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Abstract. Compound hot and dry events cause damage to ecosystems and society. While these events have been widely studied
individually, their co-ocurrence and the associated large-scale atmospheric drivers remain less understood. Here, we use
reanalysis products and observational data to identify compound hot and dry events in the historical period from 1960 to 2020.
We analyze the large-scale circulation patterns associated with compound occurrence of hot and dry events when they affect
large portions of three breadbasket regions in the Northern Hemisphere, namely North America, Europe and the Mediterranean
and eastern Asia. We find that compound hot and dry events recur throughout the historical period and are consistently linked
to Rossby wave patterns and mid-tropospheric anticyclonic ridging, which trigger land-atmosphere feedbacks resulting in the
reinforcement of the events. Our study highlights that the spatial coverage of compound hot and dry events across the selected
regions provides a useful metric for assessing regional impacts.

1 Introduction

Weather and climate extremes, such as hot and dry events, cause damage to human activities and infrastructures, and affect
the economies worldwide (Field et al., 2011). When these phenomena occur in combination (compound events) the impacts
can be exacerbated (Hao et al., 2022; Leonard et al., 2014; Poschlod et al., 2020; Raymond et al., 2020; Seneviratne et al.,
2021; Ward et al., 2022; Zscheischler et al., 2020; Zscheischler and Seneviratne, 2017). Specifically, compound hot and dry
events (COHDEs) can reduce river streamflow and lead to water shortages which affect crop production and may threaten
food security at the regional and global scale (Bevacqua et al., 2022). Understanding the characteristics of these events and
their possible drivers to better project their occurrence in the future is therefore necessary.

The concept of compound extreme events was first introduced in 2012 by the Intergovernmental Panel on Climate Change
(IPCC) in the Special Report for Managing the Risks of Extreme Events and Disasters to Advance Climate Change Adaptation
(SREX) (Field et al., 2012). Since then, it has been a topic of rising interest (Brett et al., 2024), due to evidence of changes in
individual extremes starting in the mid-20th century and concerns about their possible variations in the future (Field et al.,
2012; Seneviratne et al., 2021). Compound events were defined by Zscheischler et al., (2018) as a combination of multiple
drivers and/or hazards that contributes to societal or environmental risk. Four event categories are defined by Zscheischler et
al., (2020): “preconditioned, where a weather-driven or climate-driven precondition aggravates the impacts of a hazard;
multivariate, where multiple drivers and/or hazards lead to an impact; temporally compounding, where a succession of hazards

leads to an impact; and spatially compounding, where hazards in multiple connected locations cause an aggregated impact”.
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Among the different types of compound extreme events, the multivariate co-occurrence of hot and dry events has received
increasing attention in the last years (Sarhadi et al., 2018; Zhou et al., 2023), as such events are becoming more frequent under
anthropogenic climate change and are projected to further increase with warming (Bevacqua et al., 2022; Sarhadi et al., 2018;
Seneviratne et al., 2021; Zscheischler et al., 2020). This is in line with the expected consequences of the Clausius-Clapeyron
relationship in the warming troposphere, which can hold about 7% more moisture per °C of warming (Skliris et al., 2016),
resulting in increased vapor pressure deficit and evaporative demand, in turn promoting surface drying during heat extremes.
An example of these new temperature records is the 2010 boreal summer, in which a persistent heat wave developed across
western Russia and Eastern Europe, and the associated extreme temperatures and low humidity conditions led to wildfires
(Witte et al., 2011). Another case is the 2022 boreal summer, which was characterized by hot temperatures in Europe
(Schumacher et al., 2022), China, Japan (NOAA National Centers for Environmental Information, 2023a) and North America
(NOAA National Centers for Environmental Information, 2023b) concomitant with drought in the same locations (Faranda et
al., 2023; Toreti, et. al, 2022) as well as parts of Africa (Ma et al., 2022).

COHDEs at different spatial scales can be attributed to regional and local scale processes, such as atmospheric blocking,
subtropical highs, soil moisture-atmosphere interactions (Mukherjee et al., 2020; Roéthlisberger and Martius, 2019;
Zscheischler et al., 2020) or land-atmosphere feedbacks (Berg et al., 2015; Rothlisberger and Martius, 2019; Zscheischler and
Seneviratne, 2017). However, large scale dynamics like El Nifio-Southern Oscillation (ENSO) can act as common forcing of
compound weather and climate events mainly through the excitation of Rossby-wave patterns (Kopp et al., 2017; Zscheischler
et al., 2020). For example, using the Nifio 3.4 SST index (NINO34), defined as the area averaged sea surface temperature from
5°S-5 °N and 170-120 °W, Hao et al. (2018) found a relationship between NINO34 and the occurrence of compound dry and
hot events in different regions, including southeastern Asia. On the other side, drought and heat events in Texas are associated
with La Nifia conditions consisting of a cold tropical east Pacific Ocean (Horling et al., 2013).

Dynamical mechanisms like planetary waves and blocking highs cover a spatial scale of thousands of kilometres, and they can
persist for days to weeks favouring conditions for both heat and suppressed precipitation. Such dynamical drivers are
characterized by recurrence — how, why and if this recurrence is changing has recently been a matter of debate (Faranda et al.,
2023). Previous studies have described large circulation patterns, such as amplified Rossby wave numbers, to the persistence
of hot extremes associated with crop yield failures in different regions of the world (Dietz et al., 2025; Kornhuber et al., 2020;
Raymond et al., 2022). However, these studies only focused on spatially simultaneous hot extremes (Kornhuber et al., 2020;
Nasong et al., 2025) or considered COHDEs without examining the possible atmospheric drivers of such compounds (Dietz
et al.,, 2025; Raymond et al., 2022). More recent studies have investigated the links between specific Rossby wave
configurations, associated surface conditions, and their impacts on ecosystem productivity and crop yields (Kornhuber et al.,
2023; Lian et al., 2025). However, the circulation anomalies and the role of different Rossby wave patterns in raising persistent
COHDEs across Northern Hemisphere regions is still not clear. In this study, we address the following questions: What are
the characteristics of COHDEs, in terms of their frequency, spatial extent, and temporal evolution, in specific regions that are

important for crop yield, i.e. regions including the so-called breadbaskets (Gaupp et al., 2019, 2020; Kornhuber et al., 2020),
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in the Northern Hemisphere? Which large-scale atmospheric circulation anomalies are associated with the occurrence of
COHDEs affecting large areas? Are these anomalies related to Rossby-wave patterns? To answer to the above questions, the
features of COHDEs during the historical period from 1960 to 2020 and the atmospheric patterns of the highest hazard events
are examined. The understanding of the dynamical drivers of highest hazard COHDEs would be crucial to improve early

warning capabilities and provide valuable insights for climate impact assessment.

2 Data and Methods
2.1 Data

The atmospheric variables in this study are extracted from the fifth version of the European Centre for Medium-Range Weather
Forecasts (ECMWF) reanalysis dataset (ERAS) (Hersbach et al., 2020). ERAS is an atmospheric reanalysis based on the
Integrated Forecasting System. The variables are provided from 1940 to present day, at hourly time steps, on a 0.25° regular
grid and on single and vertical pressure levels. The 2-meter temperature (t2m) is used to define hot days, while the atmospheric
thermodynamics is characterized by analysing the geopotential height at 500 hPa (z500), the zonal and meridional components
of wind at 250 hPa (u250, v250) and the surface latent and sensible heat fluxes (SLHF and SSHF, respectively).

Precipitation data are extracted from the observational dataset provided by the Climatic Research Unit (CRU) of the University
of East Anglia. In this study, we use the CRU TS 4.07 monthly precipitation data since it integrates a large number of gauge
observations on a regular grid at 0.5° spatial resolution, covering global land except Antarctica from 1901 to 2022 (Harris et
al., 2020).

The analysis is carried out on 61 boreal summers (June, July, and August, JJA), from 1960 to 2020, since at the start of this
analysis these were the years available to download and completely assimilated by ERAS. To define hot and dry events on a
common grid, ERAS t2m and all atmospheric thermodynamic variables are interpolated to the CRU spatial grid using a bilinear

method provided by the climate data operators (CDO, Schulzweida, 2023).

2.2 Detection of COHDESs

2.2.1 Dry events

We focus on meteorological drought, which is a period with a lack of precipitation over a region (Mishra and Singh, 2010).
Meteorological drought differs from hydrological, agricultural, and socioeconomic drought, which, respectively, use river
streamflow data, soil moisture decline, or focus on the failure of water resources systems to meet water demands (Mishra and
Singh, 2010; Wilhite and Glantz, 1985). In this study, drought conditions at each grid point are identified by using the
Standardized Precipitation Index (SPI), which is a commonly used index for meteorological drought recommended by the
World Meteorological Organization (Svoboda et al., 2012) and widely used in compound hot-dry event studies (e.g., Guo et
al., 2025; Ionita et al., 2021; Wu et al., 2021). This selection is motivated by the fact that our compound-event framework

identifies heat extremes explicitly from temperature, and we aim to keep the dry component independent from temperature to
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facilitate a cleaner dynamical interpretation of compound hot-dry co-occurrence. We calculate the 3-month SPI (SPI3) using
a non-parametric standardized index using empirical precipitation probabilities estimated with the help of Gringorten plotting
position as shown in Gringorten (1963), in Hao and AghaKouchak (2014) and Farahmand and AghaKouchak (2015). At each
grid point, precipitation data for each target month is accumulated over that month and the two preceding months. For each
calendar month, the resulting 3-month precipitation totals are ranked across the years of the reference period. The ranks are
converted into empirical non exceedance probabilities using the Gringorten plotting position. The resulting empirical
probabilities are then converted into SPI, defined by Farahmand and AghaKouchak (2015) as:
SPI=¢~'(B,),

where B, is the empirical probability of precipitation and ¢ is the standard normal distribution function. We use the 3-month
SPI (SPI3) based on CRU precipitation, using as reference a 30-year shifted baseline, starting in the 1960-1989 and ending in
the 1991-2020 period. A shifting baseline is used to remove the influence of slow changes in climatological conditions, since
we want to investigate the physical drivers of COHDEs rather than long-term trends. For this analysis we use SPI3 for June,
July and August. Each index reflects precipitation accumulated over the respective and its two preceding months (e.g., the
June SPI3 is based on April-June). The 3-month timescale is chosen because SPI3 captures the transition from meteorological
to agricultural drought (Huang et al., 2015; Zhang et al., 2025) and is closely linked to agricultural impacts such as in North
America (Teleubay et al., 2025), Europe (Fioravanti et al., 2025; Jiménez-Donaire et al., 2020) and Asia (Huang et al., 2015;
Zhang et al., 2025). A dry event is then defined as the precipitation deficit corresponding to SPI3 < -1 (Fig. 1), which is

equivalent to a cumulative probability of 0.159, or the lower 15.8% of a standard normal distribution.
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Figure 1: Flow chart with the steps that are followed to identify hot and dry events and their compound occurrence at each grid
point; to define high and low fraction of area events in each breadbasket; to isolate the associated large-scale atmospheric patterns.

2.2.2 Hot events
For each grid point we define hot days as days characterised by daily maximum temperatures above the 90th climatological

125 percentile. Daily maximum temperatures are identified using the daily maximum of hourly t2m. For the calculation of the 90th
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percentile for each day of summer (JJA), the daily climatology is defined using a centred 15-day moving window (Fischer and
Schir, 2010; Smith et al., 2025), on a 30-year reference period shifting from 1960 to 2020. This method allows us to remove
the influence of slow changes in climatological conditions such as the mean and variability, reducing the influence of long-
term warming trends on the percentile estimation (Smith et al., 2025). During the first and last 15 years of the time series, the
hot days are identified by using the 90th climatological percentile of the first and last 30-year period, respectively. The rest of
the years the daily maximum temperatures are compared against a yearly updated 90th climatological percentile, computed
from the surrounding 30-year period.

Then, a monthly index for the hot days is defined as the sum of hot days per month, and hot events are detected when the index
exceed the 84.2th percentile of the distribution, corresponding to one standard deviation above the mean of a standard normal
distribution. This definition provides a counterpart to the dry event definition (SPI3 <-1, i.e., one standard deviation below the

mean). The 84.2th percentile is calculated separately for June, July, and August (Fig. 1).

2.2.3 COHDE:s definition

Monthly compound occurrence of hot and dry events is defined at each grid cell over land when a dry and hot event occur in
the same month. This follows the “AND hazard scenario” (Salvadori et al., 2016), where both dry and hot thresholds most be
exceeded simultaneously (Fig. 1). Thresholds are computed separately for each month and grid cell, with an example shown
in Fig. 2. Since, by definition, the probability of occurrence is 15.8% for both events, compound events would occur on average
with a probability of 15.8% x 15.8% = 2.5% without any dependence between the two processes. This would amount to 1.5
events per 61 years on average. Conversely, a physical dependence between the two events would result in a probability of co-
occurrence higher than the probability expected in case of no dependence — a feature known as positive dependence (Bohnisch
et al., 2025; Zscheischler and Seneviratne, 2017). We apply a permutation test to assess this positive dependence: at each grid
cell, SPI3 and the monthly hot day index were independently shuffled 1000 times to break their dependence, and compound
occurrences were recalculated. Positive dependence is identified when the observed compound frequency exceeds the 95th
percentile of the shuffled distribution (0=0.05). The spatial distribution of grid cells with significant positive dependence is

shown in Fig. 3.
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Figure 2: Distribution of the monthly hot day index and SPI for three different grid cells located within the three selected regions
(North America, NA (41.48°N, 100.62°W), in the first row; Euro-Mediterranean, EM (45.7°N, 3.3°E), in the second row; Eastern
Asia, AS (43.37°N, 123.53°E), in the third row). June, July and August are displayed in columns, shown in green, blue and pink,
respectively. Different markers are associated with the three regions: circles for NA, squares for EM, and triangles for AS. The
dashed lines show the thresholds that are used to identify hot events, i.e., 84.2th percentile of the monthly hot day index, and dry
events, i.e., SPI=-1. The upper right area shows the compound events in these grid cells. Kendall's T as rank correlation coefficient
provides a measure of the strength of the dependence between hot and dry events.

2.3 Definition of breadbasket regions

We use the regions identified by the IPCC for the climate impact and risk assessment (Iturbide et al., 2020) to encompass
some breadbasket regions in the Northern Hemisphere. We select and combine subregions to create three regions where maize,
soybean, wheat and rice can be grown (Gaupp et al., 2020): North America (NA) (maize and soybean), Euro-Mediterranean
(EM) (maize and wheat) and Eastern Asia (AS) (rice and wheat). For each region, we compute the fraction of area (FA)
affected by COHDESs, which is the area-weighted number of grid points out of the total (Fig. 1). Area-weighting is performed
by multiplying by the cosine of the latitude to account for the varying sizes of the grid cells with latitude.

2.4 Atmospheric large circulation patterns
We identify the large circulation patterns associated with COHDEs in each region by using the FA. First, we define high
fraction (low fraction) of area events as those with FA > 90th percentile (< 50th percentile), resulting in 19 (92) events,

respectively. The selected atmospheric variables that are used to identify the large-scale atmospheric drivers of COHDEs are
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de-seasonalized and the composite differences between high and low FA events are analysed, as shown in the last step of Fig.
1. The statistical significance of the composite differences is assessed through a Student’s t-test with 95% confidence level.
For each high FA event, the wavenumber of the anomalous mean westerly flow at mid latitudes is determined by applying a
fast Fourier transform to the monthly v250 anomalies spatially averaged from 37.5°N to 57.5°N (Kornhuber et al., 2019;
Petoukhov et al., 2013).

3. Results

3.1 Climatology of COHDEs in the Northern Hemisphere and in the three bread-basket regions

The spatial pattern of the frequency of occurrence of COHDEs during the summer season is shown in Fig. 3a. Hotspots of
COHDE:s (up to 10.4% monthly occurrence probability) are evident in different mid-latitude and tropical areas, including US,
eastern Europe, and North India. Regions with non-positive dependence between heat and drought are expected to have less
than 2.5% monthly occurrence probability of COHDEs, yet several regions exceed this by more than a factor of three. This
suggests that land-atmosphere feedback and/or large-scale circulation patterns amplify the co-occurrence of heat and dryness.
A maximum of 15 COHDE:s is reached in the most affected regions, i.e., conditions that can significantly stress water resources
and agriculture. On average, more than 20% of land in the Northern Hemisphere is affected by a 4% monthly occurrence
probability of COHDEs (Fig. 3b), i.e., there are about seven summer months with compound hot and dry conditions over the
61-year period. While this highlights that such events are relatively rare, the observed frequency indicates that there is a
significant positive dependence between the two drivers in large parts of the study area (Fig 3a).

The FA in the Northern Hemisphere affected by COHDEs (Fig. 4a) varies across the years, with different notable peaks. For
June and August, a Mann-Kendall test indicates no significant trend, which is consistent with the use of a moving-window
baseline that removes long-term climate change effects. July is the only exception, with a weak, but statistically significant
positive trend (slope=0.02, p=0.01). For the three selected regions (NA, EM and AS), the Mann-Kendall test does not show
statistically significant trends in the FA for any summer month. Some examples of the peaks in Fig. 4a are 1988, which stands
out with nearly 8% of land grid cells simultaneously experiencing COHDE:s, coinciding with large FA events in North America
(Fig. 4b). Similarly, 1994 shows more than 5% of land area affected, consistent with high values across EM and AS regions
(Fig. 4c and 4d). Between the late 1980s and early 2000s (1988-2004), the FA affected exceeded 2% during June and July.
More recently, years such as 2012, 2015 and 2018, reached above 4% area in July consistent with events in the NA and EM
regions (Fig. 4b and 4c).

The frequency of COHDESs shows some regional hot spots (up to 9% monthly occurrence probability) in the Midwest of NA
with almost the whole domain being positive dependent (Fig. 3a). Over this region at least 30% grid cells experienced nine
months with hot and dry conditions during the whole period (Fig. 3c). The mean FA affected by COHDESs during the whole
period in the NA region is 5.4%. There is a maximum of 47.2% in June 1988, followed by 35.7% during July 1988 (Fig. 4b).
The summer of 1988 was characterized by having one of the most extensive droughts in the United States since the 1950s and

recorded one of the hottest and driest periods in 90 years over the Plains, Midwest, and the Mississippi valley (Mo et al., 1991;
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Trenberth et al., 1988). Our approach also captures a 31.2% FA affected by COHDEs during August 1983, which was also hit
by a drought period and a heat wave (Malcolm, 1983; The New York Times, 1983). In NA, from 1990s onwards, the upper
percentile range of the sliding FA enlarge, indicating larger fluctuations and high FA periods compared to earlier decades (see
Fig. Ala in Appendix A).

The EM region shows some COHDEs spots mainly in the eastern side, with positive dependence across most of the domain
except in some regions of the Iberian Peninsula (Fig. 3a). This is in line with findings by Schmutz et al., (2025) who show that
in the Iberian region the temperature dominates the compound signal while dependence is close to zero and with Béhnisch et
al., (2025) who indicates that precipitation fluctuates very low in this region. In the Alps, the complex topography and frequent
precipitation might decouple hot and dry extremes. Unlike NA and AS, the distribution of affected months in EM is flatter
(Figure 3d), indicating more heterogeneity of monthly occurrence probability of COHDEs within the region. The mean FA
affected by COHDE:s in this region is 4.1%, while a maximum of 21.1% is displayed in August 2003 (Fig. 4c). The European
summer of 2003 was characterized by a series of heatwaves and drought conditions which led to thousands of excess deaths,
fires and impacts on water ecosystems, causing economic losses of ~13 billion euros (Fink et al., 2004; Garcia-Herrera et al.,
2010; Kluser, S., 2004). This region also shows a slight increase of the upper percentiles of the distribution of FA with
COHDEs starting in the late 80s (Fig. Alb).

The spatial pattern of the monthly occurrence probability of COHDEs in AS region has broad occurrences over the region,
especially in eastern China (Fig. 3a). The distribution of grid cell fraction is centred around 4-5% monthly occurrence
probability, which means that COHDESs occur at least in 7 months across the period of analysis (Fig 3e). The distribution
resembles that of NA, suggesting a clustering around moderate occurrence probabilities with COHDESs. Furthermore, the mean
FA in the AS region is 4.7% and its maximum is 21.7% in July 2000 (Fig. 4d). This is consistent with studies that reported
losses of ~40 million hectares in agricultural areas due to droughts in China during the summer of 2000 (Zou et al., 2005).
We also find that the FA affected by COHDE:s is larger in the three breadbasket regions than in the Northern Hemisphere
(mean NH=3.8%, NA=5.4%, EM=4.1% and AS=4.7%).
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245 Hemisphere, b) North America (NA), ¢) Euro-Mediterranean (EM) and d) eastern Asia (AS).

3.2 COHDE:s and associated large circulation patterns in NA region

In this section, we analyze the large circulation patterns associated with high FA events in the NA region. There is a maximum

of up to 9 COHDEs during these high FA events (Fig. 5a), with associated temperature anomalies of up to 3 °C and precipitation
250 anomalies of -40 mm month!(Fig. 5b and 5c).

Near-surface thermal anomalies are associated with positive anomalies of z500 in the mid troposphere (Fig. 5b), which lead

to increased radiative heating at the surface, reflected by an upward SSHF (negative SSHF anomalies, Fig. 5d) (following
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ERAS convention, which defines downward fluxes as positive, an increase/reduction in the upward flux from land to the
atmosphere manifests in a negative/positive anomaly). At the same time, precipitation deficits associated with positive z500
anomalies (Fig. 5c¢) and a northward deflection of the westerly flow (Fig. Sh) reduce the amount of water available for
evaporation, leading to suppressed evaporative cooling. This is reflected by positive anomalies in SLHF (Fig. 5¢), and results
in more heat being retained at the surface. Together, these processes reinforce surface warming and dryness, creating a
feedback promoting the occurrence of COHDE:s in this region.

The large circulation patterns in the middle and upper troposphere associated with these events display a circumglobal Rossby
wave pattern in the v250 (Fig. 5g) and in the z500 (Fig. 5b and Fig. A2g) fields, with positive anomalies of z500 in the north
of this region. The meridional winds in the upper troposphere show a meandering pattern with a dipole-like structure placed
southwards with respect to the climatology (Fig. A2a), with northward winds in the western side of NA and southward winds
in the east of this region (Fig. 5g), which is consistent with the geopotential pattern found in the mid troposphere. The v250
longitudinal profiles associated with the high FA events show that this pattern is a robust feature (Fig. A3a), with strong winds
above and below normal for each of these selected months. The low FA events show an opposite sign with respect to high FA
events, consistent with a circulation less favourable for regional ridging (Fig. A3d). Furthermore, the dominant zonal wave
number distributions were evaluated using 1000 repeated random subsampling realizations. In each realization, 120 of the 183
JJA months were selected and the high and low FA classes were recalculated. Wavenumbers 5 and 6 show higher frequencies
during high FA events (Fig. 5f). Their median frequencies are 40 and 50% respectively, during high FA events, compared with
30% and 40% during low FA events. This indicates an association of high FA events with circumglobal wave 5 and wave 6
configurations.

We also demonstrate how the installation of the circulation featuring high FA events leads to the triggering and maintenance
of the compound hot-dry events in NA. Hovmoller diagrams and line plots of daily data show the composites of anomalous
2500, SSHF, SLHF and u250 (Fig. 6) for the 19 high-FA events, from 60 days before the compound hot-dry events, to 30 days
after. Positive z500 anomalies are already present over western NA are already present 60 days before the composite event
(Fig. 6a). This initial ridge-like signal becomes unorganized as negative anomalies interrupt the regional pattern 50 days before
the events. Positive anomalies re-emerge around 35 days before and form a persistent precursor through the final antecedent
weeks and the beginning of the event. During the first part of the event, the anomaly remains within a similar longitude range
while progressively changing in amplitude and spatial extent, indicating there is a persistent and slowly evolving atmospheric
ridge. Towards the end of the event, the positive anomaly weakens due to a wave train that starts before the event upstream
the region. The ridge structure becomes less pronounced, while the whole structure start moving to the east after the termination
of the event. The u250 latitude-time composite shows the evolution of the upper-level zonal flow over the NA region (Fig.
6b). Before the event, positive u250 anomalies occur at higher midlatitudes and southwards the region, , while negative
anomalies are present to the north of the NA region, indicating a northward displacement of the westerly jet stream, and

enhanced subtropical flow. During the event, the zonal wind anomalies become less organized, indicating a disruption of the
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jet stream, which together with the positive anomalies of z500 suggest a redistribution of the upper-level flow around the ridge,
compatible with a displaced jet configuration.

Negative SSHF anomalies are already present before the event and persist throughout the event, indicating enhanced upward
sensible heat transfer from the surface to the atmosphere (Fig. 6¢). At the start of the event there is a pick which then decreases
through the event. The SLHF composite shows there is a pick around 40 days before the event which then decreases due to
the disorganization of the first ridge (Fig. 6d and 6a). Afterwards the surface response develops again at the start of the event
and becomes more pronounced after the formation of the circulation anomaly (Fig. 6d). The positive SLHF anomalies indicate
a reduction in upward latent heat flux (according to ERAS convention positive-downward) and are associated with suppressed
evaporation and reduced evaporative cooling. The time span of SLHF anomalies is consistent with the anomalously low SPI3
observed (by construction) during the event. Together, these anomalies indicate a redistribution of surface energy from latent
toward sensible heating. Their timing suggest that enhanced sensible heating may contribute to the event preconditioning and

maintenance, while reduced evaporative cooling reinforces the hot and dry conditions after their onset.
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Figure 5: Composite analysis of high Fraction of Area (FA) events (19 events) minus low FA events in North America (NA,
highlighted by the black contours): a) Total number of COHDEs during high FA events (19 events), composite differences of b)
maximum daily temperature at 2m (shadings) and isohypses at 500 hPa (z500), c) precipitation (shadings) and isohypses at 500 hPa,
d) surface sensible and e) surface latent heat fluxes, f) relative frequency distributions of the dominant zonal wavenumbers in the
v250 anomalies during high FA (red) and low FA events (blue) with COHDE:s f, g) meridional component of the wind at 250 hPa
(v250) and h) zonal component of the wind at 250 hPa (u250). Hatched areas in the composites indicate regions where differences
are statistically significant at the 95% confidence level, based on a Student’s t-test.
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Figure 6: Composites of the daily evolution of the atmospheric circulation variables and surface heat fluxes associated with the 19
high FA events in North America. For each event and variable, daily anomalies are calculated by removing the corresponding daily
climatology and filtered using a 7-day centered running mean. The event windows were aligned on a common event-centered time
axis and subsequently composited across the 19 events. (a) Time-longitude Hévmoller diagram of daily S00 hPa geopotential height
(z500) anomalies averaged over 37.5 - 57.5 °N. (b) Time-latitude Hovmoller diagram of daily 250 hPa zonal wind (u250) anomalies
averaged over 110 — 45 ° W. (c) Surface sensible heat flux (SSHF) and in (d) surface latent heat flux (SLHF) anomalies regionally
averaged over North America, with the shaded area indicating the interquartile range across the 19 events. Horizontal dashed grey
lines indicate the beginning and end of the event in all panels. In panels (a) and (b), the vertical black dashed lines indicate,
respectively, the longitudinal and latitudinal boundaries of the NA region.

3.3 COHDE:s and associated large circulation patterns in EM region
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The large circulation patterns associated with the high FA events in the EM region are displayed in Fig. 7. In the eastern of
this region there are some hot spots, showing up to 5 COHDESs during these high FA events (Fig. 7a). It is worth noting that
COHDE:s frequencies are also observed in central North America, indicating that the two regions are affected by synchronous
high FA events, as shown in Fig. A4. There are 3 events out of 19 that were spatially compounding: July 2006, July 2012, and
Aug 2012 (Fig. A4). The high FA events are associated with positive anomalies of temperature of >3°C (Fig. 7b) and negative
anomalies of precipitation of up to -20mm month™! in the eastern side of this region (Fig. 7c).

In the EM region, the coupling between atmospheric circulation and surface fluxes is also evident although less pronounced
than in NA. Positive anomalies of z500 favour subsidence and enhance surface warming, which manifests as upward SSHF
(negative SSHF anomalies; Fig. 7d). The precipitation deficits to the east of the region limit moisture availability, suppressing
evaporative cooling. This reduction in latent heat loss is visible as positive anomalies statistically significant in SLHF (Fig.
7e), in areas where COHDEs hotpots emerge (eastern side). However, these SLHF anomalies are weaker than over North
America. This difference may partly reflect the heterogeneous hydroclimatic conditions of the Euro-Mediterranean region,
including the influence from the Mediterranean Sea. Previous work has identified the Mediterranean as a transitional climate
region in which summer evapotranspiration is constrained by soil-moisture availability (Materia et al., 2022).

In the upper-level atmosphere, the Rossby wave pattern is dominant in the z500 (Fig. A2h and 7b) and v250 (Fig. 7g)
composites. The v250 (Fig. 7g) show a meandering structure with positive values in the northwest of this region, which is
consistent with the behavior in lower levels of the atmosphere (z500 and the compound events in Fig. 7a) and contributes to
the installation of the circulation that drives more heat and less precipitation than normal (Fig. 7c). The anticyclonic circulation
anomaly (z500) is linked to the northward shift of the jet in u250 (Fig. 7h) which deflects Atlantic storms from Europe. During
high FA events wavenumber 6 is the most frequent in the distribution and wavenumber 7 shows twice its frequency than low
FA events (Fig. 7f), although the Rossby wave pattern is not circumglobal and limited to the North Atlantic-Eurasian sector.
The daily composites show a transition from irregular zS00 anomalies to a pronounced European ridge configuration near the
event onset (Fig. 8a). Positive z500 anomalies become more organized over the region around 25 days before the event, and a
wave train emerging around 30 days before intensifies the amplification of a through to the west of EM that help to strength
the regional ridge. This ridge eventually weakens and starts moving eastward at the termination of the event (Fig. 8a). The
evolution of the z500 anomalies indicates a slowdown of a transient westerly wave-like circulation pattern, which evolve in a
quasi-stationary ridge above EM during the event. The ridge amplification is accompanied by weaker upper-level westerlies
within the central EM latitude band before the event onset, and stronger flow north and southwards (Fig. 8b) the region. This
separation of the anomalous westerlies suggests a possible split jet configuration. The surface heat fluxes evolve consistently
with the development of the hot and dry conditions. As the ridge strengthens near the events start, the already negative SSHF
anomalies become more negative during the first part of the events, indicating enhanced sensible heating (Fig. 8c). In contrast,
the regional SLHF composite show positive values 35 days before the event, which then decrease 20 days before and increase
again at the start and through the event (Fig. 8d), consistently with anomalously low SPI3 values. This indicates a reduction in

the upward latent heat flux and weaker evaporative cooling within the EM region due to the persistence of the atmospheric
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ridge. However, the positive SLHF anomalies associated with EM events are less robust with respect to those observed for the
NA events.

This indicates that the events in EM are associated with the development and persistence of a mid-tropospheric ridge from a
westerly disturbance, consistent with the observed hot conditions, while the northward displacement of the jet stream leads to
a precipitation deficit. The feedback triggered by the reduction in the evaporative cooling contributes to maintaining the surface
heat and dryness during the event. However, the limited amplitude of the SLHF negative anomalies, likely due to the
availability of moisture from the Mediterranean Sea, indicates that the temperature-evaporation feedback is less efficient,

explaining the lower frequency in the EM events with respect to NA.
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Figure 7: Same as Fig. 5 but for high FA events in the Euro-Mediterranean (EM) region, highlighted by the black contours.
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Figure 8: Same as Fig. 6 but for EM. In (b), 250 hPa zonal wind anomalies were averaged over 20°W-45°E.
3.4 COHDE:s and associated large circulation patterns in AS region

The composites associated to high FA events in the AS region show maximum values of COHDEs (up to 5) in the central

continental region (Fig. 9a), linked with positive temperature anomalies of up to 1.5°C (Fig. 9b) and with negative precipitation
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anomalies of -40 mm month™ (Fig. 9¢). Furthermore, there are two events that are spatially compounding between AS and EM
regions: June and July of 2000 (Fig. A4).

The negative anomalies of SSHF (Fig. 9d) indicate an upward transfer of heat from the surface to the atmosphere, although
these anomalies are weaker with respect the NA and EM regions. The negative anomalies of latent-heat flux (Fig. 9¢) imply
that, despite the negative precipitation anomalies, evaporation is enhanced by the surface warming, likely in association with
the large humidity available in this monsoonal region. This suggests that, in AS, part of the additional energy provided to the
surface during high FA events is dissipated through evaporation westwards this region, limiting the dominance of sensible
heating.

The upper atmosphere exhibits a well-structured meander and circumglobal Rossby wave pattern (Fig. 9b, 9f-g and Fig A2i),
along with zonal wind anomalies indicating a northward displacement of the jetstream (Fig. 9h).

The z500 reaches values up to 20 meters above normal conditions in the north of the AS region (Fig. 9b-c and A2i), while the
v250 forms a dipole with positive statistically significant values in the southwest and negative anomalies in the northeast of
this region (Fig. 9g). Relative to the climatological v250 structure, this dipole shows an opposite sign and is consistent with
enhanced anticyclonic circulation around the strengthened ridge. The strong jet displaced northwards, together with a
meandering upper-level flow, is evident in u250 and v250 (Fig. 9h and 9g) and contributes to storms deflection. The wave-6
pattern, which is the most frequent during these events (Fig. 91), is associated with installation of blocking-like conditions over
the region (Fig. 9b-c and A2i). Furthermore, a chi-squared test at 95% level of confidence indicates that, the frequencies
observed during high FA events are significantly different from the frequencies expected during low FA events. In particular,
high FA events are associated with wavenumber 6 in AS.

The daily composites of zS00 show circulation changes west and east of the region 60 days before the composite events (Fig.
10a). During this period, positive and negative z500 anomalies alternate over Eurasia, west of the AS boundary, while stronger
anomalies develop downstream over the Pacific. Through the event onset, negative anomalies are shown within the AS region
while a positive anomaly forms outside the region during the last days and towards the end of the event. At the same time, the
v250 daily circulation anomalies display a westerly disturbance transiting above the region (not shown) without resulting in
any stationary ridging (Fig. 10a). This indicates that the mid-latitude Rossby-wave dynamics has limited effect on the
occurrence of hot and dry events in AS. However, a sensitive analysis using a lower latitude band (25-45°N) reveals positive
z500 anomalies before, during and after the event month within the region. This indicates that the main positive anomalies are
located southwards and that the common midlatitude average captures its northern side. The anomaly evolves through time
and is less continuous than the ridges identified for NA and EM, which suggests a more transient circulation configuration.
The u250 composite shows weak positive anomalies within and northwards the region 60 days prior to the event (Fig. 10b).
Afterwards, the positive anomalies within the region decrease and a stationary dipole is observed during the event, indicating
weakened upper-level westerlies over central and southern AS and a stronger flow to the north, respectively. Those anomalies
are consistent with a northward displacement of the subtropical jet stream. The displacement of the jet stream results in

anticyclonic circulation over the southern part of the region leading the weak negative SSHF anomalies 60 days before, which
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then become more negative throughout most of the event (Fig. 10c). This indicates a slight enhancement of upward sensible
heat transfer from surface to the atmosphere. Negative SLHF anomalies occur in episodes from 60 days before and through
the event (Fig. 10d), indicating enhanced upward latent heat flux and evaporative cooling which may buffer the surface
warming. In this non-water-limited monsoonal region, a precipitation deficit does not necessarily imply a depletion of soil
moisture, and evaporation may be maintained under high atmospheric evaporative demand while soil moisture is still available.
In addition, the spatial heterogeneity of eastern Asia, and the averaging of SLHF across the full region may obscure contrasting
responses between grid cells affected and unaffected by compound events. This is supported by the broad interquartile range,
particularly for SLHF, indicating large variability among the individual events.

These results suggest that the high FA compound hot dry events in AS are associated with a transient, southward centred
anticyclonic circulation resulting from the northward displacement of the subtropical jet stream. Due to the moisture
availability in the region the evaporative cooling is more effective than in NA and the EM, leading to less frequent events

associated with weaker temperature anomalies.
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Figure 9: Same as Fig. 7 but for high FA events in the Eastern Asia (AS) region, highlighted by the black contours.
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across three Northern Hemisphere breadbasket regions. We also identified the large circulation patterns associated with events
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We analyse the Compound Occurrence of Hot and Dry Events during boreal summer (June-July-August) from 1960-2020

characterised by high fraction of area affected by these compound events.

We find that high fraction of area events have been occurring in the three breadbasket regions and in the Northern Hemisphere

across the whole analyzed period. This aligns with previous studies that, using different compound event definitions, found

430

land areas during the 1960s (Feng et al., 2020). Moreover, we find that the fraction of area with compound hot and dry events

these events in decades earlier than the 1990s, for example over Europe during the 1950s (Ionita et al., 2021) and over global
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is, on average, larger in the three breadbasket regions than in the Northern Hemisphere. Previous research found high frequency
of compound hot and dry extremes over land areas (Hao et al., 2022), especially in Europe (Bohnisch et al., 2025; Felsche et
al., 2024) and East Asia (Hao et al., 2022) using a different methodology to identify these concurrent extremes. Since these
regions are a maize, soybean and rice hot spots, such compounds can potentially lead to failures in these crops.

Given that our methodology defines thresholds using a shifting 30-year reference period, univariate trends in temperature and
precipitation are removed. The limited reanalysis and observational record (61 years) constrains the number of large areas with
compound hot and dry events available for analysis. The sample size does not alter our findings that compound hot and dry
events recur throughout the record and are not confined to recent decades, indicating that they represent a persistent feature of
the historical climate in the studied regions. Alizadeh et al. (2020) found that the number of climate divisions affected by
compound hot and dry years increased after the 1950s for some regions in U.S., but this trend disappeared when considering
a longer record, suggesting the recurrence of such events across the historical period. Our study differs and extends from this
analysis by applying a different compound event definition to other Northern Hemisphere regions (EM and AS).
Furthermore, we showed that in almost the whole Northern Hemisphere and within the breadbasket regions there is a positive
dependence between the hot and dry events, i.e., there are physical processes in summer that causes hot months to be more
prone to drought than cold summers and dry summers to be hotter than wet summers. The identified physical processes are
enhanced sensible heat fluxes and soil-moisture loss, which create a self-amplifying thermodynamic feedback (Coumou et al.,
2018). The compound events are also governed by atmospheric dynamics that trigger and enhance hot anomalous heating and
drying. Here, by analysing different atmospheric variables, we find that the large atmospheric patterns associated to the
compound hot and dry highest fraction of area events in the three breadbasket regions are dominated by wavy circulation
patterns in the upper and middle troposphere, resulting in highs widespread across the whole domain of the selected regions.
Over North America, events with a large fraction of area affected by compound hot and dry events are characterized by an
upper atmosphere circumglobal planetary-wave pattern with dominant zonal wavenumbers 5 and 6. This structure is consistent
with the summertime Circumglobal Teleconnection, a recurrent wave-5 pattern along the jet waveguide that modulates
midlatitude precipitation anomalies in summer (Ding and Wang, 2005). These high FA events also show a meandric
configuration in v250 and z500, which is consistent with previous work that identified stationary wave trains originating in
the North Pacific/Aleutian sector and propagating into North America in previous major US hot-drought summers (e.g. 1980
and 1988) (Lyon and Dole, 1995). Furthermore, in our composites for North America region, the ridging coincides with
increased temperature, suppressed precipitation, and surface energy partitioning, reduced latent heat and enhanced sensible
heating. This redistribution of the surface energy warms and dries the near surface atmosphere (Miralles et al., 2019), thereby
reinforcing the compound and dry conditions in this region.

In the Euro-Mediterranean region our composites with large fraction of area affected by compound hot and dry events show
anticyclonic ridges in the middle-upper troposphere. Together with the meridional wind patterns in the hemispheric
composites, the thermodynamical evolution described above is consistent with upstream Rossby wave activity contributing to

the establishment and reinforcement of the European ridge. The two bands of stronger westerly flow over EM are also
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compatible with a double jet like configuration. This circulation anomaly is consistent with the established role of blocking
anticyclones and double jet stream structures in shaping European summer heat extremes (Brunner et al., 2018; Rousi et al.,
2022). Rossby wave breaking followed by blocking may contribute to the splitting of the upper-level jet, although double jets
and blocking can also be interpreted as dynamically coupled components of the same circulation configuration (Rousi et al.,
2022). While Rossby-wave breaking is not explicitly diagnosed in the present study, the amplified Atlantic-European through-
ridge pattern and the accompanying reorganisation of the upper-level westerlies resemble circulation configurations previously
associated with anticyclonic Rossby wave breaking. Such breaking over Europe and Mediterranean has been identified in
association with persistent hot spells in southwestern Europe, together with a northward—shifted jet (Pappert et al., 2024). The
occurrence of anticyclonic circulation has previously been linked to remote forcing from tropical Atlantic heating and to a
positive summer North Atlantic Oscillation phase (Cassou et al., 2005), which may also contribute to the persistence of
compound hot and dry events in this region.

Furthermore, the dominant large circulation pattern during compound hot and dry events is a wave train confined to the North
Atlantic-Eurasian sector. The ridges align with a northward-displaced jet which deflects storm tracks, favouring suppressed
precipitation. Our composites indicate that sensible heat flux anomalies amplify surface temperature during compound hot and
dry events, with statistically significant sensible heat flux values over most of the region. These flux anomalies rise because
anticyclonic circulation reduces precipitation, leading to soil moisture deficits that limit evaporation and latent cooling, thereby
enhancing sensible heating of the near surface air. This mechanism is consistent with previous findings for extreme events
such as the hot event in 2003 (Fischer et al., 2007) and the hot and dry event in 2018 (Dirmeyer et al., 2021), where soil-
moisture-atmosphere interactions were shown to reinforce surface warming.

In eastern Asia region, our analysis reveals a well-defined circumglobal Rossby wave pattern, with wave number 6 as the most
dominant feature. This wave structure helps to explain the well localized compound extremes in AS, as well as the occurrence
of spatially compounding summers with hot and dry conditions in AS and EM regions. Previous studies indicated that summer
Rossby wave activity can influence Northern Hemisphere teleconnection mechanisms that further affect Asian climate. For
example, it has been shown that Artic Sea ice loss generates polar low-pressure anomalies which trigger south-eastward Rossby
wave trains from northern Europe towards East Asia (Folland et al., 2024; Zhang et al., 2020). Furthermore, it has been shown
that stationary wave trains originating from the North Atlantic Ocean and Indo-Pacific warm pool are linked to the occurrence
of extreme hot days over east Asia in recent decades (Lee et al., 2023). Our results extend these studies, by linking the dominant
wave 6 circulation pattern to the co-occurrence of hot and dry events, rather than heat alone. Moreover, we find spatial
differences across Asia: inland areas exhibit the highest numbers of compound events, characterized by upward sensible heat
fluxes in combination of suppressed evaporative fluxes (not strong enough as in the other regions), whereas coastal regions
exhibit enhanced evaporation (negative SLHF) and weaker SSHF, leading to fewer compound events. These spatial differences
are consistent with previous research, which found that during the past two decades the strength of land atmosphere coupling

has been enhanced across inland Asia, where heatwave frequency has increased and closely follows a persistent drying trend
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of soil moisture. In contrast, this relationship is not as robust in southern and coastal East Asia, due to the influence of the East
Asian summer monsoon (Zhang et al., 2020).

Taken together, the regional patterns over NA, EM and AS target to a common hemispheric driver, amplified planetary wave
activity that drives hot and dry events across different regions. Kornhuber et al., (2020) linked amplified wave-5 and wave-7
configurations to simultaneous heat extremes across breadbasket regions. Our analysis is complementary but distinct: we focus
on compound hot and dry events using a longer record, and we find that wave 5/6 configurations are the most frequent during

summers with high fraction of area affected by compound events in these regions.

5. Conclusions

Our study provides a hemispheric-scale perspective on the drivers of compound hot and dry events (COHDESs), using 61 years
of reanalysis and observational data. By using trend insensitive metrics, i.e. not affected by long-term changes in the occurrence
of individual hot and dry events, we show that COHDEs are a recurrent feature of the climate internal dynamics in Northern
Hemisphere and in the selected regions. We also show by explicitly testing the dependence between hot and dry conditions
that the observed spatial associations are unlikely to arise by chance. Unlike previous work focusing on trends or individual
extremes, this approach provides a way to compare compound impacts across regions.

In analyzing the large circulation patterns associated to these compound extremes, we found that widespread COHDEs are
consistenly linked to large-scale planetary wave patterns, particularly Rossby wave 5 and 6, which are the dominant drivers
along with anticyclonic ridging in the upper-medium troposphere for each breadbasket region. These circulation anomalies
trigger land-atmosphere feedbacks to reinforce extremes: in North America and some areas of the Euro-Mediterranean region,
enhanced radiative heating and suppressed evaporation act together to intensify hot and dry conditions. Conversely, East Asia
coastal regions show enhanced evaporation, which limit the temperature anomalies associated with the COHDEs, while inland
regions are controlled by sensible and latent heat flux feedbacks. Together, these findings advance our understanding of
COHDEs by showing that their occurrence appears from recurrent hemispheric-scale circulation patterns and land atmosphere
interactions, rather than isolated regional anomalies.

These findings highlight the importance of understanding not only regional processes but also the global circulation patterns
that raise compound extremes. Targeted model experiments are needed to better understand how the intensity and frequency
of COHDESs might evolve under climate change. In particular, single-model initial condition large ensembles (SMILEs) can
provide the large sample sizes required to robustly separate the role of internal variability from forced changes, and to test

whether the circulation patterns identified here remain the dominant drivers of compound hot and dry events in the future.
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Appendix A

Figure Al: Median, interquartile, and upper quartile time series of the fraction of area (FA) affected by compound hot and dry
events for the North America (a), Euro-Mediterranean (b) and Eastern Asia regions (c). Means, interquartiles and upper quartiles
are computed using a 30-year sliding window.
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Figure A2: Composite anomalies during high FA events in North America (first column; a,d,g), the Euro-Mediterranean (second
column; b,e,h) and Eastern Asia (third column; c,f,i). Shading shows composites of the meridional wind at 250 hPa (v250, a-c), zonal
wind at 250 hPa (u250, d-f), and geopotential height at 500 hPa (z500; g-i). Gray contours show the corresponding climatological
mean fields, calculated from the original non deseasonalized monthly data. Black contours delineate the respective study regions.
Hatched areas indicate anomalies that are statistically significant at 90% confidence level, based on a Student’s t-test.
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Figure A3: Meridional component of the wind at 250 (v250), averaged over the 57.5 °N - 37.5 °N belt. On the left column, composites
of 19 high FA events; on the right column, composites of 92 low FA events, in (a,d) North America (NA), (b,e) Euro-Mediterranean
(EM) and (c,f) Eastern Asia (AS). Purple lines indicate the composite mean, dark green bands indicate the interquartile range, light
green bands indicate the 10"-90™" percentile range, dashed green lines indicate maxima and minima, while vertical black dashed

lines indicate the longitudinal extension of the selected regions.
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Figure A4: High Fraction of Area (FA) events for the three breadbasket regions in blue circles. The yellow stars indicate the months

where two regions experienced at the same time high FA events.

Code Availability
The code used in this study implement standard statistical and data processing methods, using publicly available software
(python and Climate Data Operators, CDO) and free packages, which are described in detail in the Methods section. Because

these are standard methods, they are not uploaded to a repository. These scrips are available upon request.

Data availability
ERAS is freely available at: https://cds.climate.copernicus.eu/cdsapp#!/search?type=dataset.
CRU can be found at: https://crudata.uea.ac.uk/cru/data/hrg/cru ts 4.07/.
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