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Key Points:

e Summer heat anomalies in the northern hemisphere will become more persistent in the mid-
latitudes, especially in southern North America where summer weather patterns and
associated temperature anomalies are projected to slow-down by more than 45% by the end
of the century.

e There are robust relationships between Arctic warming at near surface levels and
midlatitude weather persistence in observations and models.

e Models disagree on the sign of equator-to-pole temperature gradient change during
summer, but those models that agree with observations, a warming Arctic, show a stronger
trend towards increased persistence over mid-latitude land area (-10%).
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Abstract

Understanding the response of the large-scale atmospheric circulation to climatic change
remains a key challenge. Specifically, changes in the equator-to-pole temperature difference
have been suggested to affect the mid-latitudes, potentially leading to more persistent
extreme weather, but a scientific consensus has not been established so far. Here we quantify
summer weather persistence by applying a tracking algorithm to lower tropospheric
vorticity and temperature fields to analyze changes in their propagation speeds. We find
significant links between slower propagating weather systems and a weaker equator-to-pole
temperature difference in observations and models. By end of the century, the propagation
of temperature anomalies over mid-latitude land is projected to decrease by -3%, regionally
strongest in southern North America (-45%) under a high emission scenario (CMIPS
RCP8.5). Even higher decreases are found (-10%, -58%) in models which project a
decreasing equator-to-pole temperature difference. Our findings provide evidence that hot
summer weather might become longer-lasting, bearing the risk of more persistent heat

extremes.

1 Introduction

Global mean temperatures are increasing due to anthropogenic activity, but this warming is not
distributed uniformly. Arctic regions are warming at a higher rate than lower latitudes, a
phenomenon coined Arctic amplification (AA), with potential impacts on atmospheric circulation
and mid-latitude weather (7, 2). Assessing the impact of heterogeneous warming trends on the
atmospheric circulation and on the frequency and magnitude on extreme weather events remains
a key challenge in climate science (3—6).

In the mid-latitudes, surface weather is strongly influenced by the jet-stream, which tends
to advect weather systems, as well as their associated warm and cold temperature anomalies
eastwards. The mid-latitude jet is generally related, through the thermal wind balance, to the
equator-to-pole temperature gradient (e.g. Vallis 2006). The latter is subject to change in recent
years, due to the rapid warming of the Arctic, one of the most prominent signals of anthropogenic
climate change (8). While there is a general consensus that Arctic warming can have an effect on
future changes in extreme weather in the mid-latitudes, it is currently still debated if and sow these

changes will play out under future emission pathways, and whether such effects can be felt today
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already (2, 6, 9). Studies struggle with the relatively short observational time-series of variables
such as upper level wind and pressure fields, making it challenging to rule out the signatures of
multi-decadal variability in observations. Moreover, discrepancies between models and
observations still exist, indicating that some of the relevant physical linkages might be
underestimated (/0). In addition, the vertical structure of AA is complex and differs seasonally. In
contrast to a lower level warming, a cooling trend has been observed in the upper Arctic
troposphere (/7), while the tropical upper troposphere is warming leading to a temperature
gradient increase at higher altitudes. The opposing effects of these observed trends on the mid-
latitude circulation have been coined a Tug-of-war: while a decrease in lower level equator-to-
pole-temperature gradient would lead to an equatorward shift and a decrease in storm track activity
(12), the opposite is expected for an increase in the upper level temperature gradient, possibly
balancing out the annual mean changes (6, /3). In summer, storm tracks have been reported to
weaken, consistent with a slow-down of the mid-latitudinal zonal winds (72).

Past efforts have put an emphasis on linking a warmer Arctic to the waviness of the mid-
latitude jet, but no consensus has been reached so far (2, 9). A number of diagnostic approaches
were introduced to quantify circulation changes, but their trends and impacts over the
observational time period have been shown to be sensitive to the exact methodology (3, 4, 14, 15),
and their relevance for the actual near-surface weather systems was often not assessed. In addition,
specific wave patterns of the jet characterized by a hemispheric wavenumber 5 and 7 and
associated with severe heatwaves have been reported to become more frequent (/6, /7), but a
direct link to a warmer arctic has so far remained suggestive (/2, /8). Most studies that aim to
relate a warming arctic to mid-latitude extreme weather focus on winter climates and cold-spells
(2, 8, 9), while the effect of a decreasing temperature gradient on summer circulation has received
less attention (/9-21). This is in spite of the fact that in summer changes in extreme heat waves
could act on top of the thermodynamic warming trend, while extreme cold spells in winter might
become less severe in future climates (22). Impacts of extreme heat waves on human health,
livestock and agricultural production amplify when persisting for an extended period. As opposed
to previous studies, which were primarily focused on the wave disturbances (e.g., derived from
geopotential height anomalies (3, 4, 23)) or changes in the persistence of local weather conditions
(based on counting of subsequent days of continuous warm-dry or cold-wet episodes (24, 25)), we

introduce a novel approach to quantify the key dynamical characteristics of heat anomalies for the
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investigation of their future persistence changes. By modifying a cyclone feature-tracking
algorithm (26) and applying it to low-level temperature anomalies (22, 27) we are able to quantify
the future changes in weather persistence and their relationship to physical drivers such as zonal
wind speed and the large-scale temperature gradient, which have been discussed in the context of
changes in mid-latitude extreme weather. Our analysis aims at tackling the following research
questions:
1. What is the relationship between weather persistence, jet speed, and the low-level
equator-to-pole temperature gradient?
2. How is local weather persistence projected to change under a high emission
scenario and to what extend do models agree?
3. Can projected changes in weather persistence be linked to changes in the equator-

to-pole temperature gradient and a weakened jet in models?

In this context we use the term ‘weather’ for the combination of both mid-latitude synoptic
cyclones and anticyclones, as well as their associated temperature anomalies. Thus, a slow-down
in their eastward propagation is interpreted as an increase in weather persistence. In the following
sections we introduce the tracking algorithm, provide a short introduction to the theoretical
considerations and the datasets used (Section 2. Data, Methods and theoretical considerations). We
then provide evidence that weather persistence is significantly linked to zonal wind strength and
the equator-to-pole temperature gradient in reanalysis data and models and show that the spread
in projected weather persistence corresponds to projected changes in polar warming (Section 3.
Results). These results are discussed and put into context in Section 4. Discussion & Conclusion.
2. Data, methods and theoretical considerations
2.1 Lagrangian feature-tracking of vorticity- and temperature anomalies

Feature-tracking is a widely used technique to diagnose the specific dynamical properties
(e.g. propagation speed) of weather systems. We identify and track vorticity and temperature
anomalies using the tracking algorithm of Hodges (26), which allows for a quantification of their
tracks, propagation speeds, and the intensity of the tracked anomalies. As we are interested in the
near-surface conditions during summer, we focus on the 850 hPa level anti-cyclones and positive
temperature anomalies, which are more relevant for heat waves (but similar qualitative results are
obtained for cyclones and negative temperature anomalies, (see Fig S1). In the following we

provide an overview of the tracking algorithm, but refer the interested reader to (26) for a more
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comprehensive description of the technical details. Anti-cyclones are identified as positive
anomalies in the relative vorticity field, which is computed using the zonal and meridional wind
velocities on a 6-hourly time resolution. Anomalies are determined by subtracting a background
state, and features are identified as localized maxima/minima of the anomaly field. The
background state is defined as the climatology of the large-scale flow (wavenumbers smaller than
5). For the tracking of temperature anomalies we remove the diurnal cycle by subtracting
climatologies on a 6-hourly time resolution for each time-step (i.e. averaging over all considered
years for each 6-hourly time-step separately). For both vorticity and temperature, anomalies are
smoothed to a T42 grid (approximately 2.8 degree resolution) before the tracking, to avoid small-
scale noise. The centers of the features are then tracked by performing a nearest neighbour method
between time-steps (but ensuring the smoothness of the tracks by adding restrictions on their
propagation direction and speeds (28)). As is typically done for vorticity, only features that last for
more than two days and propagate distances larger than 1,000 km are considered for further
analysis. For temperature anomalies this condition is relaxed, so that stationary perturbations like
heat waves can be detected. The tracking algorithm not only provides us with the tracks of the
features (position at every time- step), but also with spatial maps of averaged statistics such as
their mean propagation speeds. The statistics are calculated by extrapolating the values along the
tracks from all the features aggregated over a season, using locally defined spherical kernel

estimator, which constitute a type of distance weighted statistical estimator ((26).

2.2 Data

The analysis is based on ERA-Interim reanalysis data (29) and output from the coupled
model intercomparison project (CMIP5) (30) for Northern emisphere summer months (June-
August, JJA). Temperature and zonal wind fields are analysed on the 850, 500 and 250 hPa levels
on a 2.5x2.5 grid. For ERA- interim we investigate the period 1981-2014. CMIP5-data is based on
data from 20 models (see model list in Fig. 4) from the representative concentration pathway 8.5
(RCP8.5) emissions scenario and historical simulations, using the rlilpl ensemble member. A
period of 24 years is used in the historical (1981-2004) runs and 19 years in the projected (2081-
2099) runs. The meridional temperature gradient dT /dy was approximated by subtracting the
zonally averaged temperature at high latitudes (65°N-90°N) from the mid-latitudinal belt (30°N-
50°N) and dividing by 40°, following the approach taken in other studies (9). The zonally averaged

values of the zonal wind U, the meridional temperature gradient d7/dy, and the zonal propagation
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speeds of anticyclones (c.) and warm temperature anomalies (c«) were linearly detrended, to avoid
spurious correlations. With the exception of U at the 250 hPa level, all variables investigated
exhibited a decreasing (although non-significant) trend over the investigated period (1979-2014)
(Fig. S2, S11). Meridional averages were computed over the mid-latitude belt (40°N-70°N),
though results are found to be insensitive to the exact choice of latitudinal boundaries. The analysis
presented here is focused on the zonal components of c. and ¢, as those are more directly linked
to U, and because the zonal propagation speeds are found to dominate the absolute value of the
phase speed. This is demonstrated in Fig. S8 and Fig. S9, showing changes in the total propagation
speeds and in the meridional propagation speed of anti-cyclones (c.) and positive temperature

anomalies (cy), respectively.

2.3 Theoretical considerations for the eastward propagation of weather patterns.

To the extent that extratropical weather systems can be represented as free Rossby waves,
the relation between the zonal propagation speed of weather systems c., and the zonal mean flow
U can be investigated by considering the linearized vorticity equation. In the simplest case of freely
propagating Rossby waves on a beta plane, a 2D nondivergient flow and a zonally and meridionally
uniform flow U, the dispersion relation and associated zonal phase speed of Rossby waves c, (e.g.
Vallis 2006) are given by:

cx =U—B/(k?+1%) [1]
where k and / are the zonal and meridional wavenumbers, respectively. Equation 1 suggests that
the zonal phase speed ¢, of atmospheric Rossby waves is to proportional to the mean zonal flow
U minus the westward self-propagation of the waves (the second term on the right hand side of
[1]). Hence, assuming [, k and [ remain constant, we can expect changes in c, to follow changes
in U (although the relevant wavenumbers k and [ can generally change too). In a more realistic
case (e.g. for Rossby waves propagating on a jet), f on the right hand side of Eq.1 should be
replaced with the mean potential vorticity gradient, which could depend on U and the meridional
tempereature gradient dT /dy as well. Hence, the westward self-propagation of the waves could
also change in response to a change in U or dT/dy. Nonetheless, the results presented in the
Section 3 suggest that the changes in the propagation speeds indeed correlate well with the changes

inU.
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Assuming that the eastward propagation velocity of vorticity c., and temperature anomalies ¢,
follows the troughs and ridges of propagating Rossby waves (i.e., €, = Ccy, Cx = Cty), We can thus
also expect:
Cex~U; cp~U. [2]
Above the boundary layer, the vertical shear of the zonal mean flow dU /dp can be further related
to the equator-to-pole temperature gradient d7/dy by the thermal wind balance:
dU/dp = R/fp(dT/dy), [3]
Where p is the pressure, R is the gas constant and f is the Coriolis parameter. When integrating
Eq. [3] from the surface to 500 hPa, it follows that U on the 500 hPa level is proportional to the
vertical average of the equator-to-pole temperature gradient dT /dy from the surface to 500 hPa
(assuming that the mean flow is zero at the surface):
Usoo~ W [4]
For simplicitly we assume dT /dy = dT/dy at the 850 hPa level, which we chose as an equivalent
level to its vertical average. The results are not affected qualitatively (i.e. relationships are still
statistically significant) by the exact choice of the level as long as it in the lower troposphere
(compare figures S3-S5, that show correlations on 850 hPa, 500 hPa and 250 hPa respectively).
Relating the linear relationship expressed in [4] and [2] suggests that:
Cex~dT /dy and cy ~dT/dy, [5]
an approximately linear relationship between the equator-to-pole temperature gradient and
weather persistence in the mid-latitude. In the following section we investigate to what extent these
crude approximations are justified, and whether such linear relationships between dT /dy, U, c.,
and c;,, as suggested by [2] and [5], can be indeed found in reanalysis and model data (Fig. 2, Fig.
3).
3 Results
The most impactful heatwaves of the past decades were not only characterized by extreme
temperatures, but also by their unusual persistence. To showcase the temperature anomaly tracking
algorithm and it’s output, we provide anomaly tracks detected during two major Northern
Hemisphere heatwaves (Fig.1): the 2003 heatwave in western Europe (Fig.l1a,b) and the 2010
heatwave over the larger Moscow area (Fig. 1 c,d), both associated with amplified mortality,
harvest failures, wildfires and damages to infrastructure and economy (32—34). These events were

not only extreme in their intensity but also unusual in their persistence. The eastward propagation
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speed ¢, and maximum intensity /.x (defined as the highest temperature anomaly during the life
time of a track) and life time of all temperature anomaly tracks detected over central Europe (Fig
la) and the larger Moscow region (Fig.1¢) during June-August (JJA) are provided in Fig. 1b,d.
For both regions, three of the five most intense tracks were detected in 2003 and 2010 for central
Europe and Moscow, respectively, and those tracks were also among the slowest tracks detected.
The tracking algorithm successfully captures both the extreme intensity and the exceptional
persistence of these two events, which gives confidence in it’s utility for examining the potential

changes in the persistence of such extreme events.
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Figure 1. Tracking positive temperature anomalies in ERA-I reanalysis data. Tracks of positive
temperature anomalies in (a-b) Europe (-4°W-20°E; 40°N-53°N) and (c-d) Russia (30°E-60°E;
45°N-65°N, also see boxes in Fig. 4a) during summer (JJA, 1981-2014). (a,c) Trajectories of all
tracks that crossed central Europe (Russia) in JJA 2003 (2010), with color denoting the intensity
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of their temperature anomaly in Kelvin. (b,d) The mean zonal propagation speed of each warm

temperature anomaly (cs) that crossed the region, plotted against their maximum intensity reached

along the track within their lifetime. The life time in days of each track (time spent within the

region) is depicted by the gray shading, vertical (horizontal) grey dashed lines provide the average

maximum intensity (cx). Years 2003 and 2010 are shown in red for central Europe and Russia,

respectively.

3.1 A relation between weather persistence and the meridional temperature gradient
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Figure 2. Linear regression of meridional temperature gradient dT /dy (850 hPa), zonal wind U

(500 hPa), and propagation speeds of anti-cyclones c.xand positive temperature anomalies cs (both

850 hPa) in ERA-I reanalysis data (1981-2014) during summer (JJA). The correlation between

seasonally averaged zonal mean meridional temperature gradient and (a) zonal wind U, (b) zonal

velocity of anti-cyclones (c.x), and (¢) zonal velocity of positive temperature anomalies (cx) in the
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mid-latitudes (40-70°N). Panels d-f show the analogue for correlations between zonal mean wind
U and zonal velocity of (d) anti-cyclones (ccx), and (e) positive temperature anomalies (cx), and
(f) the correlation between the zonal velocity of cyclones (c.x) and positive temperature anomalies
(cw). A linear fit is shown in red, p-values and R? are provided in the lower right corner. All four

metrics are significantly correlated. Similar results are obtained for cyclones and negative (cold)

temperature anomalies (Fig.S1).

To investigate the role of large scale climatic conditions, such as the zonal mean zonal
wind U and the equator-to-pole temperature gradient d7/dy in weather persistence, we plot cex, cx
(850 hPa) ,U (500 hPa) and d7/dy (850 hPa) against each other and perform a linear regression
(Fig. 2). We find significant linear relationships between d7/dy and all other measures, namely U,
cex and ¢ (Fig. 2a-c), in agreement with the idealized relationships derived in section 2.4. The
described variance is highest for U (R?>=0.37) and lowest for ¢, (R?>=0.17). Regressing U directly
to cer and cy yields significant correlations with highest described variance of R?= 0.55 for U and
Cex, highlighting the strong ties between zonal winds and storm-tracks (Fig. 2 d-f), and R?>= 0.32
for U and cs. In addition, a statistically significant relationship is found when regressing c.x and
Cw, although the described variance is lower (R?= 0.18) compared to the regression of U and cu,
suggesting that the eastward propagation of temperature anomalies is more strongly related to the
zonal winds directly rather than to the eastward propagation of cyclones and anti-cyclones. Finally,
we note that while significant links are found between U, ccx, cix and the lower-level temperature
gradients d7/dy, no such correlations are found for upper-levels at 250 hPa (S3-S5). This suggests
that changes in the upper level temperature gradients in summer are less important for the low

level temperature persistence.

3.2 Uncertainty in future changes of weather persistence linked to projected Arctic warming

The existence of decadal fluctuations in the atmospheric circulation makes it challenging
to distinguish a forced response from the background signal over the relatively short period for
which reliable observational time series are available. To assess the potential future changes in the
dynamical characteristics of temperature anomalies, we apply the tracking algorithm to 20 models
of the CMIPS5 ensemble (see Methods for details). Tracks are assessed on historic (Zist, 1981-2004)

and future projections in a high emission scenario (rcp8.5, 2081-2099). In order to analyse the
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modelled inter-relationships and model spread, we investigate the projected changes in the zonally
averaged AdT/dy, AU, Acex and Acy, in JJA (Fig. 3). In agreement with Barnes & Polvani (Barnes
& Polvani 2015), who investigated changes of U and the meridional temperature gradient over the
North Atlantic, we find that the model spread in Ad7/dy describes the model spread in AU well
(p-value <0.05), with a R? value of 0.28, Fig.3a). The correlations between AdT/dy and Ac.x and
Ac:y are also both found to be significant at a 95% confidence level with R? values of 0.71 and 0.52
respectively, (Fig. 3b, ¢). In agreement with the significant correlations found in reanalysis data,
AU with Acex and Acye as well as Acer with Acy, are found to be significantly related in models
(Fig.3d-f), with highest values of described variance for Acer with Acy (R?=0.72). Thus, models
that project an increase of dT/dy in the mid-latitudes also tend to project an increase of U, c.. and
¢, While models that project a decrease in d7/dy tend to project a decrease of U, c.x and ca,
highlighting the considerable linkages between these four variables.

Assessing changes in Ad7/dy shows that the models do not agree on the sign of the
projected future changes in summer (Fig. 3a-c). To further investigate this, the models are split
into two groups according to their future projection of the meridional temperature gradient (Ad7/dy
>0, AdT/dy >0), in the spirit of a story-line approach (35). Each group makes up about half of
the total number of investigated models (see list in Fig. 3): 12 project an increasing dT/dy under a
future high emission scenario, while 8 project a decreasing d7/dy. Combining model data from
historical runs (1980-2004) with the first 14 years from the rcp8.5 experiments (2005-2018) allows
us to calculate the modelled change in d7/dy and validate the model’s performance by comparing
the slope m to the changes in reanalysis data over the same time-period (Fig.3g). While the multi-
model average suggests only little change (m=-0.0003 K/deg/10yrs), we find that models
projecting a decrease in d7/dy by the end of the century have been considerably closer (-0. 0.0026
K/deg/10yrs) to the values based on reanalysis (-0.0023 K/deg(10yrs) for the same years,

compared to models that suggest an increasing gradient in summer (0.0012 K/deg/10yrs).



30

308

309

310

312

Non-peer reviewed version submitted to EarthArxiv (17.10.2020)
Original manuscript in revision at Geophysical Research Letters (GRL) and will be available soon.
Please cite the published version once available.

08
1

(@ *19 1
T
Lo
E i
e 0
- ad® o Pval- 0.02
S R2:0.28
| S A AR B m—
003 -001 001 003
AdT/dy (K/deg.)
= C ;
~~
By
S
S
S
g’?
©
?
T I | T T T T
-04 00 02 04 06 08
AU (m/s)
=5 | @ )
('o‘
g _
Sz
50
=
© O
83 _
53
| | | |
I§ % %
T 8 & 8
= s = =
=z 2 2

=G
- .1
—_
Do
o
=
=
X
g7
o | 4 p-val.: 3e-06
G 4 /M g3, | R2OT
! I .? ! I | |
003 001 001 003
AdT/dy (K/deg.)
g4 g
b, .3
-7
—_
.
0o
g
SN
S 4 %0, %5
QT | e
o | s p-val: 2e-04
o R2: 0.55
I T I I T T T I
04 00 02 04 06 08
AU (m/s)
Models

1 CMCC-CM

2 CNRM-CM5

3 CSIRO-Mk3-6-0
4 CanESM2

5 FGOALS-g2

6 GFDL-C

7 GFDL-ESM2G
8 GFDL-ESM2M
9 HadGEM2-CC
10 HadGEMZ2-ES

© |
o
]
2
—oc
g
p—
BN
77
o P8 g4 3 p-val.: 4e-04
S R2: 052
| I | | I | |
003 -001 001 003
AdT/dy (K/deg.)
=
A
N o |
o
£
p—
o~
g9
] p-val.: 2e-06
‘$ [ 4as R2:0.72
| | T T T T |
06 02 02 04 06
ACex (m/ S)
11 IPSL-CM5A-LR
12 IPSL-CM5A-MR
13 MIROC-ESM
14 MIROC-ESM-CHEM
15 MIROCS
16 MPI-ESM-LR
17 MRI-CGCM3
18 NorESM1-M
19 bcc—csmi-1
20 inmcm4

Figure 3. Linear regression of projected changes in CMIP5-models (historical, 1981-2004 vs.
RCP8.5, 2081-2099) in the meridional temperature gradient AdT/dy (850 hPa), zonal wind AU

(500 hPa), and propagation speeds of anti-cyclones Ac.x and temperature anomalies Ac, in summer

(JJA). The correlation between projected changes in seasonally averaged zonal mean meridional

temperature gradient AdT/dy and (a) zonal mean winds AU, (b) zonal velocity of anti-cyclones
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(Acex) and (¢) zonal velocity of temperature anomalies (Acs) in the mid-latitudes (40-70°N) during
summer (JJA), for all CMIP5 models provided in the list. Panels d-f show a similar analysis but
for correlations between changes in the zonal mean wind U and the zonal velocity of (d) anti-
cyclones (Acc), and (e) warm temperature anomalies (Acs), and (f) the correlation between the
changes in zonal velocity of anti-cyclones (Ac.) and warm temperature anomalies (Acx). (g)
change of dT /dy taken from a linear regression over the years 1981-2018 over ten years, for the
reanalysis data and for the two subsets of models projecting either a decreasing or an increasing

dT /dy in the future (2081-2099).

3.3 The projected increase of midlatitude summer weather persistence

Regional patterns of future weather persistence relate to projected changes in the equator-
to-pole temperature difference in models. In the spirit of a storyline approach, we classify the
models by their future projection of dT/dy and investigate the spatial patterns of Ac.x and Ac; for
models that show increasing and decreasing trends separately, in addition to a multi-model mean
(Fig.4). A mean warming is found for the multi-model mean, but models that predict a decreasing
temperature gradient tend to be generally much warmer compared to models that project an
increasing temperature gradient (Fig.4a-c). Land areas and the Mediterranean are hotspots for
future warming in all three cases, but an amplified warming at higher latitudes is only projected
for the AdT/dy <0 subset, as expected (Fig. 4b). Multi-model mean fields of Ac.. show a slow-
down across most of the mid-latitude land areas and a northward shift in U over the North Atlantic,
in agreement with earlier studies (36), while U over the Pacific is found to be less affected (Fig.
4d). We find a robust signal of decreasing Ac.. over land area when analysing Ad7/dy <0 models
only (Fig. 4e), compared to AdT/dy >0 models (Fig. 4f). The poleward shift in U over the North
Atlantic is projected to increase Acc, in the northern North Atlantic, which is the only region in the
mid-latitude that projects a robust increase in ¢, in all three cases (Fig. 4d-f). Strongest differences
between the two subsets are found in the mid-latitudes for western Europe. There, an increase in
cex 18 projected for AdT/dy >0 models, consistent with a strengthening and northward shift of U
over the North Atlantic into the western European land-areas (Fig. 4f). In contrast, models that
project AdT/dy <0, project mainly a weakening of Ac. and U (Fig. 4e). These contrasting signals
are also observed on zonal averages of upper level U (Fig. S10). Similarly, ¢, is projected to

decrease in the multi-model mean over the southern North Atlantic region, where U is weakening
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most strongly, and over southern North America, the Mediterranean, and central Eurasia (Fig. 4g).
This pattern remains largely unchanged in the Ad7/dy <0 subset (Fig. 4h), although patterns of
weakening ¢, over Europe and Eurasia are less robust. Overall, a decrease in cx is projected over
land areas in models that project a decrease in Ad7/dy <0, especially in the mid-latitudes, and the
northern North-Atlantic Ocean basin is the only mid-latitude region where weather persistence is
not projected to increase.

Quantifying projected changes of c.x and ¢ over specific regions (Fig. 4j,k and Table S1)
we find that the model agreement is strongest over southern North America, the entry region of
the North Atlantic stormtrack. The decrease in propagation velocity is projected for the multi-
model mean (Acun: -47%, Acw: -45%) and for both subsets (AdT/dy >0: Ace=-38%, Ace—-41%;
AdT/dy <0: Acex=-58%, Acx=-51%), and is probably due to the projected poleward shift of the
North-Atlantic stormtracks and the decrease of U in this region (37), which has been linked to the
expansion of the Hadley Cell (38). A moderate agreement between models is found over Russia,
where the multi-model mean (cex. -14%, cx: -6%) and both subsets show an averaged decrease but
with magnitudes that differ in strength Ad7/dy >0: Ace=-3%, Aco=1%; AdT/dy <0 Acex=-32%,
Acx=-16%), while only a poor agreement is found over Europe, where subsets strongly disagree

on the sign of the projection, highlighting the importance of North Atlantic circulation for

European weather.
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Figure 4. Spatial patterns of projected changes in CMIPS5 (historical, 1981-2004 vs. RCP8.5, 2081-
2099) in summer (JJA) temperature (850 hPa) (a-c), and the eastward propagation speeds of
anticyclones (ccx) (d-f) and temperature anomalies (cx) (g-i) in CMIP5 models, and their relation
to projected changes in the equator-to-pole temperature gradient Ad7/dy. Projected changes in 850
hPa temperature (filled contours) for (a) all models, (b) models that project a decreasing
temperature gradient Ad7/dy<0, and (¢) models that project an increase in temperature gradient
AdT/dy>0. (d-f) are analogues plots but for the zonal propagation speed of anticyclones (ccx) and
(g-J) for warm temperature anomalies (cx), respectively. In all panels, changes in the zonal winds
U at the 500 hPa level are shown by the line contours, with positive (negative) anomalies in red
(blue), the zero-contour in grey, and contour distance of 1ms™. (j,k) Boxplots showing the regional
distributions of the changes in the zonal propagation speed of (j) warm temperature anomalies (cx)
and (k) anti-cyclones (ccx) across models, for: the mid-latitudinal land area (ML Land),
midlatitudes (ML), south North American (NA), central Europe (EUR), and Russia (RUS) (see
corresponding boxes in panel a). For a depiction of model agreement on sign of change per grid

point see figure S7.

While the multi-model mean suggests small or no changes in future propagation speeds
over Europe (cex: -1%, cu: -6%), the AdT/dy <0 subset projects a decrease (Ace=-11%, Acy=-
10%), in contrast to the Ad7/dy >0 subset which suggests an increase in cex (Acex=6%, Acn=-3%).
Overall, cc 1s projected to slow down in the mid-latitudes in the multi-model mean (Aca=-2 %,
Acyx= 0.1%). Here, negative changes over land-area (Ac.=-3%, Acn=-2%) are cancelled out by
increases over the Atlantic, with propagation further decreasing (Aca=-11%, Acy,=-8%) when
considering only models that suggest a weakening in future equator-to-pole temperature

difference. These results suggest that summer weather might become longer-lasting in the future,
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bearing the risk of more persistent hot extremes across mid-latitude land area, especially over

southern North America, where model agreement is most robust.

4 Discussion and Conclusions

In this study we take a novel approach to investigate weather persistence, by applying a
tracking algorithm on vorticity and temperature fields in observations and climate models. We find
a slow-down of weather systems and associated surface weather conditions during summer over
vast mid-latitude land areas projected by the end of the century in a high-emission scenario (Fig.
4). Robust links of a decrease in lower- to mid-level tropospheric meridional temperature gradient
dT /dy related to AA and a slowdown of U are found in agreement with other studies (/2, 40),
following a linear relationship as suggested by the thermal wind balance (Fig. 2a). In addition we
show that the eastward propagation of weather systems c.c and their associated temperature
anomalies ¢, significantly correlate with U and dT/dy, in agreement with lidealized theroretical
considerations based on linear Rossby wave theory (Fig. 2). Our results imply that summers with
warmer temperatures in the Arctic could feature more persistent, slower-moving weather patterns
and surface temperature in the mid-latitude. In contrast, we find that upper tropospheric
temperature gradients to be unrelated to weather persistence as given by a slow-down of the
eastward propagation ccx and ¢ (Fig. S3-S6).

It is important to note that no straightforward causal arguments can be made based on the
regression analysis presented here. Given that mid-latitude weather systems also transfer heat
poleward, more persistent weather could also increase the transport of heat into higher latitudes
(41, 42), thus contributing to AA in addition to contributions from e.g. albedo changes due to
diminishing sea ice (43). Future studies are needed to further investigate the complex causal
pathways on seasonal and sub-seasonal timescales, which likely point in both directions and differ
in magnitude, depending on the background-state conditions.

Large uncertainties in the atmospheric dynamic response to greenhouse-gas emissions
remains a key challenge when assessing future extreme weather risk (/, 44). We find that the
models disagree on the sign of the equator-to-pole temperature gradient change during summer,
but provide evidence that the magnitude of projected Arctic warming is linked to the model spread
of future weather persistence (Fig. 3). However, by validating the model’s performance against
the observational data, we find that models projecting a weakening gradient have been more

accurate in reproducing past changes, and are thus potentially more reliable for future projections
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(Fig. 4). These models project an increase in weather persistence across the mid-latitudes (Table
S1), with strongest signals over land-area (-8%), specifically in the South-western US (-51%)
where a slowdown is further enhanced by the poleward shift of the Atlantic stormtrack (37, 38).
Future work is needed to assess why models disagree on the sign of such a fundamental measure,
a suggested way forward being process-based model assessment using causality methods (45) and
multi-model large ensemble archives (46). Recently reported improvements in blocking
characteristics in CMIP6 ensemble might spark hope that models are indeed becoming more
reliable in their projections of the atmospheric circulation (/0).

Clearly, the atmospheric circulation is not the sole driver of persistent summer weather in
the mid-latitudes. Previous studies have shown that extreme heatwaves such as the 2003 and 2010
heatwaves can only be understood when incorporating land-atmosphere feedbacks. Specifically,
the lack of evaporative cooling in years of low soil-moisture in spring has been shown to be
important for persistent surface extremes, often exceeding the importance of the atmosphere (47,
48). Given that models projecting a stronger AA are also generally warmer (Fig. 4), it is possible
that in addition to the dynamical factors, land-atmosphere interactions are also contributing to the
future slow-down of summer weather patterns and an increase of weather persistence in these
models.

While consensus on atmospheric circulation changes in the NH has not been accomplished
(2, 9), this study provides further evidence that future changes in summer weather persistence are
related to circulation changes (17, 19, 25, 40), suggesting robust links to a warming Arctic (40).
Given that models also project robust increases in the magnitude of warm temperature anomalies
in some regions relative to an already warming mean temperature (22), the potential combination
of increased persistence and hotter extremes can be especially hazardous. Improving our
understanding of the projected circulation changes and the regional surface-feedbacks is therefore
of crucial importance, especially for regions like the European sector, where the models currently

disagree on the sign of the response.
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Figure S1. Linear regression of meridional temperature gradient (850 hPa), zonal wind U
(500 hPa), and propagation speeds of in ERA-I reanalysis data (1981-2014) during summer
for the case of negative temperature anomalies and cyclones (both 850 hPa). The
correlation between seasonally averaged zonal mean meridional temperature gradient
and (a) zonal wind U, (b) zonal velocity of anti-cyclones (c.), and (c) zonal velocity of
positive temperature anomalies (c.x) in the mid-latitudes (40-70°N). Panels d-f show the
analogue for correlations between zonal mean wind U and zonal velocity of (d) cyclones
(cex), and (e) negative temperature anomalies (cx), and (f) the correlation between the
zonal velocity of cyclones (c.x) and positive temperature anomalies (cx). A linear fit is
shown in red, p-values and R? are provided in the lower right corner. All four metrics are

significantly correlated.
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Figure S2. Summer (JJA) mean values of (a) c« (b) cix () dT/dy (d) and U on 850 hPa
pressure level and for dT /dy and U on the (e,f) 500 hPa and (g,h) 250 hPa level

for years 1981-2014 in ERA-I reanalysis. Linear trends are plotted in red, the p-values

based on a linear regression model are provided in each panel.
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Figure S3. Linear regression of meridional temperature gradient d7/dy (500 hPa), zonal

wind U (500 hPa), and propagation speeds of anti-cyclones and positive temperature
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anomalies (both 850 hPa) in ERA-I reanalysis data (1981-2014) during summer (JJA). The
correlation between seasonally averaged zonal mean meridional temperature gradient
and (a) zonal wind U, (b) zonal velocity of anti-cyclones (cc), and (c) zonal velocity of
positive temperature anomalies (c.x) in the mid-latitudes (40-70°N). Panels d-f show the
analogue for correlations between zonal mean wind U and zonal velocity of (d) cyclones
(cex), and (e) negative temperature anomalies (cx), and (f) the correlation between the
zonal velocity of cyclones (c.x) and positive temperature anomalies (cx). A linear fit is
shown in red, p-values and R? are provided in the lower right corner. All four metrics are

significantly correlated.
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Figure S4. Linear regression of meridional temperature gradient d7/dy (250 hPa), zonal
wind U (250 hPa), and propagation speeds of anti-cyclones and positive temperature
anomalies (both 850 hPa) in ERA-I reanalysis data (1981-2014) during summer (JJA). The
correlation between seasonally averaged zonal mean meridional temperature gradient
and (a) zonal wind U, (b) zonal velocity of anti-cyclones (c), and (c) zonal velocity of
positive temperature anomalies (c.x) in the mid-latitudes (40-70°N). Panels d-f show the

analogue for correlations between zonal mean wind U and zonal velocity of (d) cyclones



(cex), and (e) negative temperature anomalies (cx), and (f) the correlation between the
zonal velocity of cyclones (c.x) and positive temperature anomalies (cx). A linear fit is

shown in red, p-values and R? are provided in the lower right corner.
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Figure S5. Linear regression of meridional temperature gradient d7/dy (850 hPa), zonal
wind U (850 hPa), and propagation speeds of anti-cyclones and positive temperature
anomalies (both 850 hPa) in ERA-I reanalysis data (1981-2014) during summer (JJA). The
correlation between seasonally averaged zonal mean meridional temperature gradient
and (a) zonal wind U, (b) zonal velocity of anti-cyclones (cc), and (c) zonal velocity of
positive temperature anomalies (c.x) in the mid-latitudes (40-70°N). A linear fit is shown

in red, p-values and R? are provided in the lower right corner.
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Figure S6. Linear regression of meridional temperature gradient d7/dy (250 hPa), zonal
wind U (500 hPa), and propagation speeds of anti-cyclones and positive temperature
anomalies (both 850 hPa) in ERA-I reanalysis data (1981-2014) in summer (JJA). The
correlation between seasonally averaged zonal mean meridional temperature gradient
and (a) zonal wind U, (b) zonal velocity of anti-cyclones (cc), and (c) zonal velocity of
positive temperature anomalies (c.x) in the mid-latitudes (40-70°N). A linear fit is shown

in red, p-values and R? are provided in the lower right corner.
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Figure S7. As in figure 4, but only grid points where 70% of the models agree on the sign
of the change are plotted in panels (d-i) Spatial patterns of projected changes in
temperature, wind, and propagation speed. (a-c) Projected changes in 850 hPa
temperature (filled contours) and zonal winds U as line contours. Positive (negative)
anomalies are shown in red (blue) while the zero-line is shown in grey, with a distance of

1ms™?) for (a) all models, (b) models that project a decreasing temperature gradient



AdT/dy<0, and (c) models that project an increase in temperature gradient AdT/dy >0.
(d-f) are analogues plots but for the zonal propagation speed of anticyclones (c.) and (g-
j) for warm temperature anomalies (ctx), respectively. (j,k) Boxplots showing the regional
distributions of the changes in the zonal propagation speed of (j) warm temperature
anomalies (cx) and (k) anti-cyclones (ccx) across models, for: the mid-latitudinal land area
(ML Land), midlatitudes (ML), south North American (NA), central Europe (EUR), and

Russia (RUS) (see corresponding boxes in panel (a)).
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Figure S8. Projected changes in CMIP5 by the end of the century (2081-2099) under a high
emissions scenario (RCP8.5) compared to historic simulations (1981-2004) in (a-c) total
propagation speed cwt, (d-f) zonal propagation speed cx (g-i) meridional propagation
speed c, for tracked anti-cyclones. The first row shows the projected changes across all
models, while the second and third row show the changes for models that project a
decreasing (AdT/dy < 0), or increasing (AdT/dy > 0) meridional temperature

gradient, respectively.
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Figure S9. Projected changes in CMIP5 by the end of the century (2081-2099) under a high
emissions scenario (RCP8.5) compared to historic simulations (1981-2004) (a-c) total
propagation speed cwt, (d-f) zonal propagation speed cx (g-i) meridional propagation
speed ¢, for tracked positive temperature anomalies. The first row shows the projected
changes across all models, while the second and third row show the changes for models
that project a decreasing (AdT/dy < 0), or increasing (AdT/dy > 0) meridional

temperature gradient, respectively.
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Figure S10. Zonally averaged zonal wind profiles of the Northern hemisphere on 850 hPa
(solid line), 500 hPa (dashed line) and 250 hPa (dotted line) in CMIP5 over the historical
period (1981-2004, black) and by end of the century (2081-2099, red) under a high
emission scenario RCP8.5 for models that project (a) an increasing gradient (AdT /dy >
0) and (b) a decreasing gradient (AdT /dy < 0) in the future.
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Figure S11. Trends in the eastward propagation of anti-cyclones c.. (a) and positive
temperature anomalies cx (b) in ERA-I (1981-2014). The 40°-70°N range applied for
meridional averaging in Fig. 2 is provided as dashed lines. When adjusting the p-values for

false discovery rate due to multiple testing, no significant trends are identified in

accordance with the non-significant trends observed in the zonal mean (Fig. S2a,b).

Statistical Methods.

We probe the relationships between dT/dy, U, c« and ci using a linear regression
model, assuming a Gaussian behavior (i.e. the samples are normaly distributed) for each
of the investigated measures, using the Im() function from the R-package stats (31). A
guantile-quantile plot in figure S12 show that the assumption of Gaussianity is justified.
Statistical significance is tested against the null-hypothesis of no correlation between to
variables. The probability of observing a specific result by chance is provided by the p-
value, where a p-value < 0.05 is considered statistically significant. To test the quality of a
linear fit we use the coefficient of determination R?, which provides the magnitude of
variance of one variable which can be related to the variance of the other variable in

question.
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Figure S12. Quantile-Quantile plots, of dT/dy, U, cex and ¢ix from ERA-Interim (1981-2014, also
see Fig.2), which provide a visual test the correlation of a sample with a normal distribution. A
45° reference is provided as a grey dotted line. As most of the points fall on the line, we can
assume the samples to come from a normal distribution.
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Figure $13. Quantile-Quantile plots of AdT /dy, AU, Accx and Acs from CMIP5 (1981-2014, also
see Fig.3) to test if they follow normal distributions. A 45° reference is provided as a grey dotted
line. As most of the points fall on the line, we can assume the samples to come from a normal
distribution.
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Table S1. Projected regional changes of cand ci in the multi-model mean and for

subsets of models classified by their projected trends of dT/dy comparing the historic

and end-of-the century period (historical , 1981-2004 vs. RCP8.5, 2081-2099).

cu (%0) cexr (%0)
Region All Models  AdT/dy >0 AdT/dy <0 | All Models AdT/dy>0 AdT/dy <0
NA -45 -41 -51 -47 -39 -58
EUR -6 -3 -10 -1 6 -11
RUS -6 1 -16 -15 -2 -33
ML 0.1 4 -4 -2 2 -17
ML Land | -2 2 -8 -3 2 -10
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