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Abstract. In boreal summer, circumglobal Rossby waves can promote stagnating weather systems that favor extreme event
like heatwaves odroughts. Recent work highlighted the risks associated with amplified Rossby wavenumber 5 and 7
triggering simultaneous warm anomalies in specific agricultural breadbeskiets in the Northern Hemisphere. These

types of wave patterns thus poagotental threat to human ladth and ecosystem¥he representation of such summertime

wave events and their surface imprints in general circulation models (GCMs) has not been systematically analyzed. Here w
validate three statef-the-art global climate model§EC-Earth, CESM, and MIROC), quantify their biases and provide
insights into the underlying physical reasons for the biases. To do so, the ExtremeX experiments output data were usec
which are (1) historic simulations of a freely running atmosphere wéhcpibed ocean, and experiments that additionally

(2) nudge toward the observed upperel horizontal winds in the atmosphere, (8¢scribesoil moisture conditions, or (4)

both. The experiments are used to trace the sources of the model biases thesitrgescale atmospheric circulation or
surface feedback processes. We show that while the wave position and magrgereradlyrepresented wetluring high
amplitude (> 1.5.d.) waveb and wave7 events, themprint on surface variables is substantially underestimated: typically,

by a factor of 1.5 in correlation and normalized standard deviations (n.s.d.) fesuntzene temperature and mean sea level

pressureFor precipitation, itis alsoa factor of 1.5 for n.s.d. but 2 for correlation. The correlations and n.s.d. for surface

1



40

45

50

55

60

65

variables do not improve if only the soil moisture is prescribed,abeitcorrected almost entirelhen the uppelevel
atmosphdc circulation is nudged. When appig both soil moisture prescription and nudging tbé upperlevel
atmosphere, both the correlation and n.s.d. values are quite sintliarégperiments whenly theatmosphere component

is nudged. Hence, the nesurface biases can be substantiatipioved when nudging the upgewel circulation providing
evidence that relatively smal|l b iHleved wawes cam strorglye affecbadsediated r

temperature angrecipitationanomalies.

1 Introduction

The past decadeah witnessed a serieswfprecedentedorealsummenweatherextreme events around the globe sucthas

2010 Russia heatwave 2012 North American heatwayeandthe record breaking heatwaves 2§15 2018 and 2019 in
Europe(Barriopedro et aJ2011;Kornhuber ¢al.,2 0 1 9 ; Kr zy Ue 204% \Wanget al2012;yHantingford et al.

2019; Xu et al. 2021) Some of these events also happened simultaneously with other types of extremes such as the
persistent Russian heatwave and Pakistan flood in 2010 Julywngs#lau and Kim 2012; Martius et al.2013) These
peisistent weather extremes can have disastrous impacts on human health and societies such as wide spread crop failu
infrastructure damage and properties loss, especially whenco-occur (Zscheischler et al2018) Persistentweather
extremes are ofteimduced by gasistationary Rossby waves. For instance, Recurring Rossby Waves Packets (RRWPs) can
lead tocold spells in winter and hot spells in sumn{Rothlisbergelet al, 2019) Several other studies have also identified

that amplified circumglobal waves favor the occurrence of weather extremes in certain (Egi@en and Simmonds

2014; Kornhuber et gl2020) Specifically, in summer wave (Ding and Wang2005; Kornhuber et al2020)and wave?
(Kornhuber et al. 20192020)have preferred phase positions and thereby favor simultaneous extremes in major breadbasket
regions(Kornhuber et aJ.2020)

Several mechanisms can promote cusdgiionary Rossby waves including strong convective forcing from mongbons

Capua et a)2020) extratropical sea surface temperaf88T)anomaliegMcKinnon, et al., 2016; Vijverberg, at., 2020)

soil moisture anomalie€leng and Branstatp?2019) waveguideeffect(Hoskins and Ambrizzil993), and waveresonances
(Petoukhov et al2013, 2016; Kornhuber et aR017; Thomson and Valli018) Recent work by Di Capua et §020)

found that the latent heat releah&ing he Indian Summer Monsooinitiates a circumglobal teleconnection pattern, which
reflects a wav type patten in the northern midatitudes. Extratropical SSTs can interact with atmospheric waves creating
guaststationary atmospheric Rossby waves favorable for e.g. hot days in the easterrStit@g@d/icKinnon et al, 2016)
Moreover, waves can be excited by reduced soil moisture and then maintained by waveguides in the Northern Hemispher
mid-latitudes(Teng et al.2019) which could result in higkamplitude wave events occurring more often. Qiressonant
Amplification (QRA) theory suggests that synoptic scale Rossby waves can be trapped withinldtéuda waveguides,

where they can get amplified given suitable forcingditions (Petoukhov et al. 2013) Si nce t he waveods e
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via meridional dispersion, waves tend to propagate over long longitudinal distances and can sometimes form circumgloba
wave patterrfHoskins and Ambrizzil993; Branstatei2002b; Teng and Branstaj@019)

Climate models are important tools for process understanding and assessment of future climétewsksr, nost of
previous studies that link specific circumglobRossby wave patterns to regional extreme events are based on
reanalysis/observational datalthough studies such aGarfinkel et al.(2020; Wills et al.(2019) have analyzed waves in
models, their focus is not on summer and, also, they havexplired the phaskcking behavior of amplified, quasi
stationary Rossbwaves Furthermoremost studies have not analyzed waves above wave num8eid&s by Branstator

et al. (2002 & 2017) havalso looked into models but focus on seasonaans and/or winter. Thus, a mutibdel
validation study of quasitationary Rossby waves in boreal summer is still lacking. Another key issue here is the general
underestimation in atmospheric blockiggDa v i ni and [DudeAmntder neisaepresdhtation e atmospheric
circulation andprocesses that maintain blockinthis reduces theeliability of future model projections(Scaife et al. 2010;
Shepherd 2014A recent study by Davini ard 6 A n 202 )yanalyzed the representation of both winter and summer time
blocking frequencies in models from the Coupled Model Intercomparison Project Phase 3 (CMIP3, 2007), CMIP5 (2012),
and CMIP6 (2019). Although biases @MIP6 models were reduced 50% compared to CMIP3 models in some key
regions like Europe, the biases still remdience 1: even CMIP6 models cannot truthfuligproduce wintertime blocking
frequencies in Europe, 2: CMIP models are not able to capture the observed strong and signiféce® insummertime

blocking activities over GreenlafdDavi ni and .D6Andrea 2020)

Furthermore, it should also be noted that althought itds
other wavenumbers apart from wavend 7. High amplitude slow moving planetary wavesaassaciated with the duration

of surface weather conditionsor example QRA mechanism is able to explain the generation of circumglobal Rossby
waves with wavenumbers 6 to 8 in Northern Hemisphere (Coumou et al., 2014). The evidence for QRA in the Southern
Hemisphere (SH) is also found to exist in wavenumber 4 afiofnhhuber.,2017. Whether climate models can also

reproduce this wide range of wave numbers and their associated surface anwedsa® be tested.

Thus, to increaseconfidence infuture projections of extreme summer weather, a proper validatistatg#of-art climate
modelsin their representation of circumglobal Rossby waves in summer is essential. Both thdewgpdynamical
characteristics, in terms of amplitude and phasitipo, aswellas he wavesd | mp acigimporaniideter f a c ¢
we systematically validate the representation of summertime Rossby waves in threétbgtet climate models, focusing

on wave5 and 7, their phadecking behavior and surfacegnomalies. Further, we remove the bias in only one or two

components of the modky nudging and/or prescribing to reanalystsunderstand the origin of model biases.
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This paper aimstaaddressinghefollowing questions:

1: Can models captutbekey characteristics dfigh-amplitude circumglobal waves summe?
2: What are th@earsurfacetemperatureprecipitation and mean sea level pressure anoméies such waveand how do
they compare to observatighs

3: Do potential model biases originate from the atmospheric circulation or land sieddbacks?

2 Data and Methods
2.1 ExtremeX experiment

We usesimulation outpufrom three Earth System Models (ESM) that participated in the ExtremeX modeling exgerime
(Wehrli et al, 2021 in review): European Community Earth System Model version 3.3.1:EB@h 3.3.1,D6scher et a.

2021, in review), Community Earth System Model version 1.2 (CESM1Hurrell et al, 2013) and Model for
Interdisciplinay Research on Climate version 5 (MIROGQ%atanabe et 3l2010) The configuration o€CESM and MIROC

was used for CMIP5 (CMIP5Taylor et al., 2012), whereas Earth is thelatest & generation model usefdr CMIP6

(Eyring et al, 2016) The ExtremeX modeling experiments were designed to disentangle the influence from atmospheric
dynamics vs. soil moisture feedback on extreme events such as heatlvaughis, and other extremes. By nudging either

the uppeitlevel atmosphere gprescribing thesoil moisture state, or both, the individual effects can be compared across
different models. Details on the experimentaliggtaind atmospheric nudging approacé described in a recent study where

five individual heatwaves in the period of 2012016 were examine@Vehrli et al, 2019)

2.2 Model data output

Here we use four out of five sets of simulations from ExtremeX, which are all idtmiaspheric Model Intercomparison
Project AMIP) (Gates et a).1999)style with prescribed monthly mean SSTs and-eea but differing in whether the other
components are free oonstrainedThe experiments are run witfl) interactive atmosphere and swibistureas refeence
(AISI), (2) nudged ahosphergmostly above 700 Pa) but interactive soilmoisture(AFSI), (3) nudged atmosphere with
prescribedsoil moisture(AFSF), and 4) interactive atmosphere withrescribed soil moisture (AISFYhe experiment
period extendsfrom January 1979 to December 208 both EGEarth ail CESM and till December 2015 for MIROC.
Overall output is provided-Bourly on different model grids (imumber of grid pointfongitude x latitude): E€Earth (512 x
256), CESM (288 x 192), and MIROC (256 x 128herearefive ensemble members ftie AlSI and AISF runsfor the
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whole period However, forAFSI andAFSF, only one simulationfor eachexperiment was usedll model and reference

data are regridded to the same resolution (256 x 128) for comparisons.

2.3 Atmospheric nudging

To constrairthe natural vaiability in large-scale atmosphericrculation,a gridpoint nudging method was implementad

the AFSI and AFSF experiment§leuken et al., 2016 his approach foes the atmospheri@rgescale circulation by
introducinga tendency term in the wind both zonally and meridiondlhis added tendencierm is calculated between the
simulations and reference datasé@opermaret al. (2012) demonstrated thalhenthe horizontal wind isnudgedtowards a
reference statdhe impact of natural variabilitig substantially minimized. Téstrength of theaudgingcan be modified by a
relaxation time scalavhichwas chosen to be Gbllowing other studiegKooperman et al., 20)2All models use éourly

wind field data fromthe ERA-Interim reanalysisas reference dat@Dee et al., 2011)The atmospheriaiudging vertical

profile (See Appendi¥igureB1) shows that nudging starts around 700hPa but only with a very weak nudging strength. The
nudging strength increases gradually in the upward direction and full nudging is only applied above ca. 400hfP& Thus,
mid-to-upper atmosphers nudged, and it is important to note thia¢ planetary boundary layer is free to adjust in the

nudged experiments.

24 ERAS reanalysis data

For the study period 1979 to 2016, weekly meridional wind data at 250 hPa (v2563uriaee temperature (t2mand
mean sea level pressure (mslp) are taken tlwERAS reanalysidor the summer months June, July, and August (JJA)
(Hersbach et al2020) For precipitation (prcp)land-only data $ used from biaadjusted ERA5 (WFDE5_CRU, Cucchi et

al., 2020) Also, weekly t2m data is detrended to its climatological mean (12®L6) values of that week.

2.5 Extracting circumglobal waves and phasdocking analysis

High amplitude wavevents are selected based on the Fourier transformation analysis of-meekiw250 averaged over
35N to 60N, both in ERA5 and models analogous to previous st(§i@shuberet al. 2019, 2020)Wave events are
identified as those weeks with wave amplitudes higher thastdrlard deviations (s.d.) of the climatology calculated from
494 weeks (38 years times 13 summer weeks per year) for ERA& theAlSI and AISF runsboth have 5 ensemble
membersthe weeks are as follows: Hearth 494 x 5, CESM 494 x 5 and MIROC 481 x 5. For AFSI and AFSF, only one
member is used for each model. Then, the composite surface imprints -surfaae temperature, precipitation, and mean
sea level anomalies were obtained from those wave event gefibd probability density functions for phase positions are

obtained for waves 5 to 8 for the weeks with identified ‘agiplitude events.
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2.6 Model bias definition

To isolate the source of threodek biases in surface imprimtnomaliego either the uppelevel atmosphere or to the land
surface component, we define the total bias (B_tot), bias tfwratmosphdc circulation (B_atm), bias from land

atmosphere interactions (B_land), and the iaing residual biasg_res).

In the AISI experiment, both the atmosphere and land surface component are allowed to interact and evolve freely, and thi

experiment thus defines the total bias:

B_tot = AISIT ERAS

When prescribingsoil moisture in AlE, we assume that the land bias is removed and thelybias fromthe atmosphere

acting upon neasurface variables remains. Thus:

B_atm= AISFT ERA5

In contrast, when nudgintihe upperlevel atmosphergthe upperlevel circulation pattern is constrained in the model and

thus the bias arises from laatimosphere interactions.

B_land= AFSIT7 ERA5

When nudgingthe upperlevel atmosphere ang@rescribingsoil moisture, the model biases are expected tathmgly

reduced with only a residual bias remaining:

B_res= AFSFi ERAS

3 Results
3.1Climatology of summertime Rossby waves

We first assess whether the climate models are able to represent the mean state in terms of wave amplitude and variabili
for wavenumbers -10. Figure 1 compares wave spectra for wavenusriibéo 10 from the AISI experiment with those of
the ERAbLreanalysisOverall, the wave amplitudes, regardless of wave numbers and models, are reasonably well reproduced
with errorsin the malel climatologyranging from 5% (wawvd0) to 12% (wave3). This also applies to the variance in wave

activity as given by the whisker bars for each model at different wavenumbers. For all,tteel@lsive amplitudes and
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variabilities follow the same behawiwith increasing values from wave number 1 to 5 and decreasing values till&ave
thereafter. ERA5 shows the peak for both the wave amplitude and variance at waveGumb&h might suggest a

systematic bias in the models, or alternatively it mighttb undesampling in ERAS.

3.2 Wave phasdocking behaviors

Following Kornhuber et al (2020),ewse 1.5 s.d. above the mean wave amplitude as a threshold to define high amplitude
wave eventso analyzephaselocking behavior of high amplitude waves34The phase positions of high amplitude events

are shown in Fig2. It is clear that ERA5 dathasinherent phas#ocking properties, especially for wass/6 and 7, which
remainsconsistent with the wérfrom Kornhuber efal. (2019) where a different reanalysis data NENEPAR (Kalnay

etal., 1996 was used. Also, in the NCHRCAR reanalysis data, waves 6 and 8rdu really show a preferred phase
position. In our experiments, across all three modsteng phaséocking behavior (a single symmetrical peak in the
probability density function) can clearly be observed for wavEor waves, two models (CESM and MIROC) show phase
locking that is comparable to ERAlBoweverEC-Earth underestimatesefpeak in the probability density function.

ERA5 shows no phadecking for wave 6 and wave 8ut only a mild preference for some phase positions. The models
capture this, with only MIROC showing fairly pronounced phias&ing behaviorfor wave 6. Detailed histogram
comparisons between the models and ERA5 can be found at Fig. B2.

3.3 High-amplitude wave events and their surface imprint

Letds recall that when summer t i roekedinrhgilfavdriie poditionsj espatly fog | o b a
waveb and wave7, theyfavor a prolongation osimultaneousurface warmanomalies As we find that the preferred phase
position of circumglobal waves 5 and 7 is reasonably well represented in models, we next anatpmephigte events

(i.e. exceeding 1.5 s.d.) in more detail. The wave event occurrence is calculated as the number of weeks selected as hic
amplitude wave event divided by the total number of weeks then times one hundred péeeaturrencesf JJA waveb

and wave7 events ding 1979 to 2016 for ERAS are 8.1% and 7.1%. The values are quite comparable to the results
calculated from the models: 7.7% (Earth), 8.0% (CESM), and 7.9% (MIROC) for wayewhereas the occurrences are

8.1% (ECEarth), 7.8% (CESM), and 8.0% (MIROGQ)rfwave?. Figure 3 and 4 show the upgevel circulation (v at 250

hPa) nearsurface temperature anomaly (t2m), precipitation anomaly (prcp), and sea level pressure anomaly (mslp) signals
during such higkamplitude events in ERA5 (a) and the 3 climatedeis (bd). All the anomalies are calculated as the
differences between the selected event period and the full period summertime climatologyHereawe present the
associated surface anomaly imprints during those high amplitude \waared wave? evens across all models for the AISI
experiment with fregunning atmosphere and soil moisture modules (Fig. 3 & Fig.atgr we extended our analy$or

high amplifiedwave eventalsofor wavenumbers 4, 6, and 8 (See Appendix Bigjto Fig. BY. The results imply thathe

model is able to reprodusimmertimesurface anomalies associateddifferent wavenumber eventthusconfirming the
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mo d eabiliyso cover a wide range of circumglobally Rossby waves in terms of wave nuimtze&In Fig. 3 and Fig.4
the v250 field is shown in absolute values, together with surfagables in anomalies with respect to climatology mean.
The same analysis also carried out fotaking the anomaly of v250 during wave 5 and 7 events (seerdippFig. B10 and
B11). By comparing Fig.3 and Fig.4 to Fig. B10 and Fig. B11, the observation can be obtainthe spatialpatterns of
v250 do not differ much.

Furthermore Fig. 3 and Fig. 4 witlsignificant tests at confident level of 95%s wellas False Discovery Rate (FDR)
method (Benjamini & Hochberg, 199%ereappliedin Fig. B12 and Fig. B13Areas with highligied fuchsiacolor are the
locations passed the significant te€ensidering the spatial coverage of the significant areagaeusion can be drawn

that, variables such ass250 and t2nduring the wave 5 and 7 events are significantly different from the rest period.

Additionally, to quantify the bias of all models and visualize how close the models areEflRABaeanalysis dta, a Taylor
Diagram (Taylor 2001)is constructed for both waye (Fig.5) and wav& (Fig.6). A Taylor Diagranpresentghreekey
statisticsin a single platthe Pearson correlatidretween the observed and modeled spatial pattezicentered Root Mean
Square Error (RMSE)f the modeled fieldand the normalized spatial standard deviatibthe modeled fieldThus,v250

during the waveéb and waver events, as well as t2m, prcp, and mslp anomalies from the different model experiments with

respect to ERAS reanalysis dadre plotted in the Taylor Diagram.

During the waveb events, all models are able to capturerntteanupperlevel circulation patterns withorrelations of the
v250 of 0.86 (ECGEarth), 0.95 (CESM), and 0.88 (MIROC) (Fig.5 & Table Al). This is condistéth our findings from

Fig. 1 and 2In terms ofthe magnitude of the wind speed anomal@gSMandMIROC have similar strengths compared to
ERAS datawhereas the signal froEBC-Earthis wealer. The n.s.d. for E€Earth is 0.70, for CESM is 1.04. and for MIROC

is 1.24 This also holds for surface temperature prints during wave5 evens, as all models are able topreduce the
patterns found in ERAS5, such as the continesitallepatternsof postive and negative signals feentralNorth America (+),
wesern Europe {), and central Europe (+). But the strengththe patternss wealer in EC-Earth, epecially foreasern
Eurasia.However,the correlations ofthe neafsurface temperature anomal@re substantiallgmallerfor EC-Earth (0.55)

and MIROC (0.48), but not so much for CESM (0.81). Asgdoacipitation, all model correlations are below 0.50 with
MIROC being the lowest (0.18), 0.46 f&iC-Earth, and 0.43 for CESM. The correlation values for sea level pressure in
models vary from 0.52 (MIROC), 0.58 (H&arth) to 0.80 (CESM)As for the multtimodel mean (MMM) s.d., there is a
decline from v250 (0.99) to the surface variables t2m (0ri#p (0.69) andorcp (0.63) Both reanalysis data and models
show strong positive anomalies in sea level pressure in the eastern basin of the Atlantic Ocean (west coast of Europe) durir

wave5 evens (Fig.3)
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As for the wave7 events, fieldtorrelations in Table Al show that the upjmrel circulation patternsompare welto ERA5
data:0.84(E€Eart h), 0.84 (CESM), and 0.82 (MIROC). Again, thi
performance in producing correct uppevel circulation patterns during high amplitude wave events. The t2m correlations
in models are 0.70 (E€arth), 0.63 (CESM), and 0.53 (MIROC). The hot anomalies in t2m are quite pronounced in the
regions of central North America, western Europe, nortkemope and central Eurasia. All models are ablepooducehe

hot t2m anomalies in these regions but all have weaker positive and negative anomalies than ERA5 with n.s.d. values bein
0.62 (ECGEarth), 0.61(CESM), and 0.67 (MIROC)T@able A2. Thelargescale precipitation anomaly patterns in-E@rth

relate better to WFDE5_CRU data for North America, whereas in both CESM and MIROC there is more noise. The
correlation ofprecipitation anomalies 0.3id the MMM. The largescale patterns ofnslp during wave7 events match
relatively well with ERA5 data witla MMM correlation value 0.63 In contrast to waBehaving strong positive anomalies

in mslpat the eastern side of the Atlantic Ocean (west coast of Europe), during/ veaees strong negative anomaliese

found at the same location. Also, positive mean sea level pressure anomalies are found dufihgweat® (Fig.4) at the

east coast of North America, whereas the location shows negative anomalies duriigevamués.

One common finding from bothave5 and wave7 events is that the modedsowrelatively minor biass(n.s.d.O  0).in7 5
upperlevel circulation, but substantial b&esin t2m, prcp, and mslp anomalie&ll models substantially underestimate the
magnitude ot2m, prcp, and mslpnomalies associated with wabeand wave7 events, typically by a factor of 1.%5dble
Ad).

3.3 Investigating sources of model biases

Next, we systematically assess the origirthe biases in thapperlevel wind andsurface fields astewn in Figs 3 and 4.

As defined in the methods e o n , the bias maps were computed as the
anomalies in the models and in the reanalysis data ERABgdbigh amplitudevave5 andwave7 events.It has to be

noted that the biases that we refer to in surface variables are the biases of the anomalies instead of the absohge bias of |
models. Here we present and describe the HEarth bias maps only. Eqalent plots for the other 2 models, with

qualitatively similar outcomes, can be found-ig. B6 to Fig. BO.

Here, we also employ the different nudged experiments: AISF (soil moisture prescription), AFSHéuppatmosphere
nudging), and AFSKnudging both) (see data section above for details). Overall, when nudging both atmosphere and soil
moisture, the residual bi&s resis, as expected, negligible. This is true for both waand waver events in all models and

all analyzed variables (Fig& Fig.8).

By nudging the atmosphere, the bias from the atmospheric part (B_atm) is (of course) almost completely removed for the
v250 anomaly across all models (see Fi@), B_land). More interestingly, Fig(b) shows that most of the EEarth t2m

9
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anomaly bias is also removed when we nudge the dpper atmosphere. Thus, the total bias (B_tot) in t2m is almost

completely explaine the upplevel atmospheric bias (B_atm), and the ias (B_land) isegligible (Fig7(b)).
pletely explained by the upplevel pheric bias (B_atm), and the latah bias (B_land) isegligible (Fig7(b))

Similarly, for wave7 events, Fig. 8 (b) confirms our finding that nudging the ujgesl atmosphere alone reduces the bias
in surface temperature dramatically. Therefore, the total bias (B_tot) in t2m can be explained alynbgtBulatm, and
again the land contribution to the bias is minor (Fig.8(b)). Specifically, with the aid of a Taylor Diagram (Fig.6 (I & Fig.

(d)), there is a clear separation and improvement comptra@tmospherially nudged run AFSI to control runl8l and

soil moisture nudged run AISF. The t2m bias still remains substantial when nudging the soil moisture. The actual n.s.d anc

RMSE values for v250 in AFSI are 1.0 and 0.10, compared to that of AISI run 0.8 (n.s.d.) & 0.55 (RMSE)alBd.
exhibitsthat CESM and MIROC have similar characteristics, with substantial t2m and mslp being removed Bgvwabper
atmospheric nudging. Still iRor t2min EC-Earth, n.s.d. improves from 0.62 to 1.1 and mslp from 0.74 to 1.0.6¢@).also

shows impovement in the spatial pattern correlation for prcp with 0.39 for the free running AISI run compared to 0.80 in the

AFSI run.Another interesting observation obtained from companage5 andwave7 Taylor Diagrams is thahe models

are more clustereaf all variables fowave 7 compared tavave5.

This shows, that freeunning EGEarth (AISI) has a relatively minor bias in v250 (blue square in Fig 7(a)) withralation

of ~0.9, RME of ~0.5 and s.d. ~0.7. In other words, the pattern is very &gmwith a bit underestimated strength in terms
of wind speed. Still the bias in t2m (B_tot, blue square in Fig 5 (b)) is substantially largerowétation of ~0.6 RMSE

~09, and n.s.d ~0.6. Thus, the surface temperature imprint is underestimategbauitha factor 1.7 (n.s.d ~0.6). This
substantial bias in t2m is almost completely removed when nudging thelappewind field, i.e. removing the relatively
minor bias in v250. This is given by the blue triangle in Fig 5(b) (AFSI) showing a cometdti®94, RMSE of 0.36 and
n.s.d. of 1. As can be seen in Figthe other models behave qualitatively in a similar way, with a substantial bias in near

surface temperature being almost completely removed when the relatively minor bias in upper teietevimoved.

Errors in precipitation anomalies are not fully removed when nudging gpdr circulation. Fig. 5 (c) shows some
reduction in the overall magnitude of errors in precipitatitnerethe field correlation improvesy almost a faar of 2 from

0.46 to 0.81(Fich(c)). However, for the bias in sea surface pressure anomalies, the errors arecainmetelyremoved
(Fig.5(b)).

I n general, nudging the soil moi sture doesnb6t affect
errors across models ftine t2m and prcp variables. The same conclusion standhédkISF and AFSI runs for prcp and
mslp. Theaforementonedobservations arcation specific as one component within a climate model maghdneously,

be tuned in such a way that it compensates for biases in other compointm@sclimate modellf so, nudging onlythat
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componentwould not reduce the overall biasn this case, prescribing only soil moisture pdoes not guarantee the
reduction of overall bias.

4 Discussiomand outlook
4.1 Discussion

Large atmospheric circulation patterrespecially amplified wav® and wave/ circumglobal Rossby waves, play an
important role in climate variability and can trigger and maintain some extreme eumhtsasheatwaves and heavy
precipitationduring the summemonths In this study, welemonstrate that amplifiedrcumglobalRossbywaves with a

focus on the characteristics of boreal summer waeorr. 0.90) and waveé (corr. 0.83)wave 7 eventsare well captured

in different climate models in terms of their climatology, variahiliifhe phaselocking behaviour is capturedBoth
amplitude and weeto-week variability, in terms of standard deviations, are reasonably well repcbishuak models for all
relevant wave numbers. The MMM n.s.d. for v250 are 0.99 and Orf®igduave5 and waver events, showing that the
waveamplitudes are weltaptured. Although the upptvel wind flows are satisfactorily reproduced across all models,
their associated surface meteorological imprints (surface temperature and precipitatiog)wave5 and waver high
amplitudeevents is too weak. The MMM n.s.d. are 0.71 & 0.63 for t2m and 0.63 & 0.74dpirpwave5 and waver

events respectively. These model biases can be largely corrected by nudging tHewgbaémosphere-or instancethe

n.s.d. forthe surface temperature field during high amplitude wav@vave7) events increase from 0.71 (0.63) to 0.99
(1.06), for precipitation from 0.63 (0.74) to 1.05 (1.04), and for sea level pressure from 0.69 (0.72)(1000.9he same

scale reduction in errors are not observed when prescribing the soil moisture. This implies that a small bias in the uppe
atmospheric levels can result in big biases in surface weather conditions and related extreme events. A futifahalysis
underlying reasons is outside the scope of this paper, but here we discuss some potential mechanisms. First, nudging zor
(u) and meridional (v) winds in the uppgmosphere constrains the laigmale vertical wind componenw) which is a key

input for cloud parameterization schemes. In models, {scgte vertical wind is primarily defined by divergence in the
horizontal wind fields, ensuring mass conservation, and thus nudging u and v will also effextdgdy. Likewise, biases

in u and v vill propagate inw and can then have a strong (Homear) impact on the amount of clouds in mod&atoh et

al., ,2019; Rioet al.,2019) Regions with anomalously high pressure due to the circumglobal wave, will have pronounced
subsidence in ERA5 but this can be disturbed in the models.cdssequence, the models are likely to have more hazy
cloud conditions as compared to clsaty conditions in ERA5. This would impact the surface by reduced short wave
radiation and hence less pronounced warm anomalies. Potiénitations in thecloud parametrization schemes could
exacerbate this, with models having difficulties reproducing clear sky condiflatagnina and Selten 2014jhe
resolution for GCMs often doot allow subgrid scale convective systems and their associated clouds to be resolved. It is

also highlighted thaparticularly in midlatitude continents, climatological biases in both clouds and precipitation persist in
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major GCMs(Rio et al., 2019). Onstudy specifically focused on clouds and radiative fluxes irEa@h and revealed that
there are too many clouds in EEarththat are optically thick but too little clouds that are optically tthiacagnina and
Selten 2014)Thus, a small bias ithe upper atmosphéarwind field propagatesia vertical wind ) and cloud scheme, into
surface biases in climate modeWhile previous work has indicated that soil moisture can have pronouniestsedn
circumglobal wavegKoster et al.2016; Teng et al.2019) our analyses skothat adjusting for soil moisture biases (by
prescription) has little effect on the representation of circumglobal waves nor their surface, ionpenteast not on the
anomaly these events produd@éese differences could arise from different tismales and/or experimeseétups. Earlier
studies focused mainly on monthly to seasonal mean responses while ours analyzed weekly timescale. In addition, in Teng «
al. (2019), they prescribed soil moistuas zero at specific locations, whereas inpyascribedsoil moistureexperiments
the soil moisturds not set to zeros. Instead, soil moisture is set to mailéstie valuescoming from the mo d eléand s
commnent froced by atmospheric fields from reanalysi®ur experimenthus represeatmuch smaller forcingghan

prescribing the soil moisture to zero as done in Teng €@l9)

Recent work has shown that the individual extreme events can be examiokdate models, but anomalies or bias
corrections should be applied fduringthe analysis (Wehrkt al., 2019). Similarly, in our study, we defined the w&wand
wave7 events, then the surface variablgomalies against their climatological meamsl comparedhem between ERAS

and the models for different experiments.

4.2 Limitations and outl ook

One caveat of the Fast Fourier TransfqFRT) methodapplied in this study is thalhe resultgeturncircumglobal Rossby
waves patternsSince its orthe hemispheric scale, some local blocking events that arextensivein spatial scalemight

not be accounted forDepending on the stationarity of the dataset, the results can also differ substantially with FFT method.
The local signal is ignored as theput data for FFT method is the meridional averafjavind v250 field.Some small
inconsistencies between models and ERAS reanalysis datisaffom the undersampling issue in ERAS. Since there are

five ensemblamemberdor the AISI experiment the data used ithe analysis are five times biggésr the modelghanfor
ERAS. As for the atmospheric nudging experiments, from the nudging vertiafilepit can be observed that in CESM and
MIROC, the nudging intensity is identical, wheréadsC-Earth the nudging strength is weaketween 700hPa to 400hPa.

This can result some differences in the v250 field.

Our findings have implications for climataodel projections of persistent summer weather extremes in the key affected
regions. Kornhuber et a{2020) identified hotspots that are affected by summertime amplified-&aaterns (Central
North America, Eastern Europe, and Eastern Asia) and -KgWestern Central North America, Western Europe and
Western Asia). These regions are sensitive to simultaneous heat extremesesacktbatehe situation, some identified

regions are also considered as global breadbasket reffiche. simmer, wherwave5 or wave7 eventspersist more than
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two weeks the average reduction in crop production is 4¥d everup to 11%on regioral level (Kornhuber et al., 2020).

In our study, for waw® and waver events, all the aforementioned key regions are identified in our three models for near
surface temperature positive anomalies. This allows us to have more confidence in tbktk&saet climae models, not

only for the accurate representation of upleeel atmospheric circulation, but also for thecuracyof the associated
hotspots at the surface. Since the strength of thesuetace temperature anomalies is underestimatedlithate models

are likely to underestimate heatwaves as well. A potential way to adjust for this is to establish statistical links bpeyeen u
level atmosphere slow to nesurface temperature based on observational data, i.e. an emergent consiaints{ lthis
statistical link to adjust the effect of upgdewel atmospheric circulation changes in climate models under future scenarios
for heatwave risks. In addition, it will be important to assess how the-daajecirculation pattern and strengtihange

under future greenhouse gas forcing that can lead to changes in the extreme events.

5 Summary and Conclusions

Our validation study showthatupperlevel wave characteristics areasonablywell reproduced in three GCMm historic
AMIP runswith MMM of n.s.d. for waves and wave7 events being 0.99 and 0.®oth the climatology anghaselocking
behaviors are captured in models for wave nusbeand7, as the MMM correlation values are 0.90 and 0.&rface
temperature anomalies are associated with the ampliiee5 and wave7 patternsbut have weaker anomalies as
compared tahe ERAS reanalysis datdhe MMM n.s.d. forthe surface temperature field during high amplitude wawand

wave7 eventdncrease from 0.71 and@8Bto 099 and 1.06 just by nudgirthe midto-upperlevel atmosphete

In summary for the surface meteorological variables find that:

1 Overall, v250 is thanost accurat@nd precipitation ispoorly estimated among allariablesfor both wave5 and
wave7 events.

1 Prescribingsoil moisture doesotadd much irprovementfor the anomalies in2m and prcp. In the case of 250
andmslp, it even made the peesentation ofvave5 andwave 7 events worseThis is likely due to model tuning
issues.

1 Nudgingthe uppetevel atmospheréndicates that this is the prime origin of surfags®malybiases. V& observe

significantimprovementgrom AISI in AISF runsandAFSI runs across all models aalll variables.

The bias in model surface prints for amplified waveevents mainlyoriginatesfrom smaller biases ithe atmospheric
circulation component of the model for the mid latiteild€he soil moisture feedback also explains some biaghimiis
minor compared tahe atmospheric parOur studysuggestghat climate modelsan be used to study present and future

wave characteristics, but that care should be taken when analyzing the associated surface extremes.
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JJA Wave Amplitudes in ERA5 vs. Models (1979-2015/2016)
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Figure 1: Boxplot for wave amplitudes in AISI climatology runs for climate models ECEarth, CESM, and MIROC, as well as
reanalysis data ERA5 for the period of June, July, and August in 1979015/2016. Red dots indicate the mean, and thick black
lines represent themedian. The lower hinge of each box is Q1 quartile (25th), and the upper hinge for Q3 quartile (75th). The
upper bar represents maximal value whereas the lower bar represents minimal value. The outliers are not shown in the plot.
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Figure 2: Phaselocking of Rossby waves for JJA ERAS5 and model waves&in control run AlSI for high wave amplitude events

595 (> 1.5 s.d.): (a)(d), Probability density functions of the phase positions of waves-8 in ERA5, EC-Earth, CESM, and MIROC
during JJA for the period of 1979-2015/2016 (wave 5 (a), wave 6 (b), wave 7 (c), wave 8 (d})e Dandwidth for ERA5 and models
are as follows: (a) Wave 5: 0.35(ERA5), 0.40(E€arth), 0.25(CESM), 0.22(MIROC), b) Wave 6: 0.53(ERA5), 0.45(EC-Earth),
0.30(CESM), 0.5(MIROC), (c) Wave 7: 0.25(ERA5), 029(EC-Earth), 0.27(CESM), 0.22(MIROC), (d) Wave 8: 049ERAS5),
0.39(EC-Earth), 0.52(CESM), 046(MIROC).
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Figure 3: Compositeanomaly plots of weeks with highamplitude waves5 events for meridional wind velocity at 250hPa (v250
absolute field, near-surface temperature (t2m anomaly), precipitation (prcp, anomaly), and seal level pressure (ms|@nomaly) in
605 ERAS5 (a), EG-Earth (b), CESM (c) and MIROC (d) based on control runs AlSI.
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Figure 4: Composite anomaly plots of weeks with higlamplitude waves7 events for meridional wind velocity at 250hPa (v250
absolute field, near-surface temperature (t2m anomaly), precipitation (prcp, anomaly), and seal level pressure (ms|@nomaly) in
610 ERAS5 (a), EGEarth (b), CESM (c) and MIROC (d) based on control runs AISI.
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Figure 5: Taylor Diagram for all experiments in models compared to ERAS for wavé events.For a) V250, b) t2m, c) prcp, and d)
mslp, the Taylor diagram presents for each model and each experiment, three statistics: the Pearson correlation (dashed)iries
615 RMS error (grey contours); and the normalized spatial standard deviation (solid black cdours).
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Figure 6: Taylor Diagram for all experiments in models compared to ERA7 for wavé event.For a) v250, b) t2m, c) prcp, and d)
620 mslp, the Taylor diagram presents for each model and each experiment, three statistics: the Pearsorrelation (dashed lines); the
RMS error (grey contours); and the normalized spatial standard deviation (solid black contours).
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625 Figure 7: Bias plots for highamplitude wave5 events in different experiments for ECGEarth. Total bias(B_tot), atmospheric
bias(B_atm), landatmosphere interaction bias (B_land) and residual bias(B_res) for meridional wind velocity at 250hPa (a),
surface temperature (b), precipitation (c), and seal level pressure (d).
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Figure 8: Bias plots for highamplitude wave7 eventsin different experiments for EC-Earth. Total bias(B_tot), Atmospheric
9
bias(B_atm), Land-Atm interaction bias(B_land) and residual bias(B_res) for meridional wind velocity at 250hPa (a), surface
temperature (b), precipitation (c), and seal level pressure d
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Appendix

Wave5 v250 tas prep mslp

Model |EC-Earth CESM  MIROC | Model Mean |EC-Earth CESM  MIROC [Model Mean EC-Earth CESM  MIROC | Model Mean | EC-Earth CESM  MIROC | Model Mean
AlS| 0,858 0,945 0,884 0,896 0,552 0,806 0,481 0,613 0,460 0,427 0,179 0,355 0,584 0,801 0,515 0,633
AISF 0,719 0,926 0,895 0,847 0,375 0,801 0,669 0,615 0,192 0,554 0,377 0,374 0,317 0,777 0,600 0,565
AFSI 0,995 0,985 0,975 0,985 0,942 0,928 0,878 0,916 0,812 0,756 0,645 0,738 0,987 0,965 0,921 0,958
AFSF 0,994 0,986 0,989 0,990 0951 0,936 0,920 0,936 0,814 0,768 0,679 0,754 0,988 0,964 0,959 0,970

Wave?7 v250 tas prep mslp

Model |EC-Earth CESM  MIROC | Model Mean |EC-Earth  CESM  MIROC [Model Mear EC-Earth CESM  MIROC | Model Mean | EC-Earth  CESM  MIROC | Model Mean
AlSI 0,837 0,839 0,819 0,832 0,703 0,629 0,528 0,620 0,388 0236 0,323 0,316 0,704 0,613 0,566 0,628
AISF 0,791 0,780 0,780 0,784 0,757 0,565 0,693 0,672 0,431 0,301 0,420 0,384 0,723 0,522 0,429 0,558
AFSI 0,995 0,994 0,984 0,991 0,915 0,950 0,890 0,918 0,804 0,729 0,668 0,734 0,974 0,967 0,939 0,960
AFSF 0,995 0,994 0,988 0,992 0,947 0,955 0,909 0,937 0,832 0,728 0,700 0,753 0,979 0,970 0,952 0,967

640 Table Al: Summary of Model Taylor Diagram correlation values.

Wave5 ¥250 tas pr psl

Model | EC-Earth CESM  MIROC | Model Mean | NORM | EC-Earth CESM  MIROC |ModelMean | NORM | EC-Earth  CESM MIROC [Model Mean| NORM | EC-Earth  CESM | MIROC [Model Mean| NORM
Alsl 3,510 5,168 6,203 4,960 0,994 | 0,292 0,382 0,424 0,366 0,705 1,746 1,729 2,027 1,834 0,634 0,586 0,916 0,847 0,783 0,685
AISF 2,584 5012 5,805 4,467 0,895 | 0,139 0,338 0,367 0,281 0,542 1,646 2,054 2,262 1,987 0,687 | 0,492 0906 1,016 0,805 0,704
AFSI 5,133 4,584 4,608 4,775 0957 | 0,553 0,509 0472 0,511 0,985 3,024 2,779 3,322 3,042 1,052 | 1,138 1,096 1,075 1,103 0,965
AFSF 5158 4576 4,826 4,853 0973 | 0499 0494 0,459 0,484 0933 | 3135 2731 3,723 3,196 1,105 | 1,441 1,085 1,148 1,125 0983 |

Wave? v250 tas pr psl

Model | EC-Earth CESM _ MIROC | Model Mean | NORM | EC-Earth CESM  MIROC | ModelMean | NORM | EC-Earth CESM MIROC [Model Mean| NORM | EC-Earth CESM  MIROC |Model Mean| NORM
AlSI 4,162 4,344 5,585 4,697 0,907 | 0,310 0,304 0,334 0,316 0,631 2,526 2,510 2,064 2,366 0,744 0,818 0,734 0,818 0,790 0,717
AISF 3,894 4,467 5574 4,645 0,897 | 0,219 0,285 0,292 0,265 0,530 2,775 2,190 2,669 2,545 0,800 0,877 0,700 0,792 0,790 0,717
AFSI 5,250 4,864 5,276 5,130 0,991 | 0,570 0,530 0,456 0,532 1,063 3,278 3,150 3,537 3,322 1,044 1,076 1,063 1,170 1,103 1,002
AFSF 5,245 4,883 5,240 5,123 0,990 | 0498 0520 0476 0,498 0,994 3,532 3,154 3,928 3,538 1,112 | 1,076 1,072 1,188 1,112 1,010

Table A2: Summary of model standard deviation values.

‘Wave5 v250 tas prep psl
Model | EC-Earth CESM  MIROC | Model Mean | NORM | EC-Earth CESM  MIROC |Model Mean | NORM | EC-Earth  CESM MIROC |ModelMean| NORM | EC-Earth CESM  MIROC |Model Mean| NORM
Alsl 2,675 1,695 2,942 2,437 0,488 | 0,446 0,319 0,498 0,421 0,811 2,302 2,425 2,924 2,550 0,882 0,956 0,687 1,025 0,889 0,778
AISF 3,610 1,927 2,600 2,712 0,544 | 0,497 0,343 0,397 0,412 0,794 2,671 2,251 2,530 2,484 0,859 | 1,093 0,724 0,995 0,937 0,820
AFSI 0,542 0,944 1,140 0,875 0,175 | 0,187 0,209 0,257 0,218 0,420 1,771 1,822 2,490 2,027 0,701 0,189 0,303 0,450 0,314 0,274
AFSF 0,586 0,908 0,740 0,745 0,149 | 0,160 0,197 0,212 0,190 0,366 1,793 1,767 2,468 2,009 0,695 0,187 0,305 0,330 0,274 0,240

Wave? v250 tas prep psl
Model | EC-Earth CESM _ MIROC | Model Mean | NORM | EC-Earth  CESM MIROC |Model Mean | NORM | EC-Earth CESM MIROC |Model Mean| NORM | EC-Earth CESM  MIROC |Model Mean| NORM
Alsl 2,838 2,813 3,263 2,971 0,574 | 0,380 0,397 0442 0,407 0,812 3,076 3,395 2,988 3,153 0,991 | 0,785 0,872 0,928 0,862 0,783
AISF 3,174 3,267 3,582 3,341 0,645 | 0,376 0,420 0,372 0,389 0,777 3,062 3,152 2,878 3,031 0,953 0,785 0,949 1,04764 0,927 0,842
AFSI 0,527 0,638 0,935 0,700 0,135 | 0,231 0,167 0,237 0,212 0,423 1,988 2,262 2,558 2,269 0,713 | 0,250 0,306 0,510 0,355 0,323
645 AFSF 0,536 0,645 0,829 0,670 0,129 | 0,166 0,155 0,215 0,179 0,356 1,908 2,206 2,560 2,224 0,699 | 0,226 0,304 0,483 0,338 0,307

Table A3: Summary of model RMSE values.
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660

665

Wave5 v250 tas prep psl
Model corr std rmse corr std rmse corr std rmse corr std rmse
AlSI 0,896 0,994 0,488 0,613 0,705 | 0,811 0,355 0,634 0,882 0,633 0,685 0,778
AISF 0,847 0,895 0,544 0,615 0,542 | 0,794 0,374 0,687 0,859 0,565 0,704 0,820
AFSI 0,985 0,957 0,175 0,916 0,985 | 0,420 0,738 1,052 0,701 0,958 0,965 0,274
AFSF 0,990 0,973 0,149 0,936 0,933 | 0,366 0,754 1,105 0,695 0,970 0,983 0,240

Wave?7 v250 tas prep psl
Model corr std rmse corr std rmse corr std rmse corr std rmse
AlSI 0,832 0,907 0,574 0,620 0,631 | 0,812 0,316 0,744 0,991 0,628 0,717 0,783
AISF 0,784 0,897 0,645 0,672 0,530 | 0,777 0,384 0,800 0,953 0,558 0,717 0,842
AFSI 0,991 0,991 0,135 0,918 1,063 | 0,423 0,734 1,044 0,713 0,960 1,002 0,323
AFSF 0,992 0,990 0,129 0,937 0,994 | 0,356 0,753 1,112 0,699 0,967 1,010 0,307

Table A4: Summary of Multi-Model Mean Taylor Diagram values.

ERAS5 s.d. v250 t2m prep mslp
wave 5 4,990 0,519 2,893 1,144
wave 7 5177 0,501 3,181 1,101

Table A5: Summary of ERAS5 standard deviation values.
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Figure B1. Nudging profile for the three ExtremeXESMs. The actual pressure levels are marked with an x and joined with lines.
The nudging intensity is given from zero (no nudging) to one (fully nudged) (Wehrli et al., 2021, in review). Taken with peigsion.
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Figure B2. Same withFig.2 but with histogram added
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Figure B3: Composite anomaly plots of weeks with higtamplitude waves4 events for meridional wind velocity at 250hPa (v250
690 absolute field, nearsurface temperature (t2m anomaly), precipitation (pr cp, anomaly), and seal level pressure (msjmnomaly) in
ERAS5 (a), EG-Earth (b), CESM (c) and MIROC (d) based on control runs AISI.
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695 Figure B4: Composite anomaly plots of weeks with higlamplitude waves6 events for meridional wind vebcity at 250hPa (v250
absolute field, near-surface temperature (t2m anomaly), precipitation (prcp, anomaly), and seal level pressure (ms|@nomaly) in
ERAS5 (a), ECG-Earth (b), CESM (c) and MIROC (d) based on control runs AISI.
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Figure B5: Composite anomaly plots of weeks with higtamplitude waves8 events for meridional wind velocity at 250hPa (v250
700 absolute field, near-surface temperature (t2m anomaly), precipitation (prcp, anomaly), and seal level pressure (msj@nomaly) in
ERAS5 (a), EC-Earth (b), CESM (c) and MIROC (d) based on control runs AISI.
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Figure B6: Bias plots for high-amplitude wave5 events in different experiments forCESM. Total bias(B_tot), atmospheric

bias(B_atm), landatmosphere interaction bias (B_land) and residual bias(B_res) for meridional wind velocity at 250hPa (a),
surface temperature(b), precipitation (c), and seal level pressure (d).
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Figure B7: Bias plots for highr-amplitude wave7 events in different experiments forCESM. Total bias(B_tot), Atmospheric
bias(B_atm), Land-Atm interaction bias(B_land) and residual bias(B_res) for reridional wind velocity at 250hPa (a), surface
temperature (b), precipitation (c), and seal level pressure (d).
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Figure B8: Bias plots for high-amplitude wave5 events in different experiments forMIROC . Total bias(B_tot), atmospheric
bias(B_atm), landatmosphere interaction bias (B_land) and residual bias(B_res) for meridional wind velocity at 250hPa (a),
surface temperature(b), precipitation (c), and seal level pressure (d).
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Figure B9: Bias plots for high-amplitude wave7 events in different experiments forMIROC . Total bias(B_tot), Atmospheric
bias(B_atm), Land-Atm interaction bias(B_land) and residual bias(B_res) formeridional wind velocity at 250hPa (a), surface
725 temperature (b), precipitation (c), and seal level pressure (d).
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Figure B10: Composite anomaly plots of weeks with higlamplitude waves5 events for meridional wind velocity at 250hPa (v250
anomaly), near-surface temperature (t2m anomaly), precipitation (prcp, anomaly), and seal level pressure (msjpanomaly) in
730 ERAS (a), EGEarth (b), CESM (c) and MIROC (d) based on control runs AISI.
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Figure B11: Composite anomaly plots of weeks with higtamplitude waves7 events for meridional wind velocity at 250hPa (v250
anomaly), near-surface temperature (t2m anomaly), precipitation (prcp, anomaly), and seal level pressure (msjpanomaly) in
735 ERAS5 (a), EGEarth (b), CESM (c) and MIROC (d) based on control runs AISI.
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Figure B12: Same as Fig. 3 but with significant applied at 95% confidence levireas highlighted in shade fuchsia are statistically

significant after FDR method accounted for)
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740
Figure B13: Same as Fig. 4 but with significant applied at 95% confidence level (areas highlighted in shade fuchsia are statistically

significant after FDR method accounted for).
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