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Heat and rainfall extremes have intensified over the past few 
decades and this trend is projected to continue with future 
global warming1–3. A long persistence of extreme events 
often leads to societal impacts with warm-and-dry condi-
tions severely affecting agriculture and consecutive days of 
heavy rainfall leading to flooding. Here we report system-
atic increases in the persistence of boreal summer weather 
in a multi-model analysis of a world 2 °C above pre-indus-
trial compared to present-day climate. Averaged over the 
Northern Hemisphere mid-latitude land area, the probability 
of warm periods lasting longer than two weeks is projected to 
increase by 4% (2–6% full uncertainty range) after removing 
seasonal-mean warming. Compound dry–warm persistence 
increases at a similar magnitude on average but regionally 
up to 20% (11–42%) in eastern North America. The prob-
ability of at least seven consecutive days of strong precipi-
tation increases by 26% (15–37%) for the mid-latitudes. 
We present evidence that weakening storm track activity 
contributes to the projected increase in warm and dry per-
sistence. These changes in persistence are largely avoided 
when warming is limited to 1.5 °C. In conjunction with the 
projected intensification of heat and rainfall extremes, an 
increase in persistence can substantially worsen the effects 
of future weather extremes.

Extreme weather events are commonly analysed in terms of 
intensity or frequency but often it is their persistence that leads to 
the most severe effects. Extended periods of warm and dry weather 
can strongly affect human health and agriculture and increase risks 
of wildfires4. In 2018, dry and warm conditions in western Europe 
extended from April to September with only a few short interrup-
tions of cooler and rainy weather5–7 (see Fig. 1). This persistent dry–
warm compound extreme had a devastating effect on agriculture in 
Germany, with wheat harvests down by 15% (ref. 6).

Similarly, most damaging flooding events occur following sev-
eral consecutive days of heavy rainfall8. In 2016, a slow-moving 
low-pressure system remained over Europe for two weeks, result-
ing in several days of heavy precipitation leading to floods in many 
municipalities in western Europe9 (Fig. 1).

Global warming is already increasing the frequency and intensity 
of heat and rainfall extremes3, as well as the duration of heat waves10, 
and these trends are projected to continue with future warming11. 
However, if and how changes in persistence of local weather condi-
tions might contribute to more severe weather extremes is poorly 
understood. Some observational studies suggest that summer per-
sistence has increased over recent decades12–16 but this is so far not 
supported by modelling studies.

We assess changes in local weather persistence in four general 
circulation models (GCM) between two ten-year future scenarios 
at +1.5 °C and +2 °C above pre-industrial and a present-day cli-
mate scenario (2006–2015, that is about +1.0 °C above pre-indus-
trial global mean temperatures, GMT). The four atmosphere-only 
GCMs (NorESM1, MIROC5, ECHAM6-3-LR and CAM-2degree) 
are run under the HAPPI protocol17 (half a degree additional warm-
ing, prognosis and projected impacts protocol; see Methods). A 
total 4,000 year per scenario (100 × 10-year runs per model) provide 
the basis for a statistical analysis of rare events such as periods of 
extremely persistent weather conditions.

We identify periods of consecutive warm, dry, dry–warm or rain 
days following the method by Pfleiderer and Coumou12 (Fig. 1; see 
also Methods). As illustrated in Fig. 1c, in Berlin in 2018, two unin-
terrupted warm periods lasting longer than three weeks and several 
long dry periods are identified. In Paris, three clustered, multi-day 
rain periods in May 2016 contributed to the Seine flooding in early 
June (Fig. 1f).

In a warming climate, the number of consecutive days above 
a given temperature threshold will increase, which leads to an 
increase in the duration of heat waves with ongoing warming10,18. 
The aim of the persistence concept introduced here, however, is 
not to identify changes in heat-wave conditions per se but rather to 
investigate changes in the distribution of warm days relative to the 
new, warmer climate conditions. Thus, warm days are classified as 
temperature anomalies that exceed a scenario-dependent, seasonal 
and grid-cell specific median. This median is computed separately 
for the present-day, 1.5 °C and 2 °C climate simulations so that in all 
scenarios half of the days are classified as warm. In this metric, long-
term seasonal-mean warming by itself does not lead to an increase 
in warm persistence.

Unlike for temperature, the classification of what constitutes dry 
or rainy periods is less dependent on the local background climate 
state19. Therefore, we use the same absolute thresholds for all grid-
cells and scenarios to classify dry and rain days: dry days have less 
than 1 mm and rain days more than 5 mm precipitation.

We also analyse compound dry–warm periods defined as con-
secutive dry and warm days on the basis of the above metrics. These 
compound dry–warm events are particularly impact-relevant as 
they better represent the stress on our environment than do either 
dry or warm persistence alone20.

The observed summer-time warm-persistence climatology is 
well-reproduced by the GCM ensemble (Fig. 2). Regional patterns 
are generally replicated but some are less pronounced in models 
compared to observations (compare Fig. 2a,b). As shown in Fig. 2,  
the enhanced persistence observed over Europe is underestimated  
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by the models. For dry and rain persistence, biases are more  
heterogeneous between models: NorESM1 and CAM4-2degree 
underestimate dry persistence over Europe, while MIROC5  
overestimates dry persistence in northern Europe and ECHAM6-
3-LR in southern Europe (Supplementary Fig. 2i–l). Note that the 
present-day climate scenario in HAPPI (2006–2015) only cov-
ers part of the observational record allowing only for a qualitative 
model validation.

Figure 2d shows the probability of the different persistence met-
rics to exceed a given period length. Here, for each of the NH SREX 
regions (Supplementary Fig. 1, region name abreviations follow the 

IPCC SREX21), an aggregated persistence distribution is determined 
by combining periods identified at grid-cells within the region into 
one distribution per model. Consistent with previous studies12, we 
find that the probability that a warm period persists for one more 
day increases for longer events (gradient of the curves decreases for 
longer periods, Fig. 2d). Thus, the more persistent a period is, the 
more likely it is that it lasts even longer.

In the mid-latitudes, 80% of all warm periods are shorter than 
a week and 6% exceed two weeks (red curves in Fig. 2d). These 
exceedance probabilities vary between regions, which is generally 
well-captured by the climate models.
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Fig. 1 | illustration of the persistence metrics. a–f, Persistence derived from the daily gridded observational dataset for Europe (E-OBS). The daily 

detrended temperature anomaly (a,d) and daily precipitation (b,e) time-series for summers in Berlin (52.25° N, 13.25° E) 2018 (a–c) and Paris (48.75° N, 

2.25° E) 2016 (d–f) are shown. The resulting characterization of the persistence of warm, dry, dry–warm and rain is given in c and f with coloured bars 

indicating individual periods (see Methods for details). Thresholds used to classify days into warm, dry and rain days are indicated by black lines. In a and 

d the absolute temperature time-series are shown in light grey. For d–f the date of the Seine flooding (3 June 2016) is indicated by a blue line.
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Fig. 2 | Persistence climatology for the Nh mid-latitudes in JJa. a–c, Mean period length of persistent warm periods in HAPPI simulations averaged over 

all 400 runs of the historic 2006–2015 scenario (a) and for the observational products HadGHCND (1950–2014, b) and E-OBS (1950–2017, c).  

d, Exceedance probabilities for warm (red), dry (orange), dry–warm (purple) and rain (blue) persistence for Northern Hemisphere regions (abbreviations 

follow the IPCC SREX21, shown in Supplementary Fig. 1). Additionally, persistence averaged over the mid-latitude band (35–60° N) is shown. In each  

region, the full range of the four models’ distributions (all runs of one model are aggregated into one distribution) over the present-day HAPPI simulations 

is shown by the shaded area. For warm persistence, distributions are shown for HadGHCND observations by a dashed red line. In NEU, CEU and MED, 

persistence distributions are additionally shown for E-OBS by solid lines.
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Dry and rain persistence strongly vary between regions with 
month-long dry periods in arid regions (CAS and MED) and only 
a few periods longer than two weeks in some coastal regions (for 
example, ENA). In contrast to temperature persistence (with a 
fixed number of warm days), rainfall persistence also depends on 
the relative amount of rain and dry days. As rain days are gener-
ally rare (see Supplementary Fig. 4), rain periods are limited to less 
than two weeks in most regions. Periods of consecutive dry–warm 

days are shorter than warm or dry periods as both criteria need to 
be fulfilled. Over Europe, for which daily rainfall observations are 
available, dry, rain and dry–warm persistence are well-represented 
by the climate models.

The exceedance probability for warm, dry, dry–warm and rain 
periods consistently increases in a 2 °C world for the Northern 
Hemisphere mid-latitudes in all HAPPI models (Fig. 3 and 
Supplementary Tables 1–4). For warm and dry–warm persistence, we 
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Fig. 3 | relative change in exceedance probability in JJa in haPPi models. a–d, Changes of the 2 °C scenario relative to the 2006–2015 scenario are shown 

for different kinds of persistence: warm (a, red), dry (b, orange), dry–warm (c, purple) and rain (d, blue). Note the different scaling for changes in rain 

persistence (d). In each region, the full range of changes in the four models’ distributions are shown by the shaded area. The ensemble mean is indicated by 

a solid line. See Supplementary Tables 1–4 in the Supplementary Information for more details.
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find a relative increase in exceedance probability of two-week-long  
periods of 4% (0.5–6%). The increase in warm persistence is most 
pronounced in northern Asia (NAS), central Europe (CEU) and 
eastern North America (ENA). For these regions, an increase in dry 
persistence is found as well.

In regions where warm and dry persistence are projected to 
increase, compound dry–warm persistence is also increasing. In arid 
regions (MED, WAS and CAS), dry–warm persistence is limited by 
warm persistence and thus changes in dry–warm persistence follow 
those of warm persistence. In central and eastern North America 
(CNA and ENA) increases in dry–warm persistence appear to be 
linked to a strong increase in dry persistence.

Rain persistence increases significantly in almost all mid-latitude 
regions, with long periods increasing most. The average likelihood 
of week-long rainy conditions increases by 26% (15–37%) in a 2 °C 
world compared to the present. This increase in rain persistence is 
especially pronounced for northern Eurasia (NEU, CEU and NAS).

Averaged over the mid-latitude land area and specifically in 
ENA, CEU, NEU and NAS, dry, rain and warm periods are all pro-
jected to be more persistent in a 2 °C world (Fig. 3). As shown in 
Supplementary Fig. 3, the coincident increase in persistence is also 
found at the grid-cell level within single models.

The presented long-term changes in warm and dry persistence 
are probably driven by weakening summer storm tracks, something 
that is projected by all models. Over the mid-latitudes, warm and 
dry persistence are longer in months with low eddy kinetic energy 
(EKE), which is a proxy for storm track activity. For each model and 
region, we checked the correlation between the length of the longest 
period in each month and monthly EKE. This correlation is nega-
tive for most regions and, in combination with a projected decrease 
in EKE, this can partially explain the trend towards longer warm 
and dry persistence. We consider EKE to be a driver of a change  
in persistence if at least three models project a significant change in 
persistence that matches the expected EKE forcing (more details in 
the Supplementary Information, especially Supplementary Fig. 8).  
As shown in Fig. 4, EKE explains most changes in persistence pro-
jected for regions affected by the North Atlantic jetstream (ENA, 
MED, CEU and NEU). These findings are consistent with previ-
ous studies showing that weather persistence in the mid-latitudes 
is tightly linked to large-scale atmospheric circulation such as the 
jetstream or storm tracks22,23 and that storm track activity is weaken-
ing in boreal summer24,25.

Changes in the water cycle due to enhanced evapotranspiration 
and water-holding capacity of the atmosphere lead to changes in 
the number of dry and rain days (compare Supplementary Fig. 5).  

To test how the change in the number of rain and dry days affects rain 
and dry persistence, we create synthetic future weather time-series 
by randomly adding or removing dry and rain days to the historic 
time-series to match the amount of dry and rain days projected for 
the 2 °C scenario. As shown in Supplementary Fig. 6, the increase in 
rain persistence in the high latitudes can partly be explained by an 
increase in the number of rain days. However, overall, the changes 
in dry and rain days can only explain half of the actually projected 
changes in persistence (compare Supplementary Fig. 7).

Land–atmosphere interactions might also influence the persis-
tence of warm and dry periods. During warm periods, a lack of soil 
moisture hinders evaporative cooling and cloud formation, which 
can further increase temperatures26,27. Long-lasting warm and dry 
periods thereby favour subsequent warm and dry days, which is 
expressed by a negative correlation of warm and dry persistence 
with the standardized precipitation index of the preceding 3 months 
(SPI3; see Supplementary Fig. 9). In HAPPI projections, summer 
SPI3 increases in the NH mid-latitudes, wetting the soils; thus land–
atmosphere interactions are unlikely to play a role in the projected 
increases in dry persistence. The Mediterranean (MED) forms an 
exception: here, SPI3 decreases and this soil drying, together with 
the effect from weakening storm tracks, probably contributes to an 
increase in dry persistence.

Our analysis of potential drivers of persistence suggests that 
the weakening of summer storm tracks is an important driver of 
increased persistence in the mid-latitudes (see Fig. 4). Changes 
in the hydrological cycle only have limited explanatory power.  
The persistent summer 2018 was linked to a slow-moving sta-
tionary wave5 and further research will analyse the underlying 
circulation patterns of extremely persistent weather conditions 
to further improve our understanding of changes in summer 
weather persistence.

We find a projected lengthening of dry and warm periods in 
important breadbaskets such as central North America (CNA) and 
Europe (NEU/CEU). As long-lasting warm and dry periods have 
severe impacts on agriculture6 and extreme weather events are 
already negatively affecting crop production28, the lengthening of 
warm and dry periods in these regions imposes a risk for food pro-
duction. Furthermore, the substantial increase in the probability of 
week-long heavy rain enhances the risk of flooding.

We showed that changes in the clustering of relatively warm 
summer days (warm relative to the scenario mean warming) leads 
to longer uninterrupted warm periods (Fig. 3a). On top of this 
dynamic change, these warm periods will become more intense 
due to purely thermodynamic increases in global mean tempera-
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ture. For a future warming of +1 °C compared to present-day,  
we find that warm periods longer than two weeks will become 
1.5 °C warmer on average. Likewise, global warming increases the 
intensity of heavy precipitation events and the drying potential of 
soils during warm periods3.

Most of the projected increases in persistence can be avoided 
by limiting warming to 1.5 °C (Fig. 5). For central North America 
(CNA) and central Europe (CEU) a relative increase of 10% in dry–
warm persistence is projected for 2 °C but no change for the 1.5 °C 
scenario. This suggests a nonlinear dependence of dry–warm per-
sistence with GMT. Rain persistence increases almost everywhere, 
also under 1.5 °C, scaling roughly linearly with GMT.

Our analysis shows that summer weather becomes more per-
sistent, with global warming increasing risks associated with 
long-lasting heat waves, droughts, rain periods and compound 
hot–dry extremes.
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methods
HAPPI simulations. We analyse HAPPI simulations of four atmosphere-only 
GCMs: NorESM1, MIROC5, ECHAM6-3-LR and CAM-2degree. The HAPPI 
protocol includes a current climate scenario (2006–2015) and two future scenarios 
for 1.5 °C and 2 °C global mean temperature relative to pre-industrial levels17. For 
each scenario, an ensemble of 100 runs per model is analysed. Future sea surface 
temperature (SST) patterns are obtained by adding an SST change pattern from 
CMIP5 simulations on 2006–2015 SST patterns. Future sea-ice coverage patterns 
are based on a regression between sea-ice coverage and SST, which is then applied 
on future SST patterns.

Observations and reanalysis. For model evaluation, we use the HadGHCND 
dataset, which is based on daily observed temperatures from 1950 to 2014 
aggregated on a 3.75° × 2.5° grid29 and the daily gridded observational dataset for 
Europe (E-OBS), which includes daily temperatures and precipitations from 1950 
to 2018 on a 0.5° × 0.5° grid30. Due to a lack of data coverage in the tropics and 
most parts of the Southern Hemisphere, our analysis is restricted to the Northern 
Hemispheric extra-tropics.

We additionally use the Global Precipitation Climatology Centre  
(GPCC) v.7 monthly precipitation observations to calculate SPI3 over the 
observational record31.

We use the ERA-Interim reanalysis to calculate EKE over the period  
1979–2017 (ref. 32).

Warm persistence. The quantification of warm persistence follows the method 
outlined by ref. 12. At each grid-cell and in each season, days are classified into cold 
and warm days relative to the state of seasonal warming. Periods of consecutive 
warm or cold days are then aggregated into persistence distributions for each 
grid-cell. For HAPPI simulations, all three scenarios are treated separately. As each 
ten-year run is expected to represent a stationary climate we subtract the daily 
climatology of the scenario for each run to get temperature anomalies relative to 
the climate scenario. HadGHCND and E-OBS observations are detrended on a 
daily basis: multi-year time-series for all 365 days of a year (for example, all  
1 January) are linearly detrended and the climatological mean is subtracted.

Precipitation persistence. For the analysis of persistence of dry periods, we 
classify all days with precipitation lower than 1 mm at the grid-cell level as dry days 
following ref. 33. Instead of classifying all days that are not dry as rain days, we only 
consider days with more than 5 mm precipitation to be rain days.

Using the classification of warm and dry days (see above), we define compound 
dry–warm persistence through periods of consecutive days of warm and  
dry conditions.

Eddy kinetic energy. We study links between changes in storm track activity 
and persistence using EKE as a proxy for storm track activity. EKE is based on 

daily horizontal wind fields filtered with a 2.5–6-day bandpass filter34. The EKE is 
calculated as:

EKE ¼
1

2
ðv2 þ u

2Þ

where u and v are the bandpass filtered longitudinal and meridional wind speeds at 
the 850 mbar level.

Standardized precipitation index. We take the SPI3 as an index for soil 
moisture35. We calculate the SPI3 using the R-package standardized precipitation 
evapotranspiration index (SPEI36).

Data availability
The observational data and HAPPI simulations that support the findings of 
this study are publicly available online at https://www.metoffice.gov.uk/hadobs/
hadghcnd, https://www.ecad.eu/download/ensembles/download.php and https://
portal.nersc.gov/c20c/data.html.

Code availability
Python scripts used for the analysis are available on github.com/peterpeterp/
persistence_in_HAPPI.
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