10

15

20

25

30

https://doi.org/10.5194/wcd-2020-40
Preprint. Discussion started: 28 August 2020
(© Author(s) 2020. CC BY 4.0 License.

Weatherand

Climate Dynamics
Discussions

Global warming makes weather in boreal summer more persistent

Dim Coumouz,21 and Paolo De Luca1f

1Department of Water and Climate Risk, Institute for Environmental Studies (IVM), Vrije Universiteit Amsterdam,
Amsterdam, 1081 HV, the Netherlands
2Royal Netherlands Meteorological Institute (KNMI), De Bilt, 3730 AE, the Netherlands

tThese authors contributed equally to the work

Correspondence to: Dim Coumou (d.coumou@vu.nl)

Abstract. Extreme summer weather often has devastating impacts on society when it lasts for many days. Stalling cyclones
can lead to flooding and persistent hot-dry conditions can lead to health impacts and harvest losses. Global warming
weakens the hemispheric-wide circulation in boreal summer, which has been shown in both observations and models using
multiple circulation metrics. Until now, it is still largely unclear what this weakening implies for regional weather
conditions, including their persistence. Using an advanced persistence metric, we show that summer weather has become
more-persistent over 1979-2019. State-of-the-art climate models reproduce this upward trend in persistence indicating that it
can be attributed to greenhouse gas forcing. Our persistence metric accounts for the full state of the atmosphere at any given
moment and is strongly rooted in dynamical systems theory. Thereby it is able to detect dynamical changes previously
unseen in more widely used clustering analyses that sharply reduce the amount of information used. We show that under
future high-emission scenarios, summer weather will become increasingly more-persistent due to a weakening of the
circulation. Most of this increase in persistence, and the associated societal risks, is avoided under an emission scenario

compatible with the Paris agreement.

1. Introduction

Global warming over the last decades has increased the frequency and intensity of heat (Coumou and Robinson, 2013;
Sillmann et al., 2013a, 2014) and rainfall (Lehmann et al., 2015; Westra et al., 2013) extremes, which is projected to
continue with future warming (Sillmann et al., 2013b; Sillmann and Roeckner, 2008). Summer, with most biological and
agricultural productivity, is probably the season when future changes in extremes will have the most severe impacts on
humanity (Hansen et al., 2012). Recent record-breaking heatwaves in the mid-latitudes caused massive socio-economic
impacts (Coumou and Rahmstorf, 2012) and such record-heat has already increased 5-fold since pre-industrial times
(Coumou et al., 2013; Rahmstorf and Coumou, 2011). Summer extremes often become most devastating when they last for
many days and the recent decade has seen several such persistent extremes (Coumou and Rahmstorf, 2012; Fischer et al.,

2007; Wehrli et al., 2020). In 2016, many municipalities in western Europe were flooded when a slow-moving continental-
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scale low pressure system remained over Europe for two weeks leading to day after day of thunderstorms (Anon, 2016). In
2010, Russia saw 33 consecutive hot-and-dry days (above 300C), resulting in grain harvest losses of 30% (Barriopedro et al.,
2011).

While in general there is substantial uncertainty associated with circulation changes within the climate system (Shepherd,
2014), there is now strong evidence that boreal summer circulation weakens with global warming (Chang et al., 2016;
Coumou et al., 2015, 2018; Gertler and O’Gorman, 2019; Lehmann et al., 2014; O’Gorman, 2010; Routson et al., 2019).
Weakening of summertime westerlies and storm tracks is a robust feature supported by observations (Chang et al., 2016;
Coumou et al., 2015), paleo-data (Routson et al., 2019), model simulations (Gertler and O’Gorman, 2019; Lehmann et al.,
2014), physical understanding (Coumou et al., 2018; Hoskins and Woollings, 2015), and has been documented using
multiple metrics (Chang et al., 2016; Coumou et al., 2015, 2018; Gertler and O’Gorman, 2019; Lehmann et al., 2014;
O’Gorman, 2010; Petrie et al., 2015; Routson et al., 2019; Sussman et al., 2020). Since 2000, the Arctic has warmed at a rate
at least twice as fast as the global average (Cohen et al., 2020; Coumou et al., 2015, 2018). This decreases the temperature
gradient between the Arctic and (sub) tropics and weakens the mid-Ilatitude westerlies and storm tracks (Chang et al., 2016;
Coumou et al., 2015, 2018; Gertler and O’Gorman, 2019; Lehmann et al., 2014; O’Gorman, 2010; Petrie et al., 2015;
Routson et al., 2019). These dynamical changes in boreal summer are also seen in climate models under greenhouse gas
forcing (Chang et al., 2016; Coumou et al., 2018).

It is much less clear what this weakening of large-scale summer circulation implies for regional weather conditions,
including extremes. Some studies hypothesized that a weakening circulation would lead to more-persistent, and therefore
more-extreme, summer weather (Pfleiderer et al., 2019). However, the dominant mechanisms behind weather persistence
remain debated (Horton et al., 2016). Many factors can influence the occurrence of slow-moving high-pressure systems in
the mid-latitudes, or “blocks”, including the strength of storm tracks and westerlies (Hoskins and Woollings, 2015),
waveguide effects (Coumou et al., 2014; Manola et al., 2013), latent heating (Pfahl et al., 2015), tropical sea-surface
temperatures (Trenberth and Fasullo, 2012) and monsoon activity (Di Capua et al., 2020; Ding and Wang, 2007). Also
processes involving soil-atmosphere or ocean-atmosphere interactions can favor or sustain the associated large-scale flow
patterns (Fischer et al., 2007; Haarsma et al., 2009; Lau et al., 2004; McKinnon et al., 2016; Teng and Branstator, 2019).

A central challenge remains how to best quantify weather persistence. Most studies so far applied some form of clustering
technique, either in space or time, to reduce the dimensionality of the system (Horton et al., 2015; Huguenin et al., 2020;
Pfleiderer and Coumou, 2018; Swain et al., 2016). Typically, similar circulation states are clustered together into one
particular weather regime, and consecutive days in the same regime then give persistence. However, this dimensionality
reduction step removes most of the available information and thus hampers proper statistics. The choice of dimensionality

(i.e. the number of clusters) is often arbitrary and the results can be very sensitive to such choice. Moreover, clustering
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methods are typically not well suited for summer circulation as the dynamical system behaves in a more continuous fashion
rather than in clearly separated clusters or regimes (Cortesi et al., 2019). Finally, the warming and associated expansion of
the lower atmosphere can distort trend analyses based on clustering mid-to-upper level circulation (Horton et al., 2015;
Swain et al., 2016).

Here we apply a novel data analyses technique based on dynamical systems theory that accounts for the full state of the
atmosphere at any given moment to estimate its persistence (Faranda et al., 2017a, 2019; Messori et al., 2017). We analyze
recurrences along the trajectory (i.e. the evolution through phase-space) to estimate the system’s dynamical properties,
without taking any a priori assumptions on its dimensionality. For all states {(t), in our case all available summer days, we
also calculate the local dimensionality, capturing the number of directions to which the atmosphere can evolve, using nearby
trajectories (Figure 1). Persistence (6-1) is defined as the average residence time of trajectories in the neighborhood of ¢ in
units of days (see Methods). Figure la illustrates the method for a simplified chaotic system, highlighting one high-
dimensional state and one slowly evolving, low-dimensional state. Typically, a lower local dimension increases persistence
as there are fewer future states possible and thus the atmosphere is more likely to remain in a similar state (Faranda et al.,
2017a). However, the speed of the trajectories through the neighborhood of £ matters which is captured by 6-1. The
derivation relies on recent developments at the interface between dynamical systems theory and extreme value theory (see
Methods) (Faranda et al., 2017b; Lucarini et al., 2016). This dynamical system approach has been applied to different
climate variables and regions and was shown to accurately reflect large-scale features of atmospheric motions (Faranda et al.,
2017a, 2020; Hochman et al., 2019; De Luca et al., 2020b). Moreover, 8-1is indeed directly linked to the more conventional
notion of persistence of weather regimes (Hochman et al., 2019). Figure 1b shows that daily 8-1timeseries clearly capture

the very-persistent blocking circulation over Europe from early July to mid-August 2010.
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Figure 1. Schematic illustration of dynamical system approach. (a) Attractor through phase space for a simplified chaotic
system zooming in on (left) a state i with large local dimensionality (the system can evolve to many different type of new
states) and (right) a low-dimensional and slowly evolving state {j with large persistence 6-1. Red dots represent recurrences
around states Ci and ;. (b) Daily persistence 6-1 over CEU during 2010 highlighting the very persistent circulation during the

period of the Russian heatwave from early July to mid-August (8% of days exceed the 99 percentile for 6-1).

2. Methods

2.1 Dynamical systems metrics

Here, we use a dynamical systems approach to compute metrics of daily local persistence (6-1) and local dimension (d) of a
given selected atmospheric variable, in our case being geopotential height at 500mb (Z500) and sea-level pressure (SLP),
over 16 mid-latitude regions (using Nicholls and Seneviratne (2010) IPCC ‘SREX’ regions, plus three regions representing
the full mid-latitude belt, north Atlantic and north Pacific ocean basins). 6-1 quantifies the average residence time of
trajectories through phase-space in the direct neighborhood of a state of interest (). Therefore, when 6-1 has higher values, it

is the more likely that the preceding and future states resemble the current state over sufficiently long timescales (Faranda et
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al., 2017b; Messori et al., 2017). On the other hand, d can be described as a proxy for the degrees of freedom active around
¢ and therefore it provides a measure of the number of possible configurations that the system may evolve to. Low (high)
values of d refer to more (less) predictable configurations. The calculation of 6-1 and d originates from the combination of
Poincaré recurrences with extreme value theory (Freitas et al., 2010; Lucarini et al., 2012, 2016). Recurrences are states of
the system that return arbitrarily close to a previously visited state (see red dots in Figure 1a). By considering one
atmospheric variable x and a state of interest £, 8-1 and d are computed over a latitude-longitude map for each day of x time-
series. Therefore, recurrences are states that are close to ¢ in the phase-space, and thus those that have configurations that are
very similar to &, for the selected variable. Recurrences in the phase-space are defined using the Euclidean norm (dist)
between ¢ and nearby states. The metric 6-1 has the same units as the temporal resolution of the analyzed variable and

therefore in our case it has units of days.

To compute recurrences one has to first define an observable via logarithmic returns as follows:
g(x(1),0) = —log[dist(x(),O)] (1)

Where x(t) represents the complete time-series of the variable x and £ the given state of interest. Note that the total number of
states equals the number of time-steps in the full time-series and recurrences are computed for each state. Then, a sufficient
high-quantile threshold s(q,() is defined for the time-series g(x(t),C), so that Vg(x(t),C) > s(q,C) is possible to define a
recurrence as u(£)=g(x(t),£)-s(q,£). The cumulative distribution function of the recurrences F(u,{) converges to the

exponential member of the Generalized Pareto Distribution (GPD)(Freitas et al., 2010; Lucarini et al., 2016) as follows:

~ - )
Fw,Q) = exp| -9 22 (2)
Where the parameters 6 and o are sensible to the chosen state £. The parameter 6 represents the extremal index (Moloney et
al., 2019) and is here computed using the approach in (Siiveges, 2007). Finally, our local persistence metric corresponds to

6-1=At/6, where in our case At=1 day and the local dimension is derived as d(£)=1/c(C).

Our dynamical systems approach to compute 6-1 and d, which from now on we will refer to as persistence and dimension,
has been successfully applied to a different set of univariate (Faranda et al., 2017b, 2017a, 2019; Messori et al., 2017) and
multivariate (Faranda et al., 2020; De Luca et al., 2020a, 2020b) case-studies. For more details on the definition of

persistence and dimension we refer the reader to (Faranda et al., 2017b, 2019; Messori et al., 2017).

2.2 Mid-latitude regions
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In our work we use a total of 16 mid-Ilatitude regions over the northern hemisphere to quantify observed, historical and
projected changes in daily persistence and dimension (Faranda et al., 2017b; Messori et al., 2017). 13 of these 16 regions are
the ones defined in the IPCC Fifth Assessment Report (AR5, see here): ALA, CAS, CEU, CGI, CNA, EAS, ENA, MED,
NAS, NEU, TIB, WAS and WNA. In addition to these, we added 3 more regions covering the full mid-latitude belt (MID-
LAT, -180W, 180E, 30N, 70N), North Atlantic (NA, -48E, -10E, 45N, 75N) and North Pacific (NP, -190E, -135E, 30N,
56N) ocean basins (Figure 2a).

2.3 Data

In this study, we use of European Centre for Medium-Range Weather Forecast (ECMWF) reanalysis dataset ERA5(C3S,
2017) at 0.25° of horizontal resolution (freely available here) and Coupled Model Intercomparison Project Phase 6 (CMIP6)
(Eyring et al., 2016; O’Neill et al., 2016) datasets (freely available here). From CMIP6 data we use a multi-model ensemble
(MME) of Historical along with Shared Socioeconomic Pathways (SSP) 126 and SSP585 runs. From these datasets we
extract three atmospheric variables at daily time-steps, namely geopotential height at 500mb (2500, m), U wind-speed (ms-1)
at 500mb and sea-level pressure (SLP, mb). Daily persistence and dimension have been computed for both Z500 and SLP,
the latter used as a sensitivity test. For Z500, a total of 15, 22 and 23 CMIP6 models compose our Historical, SSP126 and
SSP585 MMEs respectively (Table S1). Similarly, our SLP Historical MME is composed by 15 CMIP6 models (Table S1).
Lastly, U wind MMEs are composed by 17, 21 and 21 CMIP6 models for Historical, SSP126 and SSP585 (Table S1). Note
that for dimension we show its observed and historical trends to strengthen our interpretation of persistence. The models
have been chosen following data availability from the World Climate Research Programme (WCRP) website. For each
CMIP6 model the first available ensemble member has been chosen (Table S1). We analyzed CMIP6 data on the original
horizontal resolution of each individual model (Table S1), to limit the number of pre-processing steps that might influence
the dynamical system. The ERAS time-period spans across 1979-2019, whereas for Historical and SSPs periods we choose
1979-2014 (based on availability) and 2081-2100. In total, 1232 full-year datasets have been used to compute Z500 and SLP
daily persistence and dimension across the 16 mid-latitude regions, ERA5 and CMIP6 data. Then, we filtered boreal summer
June-July-August (JJA) daily persistence and dimension outputs from all the years under study. However, we would like to
note that a very small number of CMIP6 datasets contain missing values, making it impossible to compute the dynamical

systems metrics. These 12 datasets, excluded from the analyses, are listed in Table S2.

3. Climatology of summer persistence

First, we analyze the climatology and intra-seasonal behavior of persistence (6-1) in different mid-latitude regions. In early
summer, persistence is low and it progressively increases over June to peak around the end of July or early August (i.e. day
~60 in Figure 2). This intra-seasonal evolution is mirrored by the strength of the westerlies, which are weakest in July-
August for mid-latitude regions (Figure S1). June can be considered a transition month with the jets still relatively strong and

propagating northwards from their southerly position in the cold season. The ‘high’ summer months July and August are

6
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characterized by the weakest westerlies, smallest poleward temperature gradients, and most pronounced weather persistence.
Climate models of the Coupled Model Intercomparison Project — Phase 6 (CMIP6, Table S1) capture this intra-seasonal
175 evolution well. The multi-model mean reproduces the strength and seasonality of the westerlies, though individual models
might have biases (Figure S1). The intra-seasonal evolution of persistence is also well reproduced but models tends to
overestimate persistence (by about 5%, Figure 2). This might be related to a general underestimation of variability in models
suggesting that models have a too small local dimensionality, and thus the current state is more likely to persist. We focus on
July and August as they behave dynamically similar and since these are the hottest months and thus persistent weather will

180 have the most pronounced impacts. Analyses based on all summer months give very similar results (not shown).
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Figure 2. Intra-seasonal evolution of weather persistence in boreal summer showing most persistent circulation by
end of July to early August. (a) The 16 mid-latitude regions over the northern hemisphere used in the analyses: 13 IPCC-
185 SREX regions, full mid-latitude belt (MID-LAT), North Atlantic (NA) and North Pacific (NP) oceans (see Methods). (b)-(q)
Climatological persistence during summer days (June-July-August) for ERA5 1979-2019 (in red) and historic climate
simulations 1979-2014 (multi-model ensemble mean in black and 95% model-range in grey-shading) for the mid-latitude

regions shown in panel (a). See Table S1 for CMIP6 data used in the analyses.
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4. Historical trends in observations and models

Weather persistence in July-August has clearly increased over the last 40 years (Figure 3 and Table S3), both in observations
(ERAJ5 reanalysis, C3S (2017)) and state-of-the-art climate models (CMIP6, Eyring et al. (2016)). Over the mid-latitude belt
(30°N-70°N), the mean weather persistence has increased by about 10% over 1979-2019. Historic model simulations over
1979-2014 (simulations with historic forcings end in 2014 — see Methods) have an upward trend of similar magnitude. The
close agreement between modeled and observed trends strongly suggests that the observed increase in persistence is
attributable to greenhouse gas forcing. The most pronounced and significant (p < 0.01) trends in persistence are observed
over the Atlantic sector, in particular Europe (NA, CGI, CEU, NEU and MED). Here persistence increased about twice as
fast as compared to other mid-latitude regions. This is consistent with the pronounced weakening observed for the North-
Atlantic storm track reported in previous studies (Chang et al., 2016; Lehmann and Coumou, 2015). Moreover, slowly
evolving circulation states, i.e. those that are more relevant for persistent extremes, have also become more persistent since
1979, as revealed by trend analyses of the 90n percentile of 6-1 (Figure S2 and Table S4). In fact, the magnitude of the
upward trend is nearly twice as large for the 90w percentile as compared to the mean (Figure S3). Just like changes in the
mean, the trends for the 90t percentile are most pronounced for the Atlantic sector. We repeated the analyses using sea-level
pressure and found similar significant trends for the mid-latitudes though on a regional scale the trends are less significant
(Figure S4 and Table S5). Consistent with upward trends in 8-1, the local dimensionality has seen a progressive decline since
1979 in both observations and CMIP6 models (Figure S5 and Table S6). High persistence and low dimension are linked to
more stable states (Faranda et al., 2017a; De Luca et al., 2020b; Messori et al., 2017).
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Figure 3. Significant upward trends since 1979 in the mean weather persistence during July-August. July-August
mean persistence for ERA5 1979-2019 (in red) and historic climate simulations 1979-2014 (multi-model mean in black and
95% confidence intervals in grey-shading) for different mid-latitude regions as shown in Figure la. Stars indicate

significance of the trends using a Mann-Kendall test with *** p<0.01; ** p<0.05; and * p<0.1.

5. Future changes in persistence

Climate model simulations (O’Neill et al., 2016) show that future greenhouse gas emissions will further increase persistence
in boreal summer (Figure 4 and Table S7). Under a low emission scenario (SSP126, compatible with the Paris climate
agreement), the future increase in persistence will be moderate— and in fact less than the changes observed over the last 40

years (green box-and-whisker plots in Figure 4). Under a high-emission scenario (SSP585), resulting in a world about 4°C

10
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warmer than pre-industrial, the increase in persistence is about a factor 2 to 3 larger (compare blue and green box-and-
whisker plots in Figure 4). The model spread is substantial but all models except one project an increase in persistence for
the mid-latitude belt. The most pronounced future changes are seen over the American sector (CGI, CNA, WNA - red labels
in Figure 4) and Asia (EAS, NAS — purple labels in Figure 4). Europe — in contrast to the historic changes - sees a more
moderate increase in persistence. In general, land-areas see a more pronounced increase as compared to the oceans (NA,
NP), roughly by a factor 1.4. Regression analyses between end-of-century changes (2081-2100 minus 1981-2000) in
persistence and westerlies behave approximately linearly with a weakening of the westerlies by -1m/s increasing the
persistence with nearly half a day (Figure S6).

ﬁ -;r# . @*

0.6

0.4

- # a:
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SFET E‘ §+

ENA WNA WAS CAS TIB EAS NAS NP
Region
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Figure 4. End of century changes in the mean weather persistence during July-August. Box and whisker plots of the
change in persistence (66-1) between 2081-2100 and 1981-2000 (historical simulation runs) under SSP126 (green) and
SSP585 (blue). Changes are highly significant according to a one tailed Mann-Whitney test (see Table S7).

6. Discussion

Here we reported detectable increases in weather persistence over the historic period (post 1979) in both observations and
climate models. We argue that, to detect such signal, advanced persistence metrics, as used here, are essential. More widely
used clustering approaches take strong assumptions on the system’s dimensionality, and the dimensionality reduction
removes most of the available data: The complex state of the atmosphere on any given day is reduced to a single regime
classification. Any remaining signal is subsequently smeared out over multiple clusters. A fairly weak signal in a system

with pronounced variability will be lost in such analyses.

The detected upward trend in persistence can be linked to a weakening of the westerlies associated with a reduction in

poleward temperature gradient (as shown e.g. in Coumou et al. (2015)). In summer, Arctic amplification manifests itself as
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enhanced warming over land areas around 65°N (Coumou et al., 2018). The Arctic Ocean shows no strong warming
amplification in summer as all the extra energy absorbed is used to melt sea-ice — not to raise temperatures. In contrast, the
Arctic land-areas (Siberia, Canada, Alaska) have seen very strong warming associated with reductions in snow cover
(Connolly et al., 2019). This enhanced high-latitude land warming in summer has also been formerly attributed to be likely
(following the IPCC lexicon) due to greenhouse gas forcing (Mann et al., 2017). The warming penetrates the lower
atmosphere (up to ~500mb) (Cohen et al., 2014; Coumou et al., 2015) and thus weakens the westerlies. Following the
thermal-wind balance, the strength of the westerlies scale with the vertical integral of the poleward temperature gradient and
thus lower atmospheric layers have a strong influence on the upper-level flow. Here we show that this weakening has already

induced more-persistent summer weather throughout the mid-latitudes.

Some studies argued that the reduction in day-to-day weather variability associated with weakened storm tracks would imply
fewer extremes (Schneider et al., 2014). However, we argue that a reduced day-to-day variability reflects a lowering of the
local dimensionality, directly related to the number of directions in phase-space in which the atmosphere can evolve. If this
number reduces, then the current state is more likely to last longer, favoring long-lived, stalling weather events. These tend
to be the extremes that matter to society. The future increase in dynamical persistence, as reported here, is in agreement with
studies showing that the number of consecutive summer days with either warm, cold, dry or wet anomalies is projected to

increase (Schleussner et al., 2017).

The increase in summer weather persistence since 1979 has been particularly pronounced over the North Atlantic sector
including Europe, and especially in the upper tail of 6-1 (90n percentile). This might have contributed to the exceptional
increase in European heatwaves (Christidis et al., 2014). Persistent summers include the Russian heatwave of 2010
(Barriopedro et al., 2011) and hot-and-dry summers over western Europe in 2018 and 2019. The strong increase in
persistence over the Atlantic appears consistent with the recently reported increase in stalling Hurricanes along the North
American coast (Hall and Kossin, 2019). The zonal mean dynamical changes, as described above, can regionally be
exacerbated by ocean-atmosphere or land-atmosphere interactions. The strengthened land-ocean temperature contrast — a
direct thermodynamic consequence of greenhouse gas forcing — promotes quasi-stationary waves (Shaw and Voigt, 2015).
Likewise, the atmospheric response to a weakened Atlantic Meridional Overturning Circulation (Caesar et al., 2018)
generates blocking high-pressure systems over Europe in summer (Haarsma et al., 2015). Finally, also, soil-moisture
feedbacks can generate regional (Fischer et al., 2007; Haarsma et al., 2009) or even hemispheric (Teng and Branstator, 2019)

circulation changes.

We have reported an overall increase in the persistence of boreal summer weather using an advanced metric based on
dynamical systems analyses. State-of-the-art climate models show similar upward trends suggesting that the increased

persistence since 1979 is attributable to greenhouse gas forcing. Consequently, future projections show substantial further
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increases in persistence under high-emission scenarios. This poses serious risks for society as it increases the risk of stalling
weather patterns. These future risks are mostly avoided under emission scenarios that are compatible with the Paris

agreement.
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