessing the frequency changes in (perceived) COHs. The
spatial pattern of changes in the perceived COH is consistent
across all thermal indices, which increases our confidence
in the robust assessment of heat stress and related extremes.

To facilitate further understanding of spatial characteris-
tics of COH changes, we analyzed the regional changes in
both COHs over 21 regions (Supplementary Fig. S5). The
greatest regional increase in the perceived COH is projected
over tropical regions such as Southeast Asia, Central Amer-
ica, Western Africa, Eastern Africa, and Amazon Basin in

(a) RCP2.6

SH-DJF
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(b) RCP8.5
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Fig.2 Regional average of the COH changes (days) derived from AT and the perceived COH changes (days) using three thermal indices over 21

regions under RCP2.6 (a) and RCP8.5 (b) for boreal and austral summers
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JJA or DJF (as shown in Fig. 2). It can be explained by that
the tropics have a small seasonal cycle and relatively little
year-to-year variability in AT. Thus, the same warming in
low-latitude regions could lead to a much higher exceed-
ance of the thresholds than in the mid- and high-latitude
regions. Moreover, these regions have the year around high
temperature and humidity, which already experience the fre-
quent COHs derived from AT. These regions will have the
greatest potential to amplify COHs by considering the com-
bined effect of AT and RH. In addition to tropical regions,
the regions with proximity to the ocean (East Asia, Eastern
North America, Western North America, and the Middle
East) are also experiencing the amplified COHs due to the
abundant moisture supply from the ocean. The health-related
risks of perceived COH may particularly increase in these
coastal regions where the perceived daytime temperatures
are cooler than tropical regions in the present-day climate.
Residents living in these regions may be less physiologically
acclimated (the body can get used to higher temperatures up
to a level) and less behaviorally adapted to HDs and HNs.
With the amplified COHs, outdoor workers in places such
as agricultural and construction sites can no longer avoid the
heat by shifting their work hours earlier or later in the day.
Most large cities in the world are coastal cities or close to
large bodies of water. People living in these cities are more
likely to suffer from the daytime heat and have little relief at
night than the residents living in other areas due to the urban
heat island effect (Davy et al. 2017; Fischer and Knutti 2013;
Fischer et al. 2012; Fischer and Schar 2010; Harrington et al.
2016; King et al. 2015).

To assess the sensitivity and the robustness of future
projections to the choice of thermal indices, climate mod-
els, and emission scenarios, we examined the 10th to 90th
percentile ranges of the projected COHs derived from five
GCMs (Fig. 3), based on AT, HUM, HEI, and AP under two
RCPs for both boreal and austral summers. Despite large
uncertainties in the magnitude of future changes, all models
consistently show that the overall changes in both types of
COHs are substantially smaller under RCP2.6 than those
under RCP8.5. The uncertainty in climate models used to
derive both COHs is larger than the uncertainty in emission
scenarios across all 21 regions. Nevertheless, all models
agree on the spatial pattern, i.e., those tropics and coastal
areas do show larger changes than other regions. Conse-
quently, our study highlights that the insensitivity of changes
in perceived COHs to thermal indices increases our confi-
dence in the robust assessment of climate change impacts on
COHs and their potential health-related effects. Since RH
reaches its peak at night and drops to the bottom in the day-
time, HNs would occur under more humid conditions than
HDs. Intuitively, HNs would be amplified greater than HDs
from the perspective of perceived temperature. Hence, the
DTR derived from perceived temperatures would decrease

accordingly. When we compute extremes without excluding
temperatures that are lower than 21 °C, it is found that the
daily mean DTR shows a negative change over most parts of
continents (Supplementary Fig. S6). The finding coincides
with previous studies revealing that the reduction in the daily
mean DTR could lead to an increasing frequency of con-
secutive occurrence of daytime and nighttime hot conditions
(Chen and Zhai 2017; Wang et al. 2020a, b). To investigate
the mechanisms behind the amplification of COHs, we ana-
lyzed and compared the DTRs derived from two different
types of COHs.

As shown in Fig. 4, DTRs for both COHs show increas-
ing trends over continents for future JJA and DJF relative to
the reference period. Changes in DTRs for perceived COHs
based on HEI are similar to changes in DTRs for COHs
based on AT in terms of spatial patterns, but the magnitudes
of changes are larger for HEI than AT. The maximum tem-
peratures of HDs rising faster than the minimum tempera-
tures of HN's contributes to the increase in DTRs. As shown
in Supplementary Fig. S7, more events are found above the
thresholds in the plots for maximum temperatures than for
minimum temperatures (with only considering temperatures
over 21 °C). Due to the inherent nonlinearity, equal warming
starting at higher temperatures leads to a greater increase
of thermal index than those starting at lower temperatures
(Supplementary Fig. S4). Since the daytime AT is higher
than the nighttime AT, the uniform warming at a constant
RH would lead to larger increases in perceived tempera-
tures of HDs than of HNs. However, there is no latitudinal
gradient in the spatial patterns of changes in both DTRs. As
shown in Fig. 5, substantial changes in the perceived DTR
are found over the tropical regions (i.e., Eastern and West-
ern Africa, Southeast Asia), high-latitude areas (i.e., North
Asia and Northern Europe), and mid-latitude regions (i.e.,
East Asia and North America). Dry regions, such as Sahara,
Central Asia, and Mediterranean Basin, have relatively small
changes in the perceived DTR because of their relatively low
levels of RH. This is because the high or low nonlinearity of
thermal indices can amplify the magnitudes of the perceived
DTR changes to different extents (as shown in Fig. S4, per
degree warming at constant RH, HUM, and AP projects the
perceived temperature increases greater than HEI). Similar
to the results derived from HEI, results from HUM and AP
also exhibit an amplification in the perceived DTR relative to
the DTR calculated from AT (Supplementary Fig. S8). But
the perceived DTR changes derived from HEI are smaller
than those derived from HUM and AP for all regions in
terms of magnitude. Thus, we examined the 10th to 90th
percentile ranges of GCMs for the projected DTR changes
(Supplementary Fig. S9), based on AT, HUM, HEI, and AP
under two RCPs, to explore the sensitivity to thermal indi-
ces, climate models, and emission scenarios. Results indi-
cate that the DTR changes are more sensitive to the choice of
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Fig.3 The 10th to 90th percentile range of projected changes in the COH (days) derived from AT and the perceived COH (days) using three dif-
ferent thermal indices, based on model results obtained under RCP2.6 (a) and RCP8.5 (b)

thermal indices compared to model and scenario selections.
Therefore, the amplification of COHs cannot be explained
by a larger increase in perceived DTRs than DTRs based on
AT because of the inconsistencies in latitudinal gradients
and sensitivities to the selection of thermal indices. But the
nonlinearity in thermal indices also exacerbates heat stress
through the combined effect of high AT and RH. For a given
level of warming, the perceived temperature increases at a
faster rate than AT. In Fig. S7, considerably more events are
found above thresholds in plots for thermal indices than for
AT. Therefore, perceived temperatures above the thresholds

@ Springer

occur for more days and nights, which further increases the
frequency of COHs.

We further examined the atmospheric temperature and
humid conditions in HDs and HNs for each COH event in
order to identify the underlying drivers for the amplifica-
tion of COHs. For the perceived COH, a large proportion of
HNs, accounting for 86% of total events, occurs under wet
conditions (RH > 60%). For the corresponding HDs, 54%
of total events take place under humid conditions. The con-
figuration of high temperature and humidity enhances their
combined effect, thereby leading to the increase in COHs.
To better understand the physical mechanisms behind the
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Fig.4 Ensemble-mean changes in the DTR (°C) derived from AT
and the perceived DTR (°C) based on HEI for 2076-2100 relative to
1980-2004. a Upper panel, the DTR changes over NH under RCP2.6
for JJA; Lower panel, the DTR changes over SH under RCP2.6 for
DIJF. b Upper panel, the DTR changes over NH under RCP8.5 for
JJA; Lower panel, the DTR changes over SH under RCP8.5 for DJF. ¢

configuration of high AT and RH, we investigated the per-
sistent heat (minimum AT > 25 °C) and the large-scale cir-
culation anomaly from the preceding night of a COH event
(Li et al. 2018a, 2018b; Ren et al. 2020; Zhao and Zhou
2019). As shown in Fig. 6, the minimum AT and 500-hPa
velocity anomaly (e500) preceding a COH event are investi-
gated to assess the contributions of these two factors to HDs
and HNs consecutively occurring under different humidity
conditions. For a COH with dry HD and wet HN, about half
(49%) cases are preceded by a minimum AT over 25 °C. Up
to 72% of overall cases are associated with positive e500s,
which indicates an anomalous descent preceding the COH
event. The adiabatic warming causes the dry air to move
downward from the higher atmosphere layer and thus lower
the humidity at the Earth’s surface. For a COH with wet HD
and wet HN, 70% of cases are preceded by a minimum AT
over 25 °C, which indicates that the persistent heat greatly
contributes to the configuration of high AT and high RH.
The percentages of cases for positive and negative e500s
are 46% and 54%, respectively. The COH with dry HD and
dry HN as well as the COH with wet HD and dry HN are

45 5 55 6 65 7 75 8 85 9 95 10

Upper panel, the perceived DTR changes over NH under RCP2.6 for
JJA; Lower panel, the perceived DTR changes over SH under RCP2.6
for DJF. d Upper panel, the perceived DTR changes over NH under
RCP8.5 for JJA; Lower panel, the perceived DTR changes over SH
under RCP8.5 for DJF

not investigated and plotted here due to the lack of statisti-
cal significance as a result of the small sample size. There
is no strong correlation between the large-scale circulation
anomaly and the COH with wet HD and wet HN. It is thus
the persistence of high temperature that contributes to the
consecutive occurrence of wet HNs and wet HDs.

4 Conclusions and discussions

In this paper, we examined the combined effect of AT and
RH on the changes in COHs and carried out a comparative
analysis of two different types of COHs derived from AT and
perceived temperatures. The frequency of perceived COHs is
amplified by the combined effects of high AT and RH under
both RCPs for both boreal and austral summers. But both
COHs demonstrate an increasing trend and a strong latitu-
dinal gradient increasing from high latitudes to the equator.
The greatest increase in the frequency of perceived COH
is projected over tropical regions and some regions with
proximity to the ocean due to the abundant moisture. These
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Fig.5 Regional average of ensemble-mean changes in the DTR (°C)
derived from AT and the perceived DTRs (°C) using three thermal
indices over 21 regions (Amazon, Western Africa, Eastern Africa,

coastal regions could have disastrous consequences because
their temperatures are cooler than those over the tropics in
the historical period. Residents living in these regions can
be less physiologically acclimated and behaviorally adapted
to the amplified COHs. In addition, we investigated the sen-
sitivity of changes in perceived COHs to different sources
of uncertainty. It is found that thermal indices have a much
smaller influence on the changes in perceived COHs com-
pared to models and emission scenarios. The insensitivity of
changes in perceived COHs to the choice of thermal indices
increases our confidence in the robust assessment of global
warming impacts on heat stress through considering the
combined effect of AT and RH.

To understand the mechanisms behind the amplification of
COHs, we further analyzed the DTRs for two different types of
COH events identified by AT and perceived temperatures. Our
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and Southeast Asia are divided into two parts accordingly by the
equator) under RCP2.6 (a) and RCP8.5 (b) for both boreal and austral
summers (2076-2100 relative to 1980-2004)

findings reveal that DTRs are projected to increase because
some nighttime hot extremes with their temperature lower than
21 °C are excluded while considering the valid temperature
range for computing the combined effect of AT and RH. How-
ever, no latitudinal gradient in DTR changes is found to coin-
cide with the latitudinal gradient in COH changes. Moreover,
DTR changes are sensitive to the choice of thermal indices.
Therefore, the increases in COHs cannot be explained by the
changes in their corresponding DTRs. Due to the nonlinearity
in impact-relevant thermal indices, the perceived temperature
increases at a faster rate than AT for a given level of warming.
An increasing number of hot extremes takes place under wet
conditions. The configuration of high temperature and humid-
ity exacerbates the combined effect of AT and RH and further
amplifies the frequency of COHs. To explore the underlying
drivers of COHs changes, we further examined the persistent
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Fig.6 Scatterplot of the minimum ATs (ATmin in plots; °C) and 500-hPa velocity anomalies (e500 in plots; 10™* hPa/s) preceding dry HD and

wet HN events (a), and wet HD and wet HN events (b)

heat and the large-scale circulation anomaly associated with
HDs and HNs under different humidity conditions. We find
that, in addition to the 500-hPa velocity anomaly, the persis-
tence of high temperature (over 25 °C) of the preceding night
contributes more to the consecutive occurrence of HNs and
HDs under wet conditions. These increases in COHs are robust
to the variation in the reanalysis dataset. However, differences
between the reanalysis dataset and in-situ observations have
not been systematically examined on an hourly basis due to
data unavailability.

Supplementary Information The online version contains supplemen-
tary material available at https://doi.org/10.1007/s00382-021-06038-7.
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