Journal Pre-proof

Did anomalous atmospheric circulation favor the spread of COVID-19 in Europe?

A. Sanchez-Lorenzo, J. Vaquero-Martinez, J. Calbo, M. Wild, A. Santurtun, J.A.
Lopez-Bustins, J.M. Vaquero, D. Folini, M. Antén

PII: S0013-9351(20)31523-1
DOI: https://doi.org/10.1016/j.envres.2020.110626
Reference: YENRS 110626

To appearin:  Environmental Research

Received Date: 30 September 2020
Revised Date: 13 December 2020
Accepted Date: 14 December 2020

environmental

Please cite this article as: Sanchez-Lorenzo, A., Vaquero-Martinez, J., Calbo, J., Wild, M., Santurtun,
A., Lopez-Bustins, J.A., Vaquero, J.M., Folini, D., Antén, M., Did anomalous atmospheric circulation
favor the spread of COVID-19 in Europe?, Environmental Research, https://doi.org/10.1016/

j-envres.2020.110626.

This is a PDF file of an article that has undergone enhancements after acceptance, such as the addition
of a cover page and metadata, and formatting for readability, but it is not yet the definitive version of
record. This version will undergo additional copyediting, typesetting and review before it is published

in its final form, but we are providing this version to give early visibility of the article. Please note that,
during the production process, errors may be discovered which could affect the content, and all legal

disclaimers that apply to the journal pertain.

© 2020 Elsevier Inc. All rights reserved.



https://doi.org/10.1016/j.envres.2020.110626
https://doi.org/10.1016/j.envres.2020.110626
https://doi.org/10.1016/j.envres.2020.110626

Author’s contribution

A.SL.,JV.M., JM.V. and M.A. designed the research. A.S.L., JV.M and J-A.L.B conducted the
analyses. A.S.L., JC., MW., A.S and M.A. refined the interpretations. A.S.L. wrote the
manuscript. JV.M, JC.,, MW, A.S,, JA.L.B, JM.V. and M.A. provided comments and

contributed to the text.



Did anomalous atmospheric circulation favor the

spread of COVID-19 in Europe?

A. Sanchez-LorenZq J. Vaquero-MartinézJ. Calbd, M. Wild* A. Santurtuf,

J.A. Lopez-Bustins J.M. Vaquer D. Folin?, M. Antor

! Department of Physics, University of Extremad®adajoz, Spain

2 Department of Physics, University of Girona, GapSpain

% Institute for Atmosphere and Climate (IAC), ETHrith, Zurich, Switzerland

* Unit of Legal Medicine, Department of PhysiologydaPharmacology, University of Can-
tabria, Santander, Spain

> Climatology Group, Department of Geography, Ursitgrof Barcelona, Barcelona, Spain

Corresponding author:

Arturo Sanchez Lorenzo

Department of Physics

University of Extremadura, Badajoz, Spain

E-mail: arturosl@unex.es



10

11

12

13

14

15

16

17

18

19

20

21

22

23

24

Abstract

The current pandemic of coronavirus disease 20/(D-19) caused by the severe acute
respiratory syndrome coronavirus 2 (SARS-CoV-2having negative health, social and
economic consequences worldwide. In Europe, thegrart started to develop strongly at
the end of February and beginning of March 202@s8quently, it spread over the conti-
nent, with special virulence in northern Italy anthnd Spain. In this study we show that
an unusual persistent anticyclonic situation piewvgin southwestern Europe during Feb-
ruary 2020 (i.e. anomalously strong positive phafdbe North Atlantic and Arctic Oscilla-
tions) could have resulted in favorable conditiamg,, in terms of air temperature and hu-
midity among other factors, in Italy and Spain #oquicker spread of the virus compared
with the rest of the European countries. It seetaggible that the strong atmospheric sta-
bility and associated dry conditions that domindtethese regions may have favored the
virus propagation, both outdoors and especiallpang, by short-range droplet and aerosol
(airborne) transmission, or/and by changing samatact patterns. Later recent atmospher-
ic circulation conditions in Europe (July 2020) ahe U.S. (October 2020) seem to sup-
port our hypothesis, although further researcheeded in order to evaluate other con-
founding variables. Interestingly, the atmosphe&oaditions during the Spanish flu pan-

demic in 1918 seem to resemble at some stage latburrent COVID-19 pandemic.

Keywords: COVID-19 disease, atmospheric circulation, NortHaAtic Oscillation, air

humidity, 1918 Spanish flu



25

26

27

28

29

30

31

32

33

34

35

36

37

38

39

40

41

42

43

44

45

46

a7

48

1. Introduction

The world is currently undergoing a pandemic asgedi with the severe acute respiratory
syndrome coronavirus 2 (SARS-CoV-2), which is a remmonavirus first noticed in late
2019 in the Hubei province, China (Huang et al2@®0NVHO, 2020). The virus has a prob-
able bat origin (Liao et al., 2020; Zhou et al.2@)) and causes the ongoing coronavirus
disease 2019 (COVID-19). Although it is crucial find a proper vaccine and medical
treatment for this pandemic, it is also relevanktow the main factors controlling the
transmission of the virus and disease, includimgrtdte of meteorological conditions in the
spread of the virus.

Respiratory virus infections can be transmittedri®ans of particles (droplets or aerosols)
emitted after a cough or sneeze or during a coatierswith an infected person. The large
particles (>5um in diameter) are referred to as respiratory @grigpand tend to settle down
quickly on the ground, usually within one meterdadtance. The small particles (g in
diameter) are referred to as droplet nuclei andeleged to an airborne transmission. These
particles can remain suspended in the air for lopgeods of time and can reach a longer
distance from the origin (Gralton et al., 2011).

Recent studies have pointed out a role of temperatmd humidity in the spread of
COVID-19. Warm conditions and wet atmospheres tenceduce the transmission of the
disease (Alkhowailed et al., 2020; Araujo and Nai20620; Barcelo, 2020; Ma et al., 2020;
Sajadi et al., 2020; Smit et al., 2020). For exanplhas been pointed out that the main
first outbreaks worldwide occurred during periodthwemperatures around 5-11°C, never
falling below 0°C, and specific humidity of 3-6 gkapproximately (Sajadi et al., 2020).
Nevertheless, there are still some uncertaintiesutakhe role of climate variability in

modulating COVID-19 outbreaks (Jamil et al., 20@@&rtinez-Alvarez et al., 2020).
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The first major outbreak in Europe was reportechanthern Italy in late February 2020.
Following that, several major cases were repomegpain, Switzerland and France in early
March, with a subsequent spread over many paiiaipe. On late March 2020, Italy and
Spain were the two main contributors of infectiansl deaths in the continent.

The main hypothesis of this work is that the atnhesg circulation pattern in February
2020 helped to shape the spatial pattern of thereak of the disease during the first stages
of the pandemic in Europe, i.e., when public hesatthtegies were still not in force in the
major part of the European countries and, consetyyeneteorological factors could have
taken a more relevant role than later on. The rgaal of this study is to add some relevant
information regarding the possible role of climatariability to the outbreaks of the

COVID-19 disease, which can be helpful in ordeintplement early alert protocols.

2. Materials
* Covid-19 data
Accumulated COVID-19 data on country basis wereioletd on March 28 2020 from the

website_https://www.worldometers.info/coronavirushich it is mainly based on the data

provided by the Coronavirus COVID-19 Global Casgghe Center for Systems Science
and Engineering (CSSE) at the Johns Hopkins Uritye®&sccumulated data from Spain on
regional scale were obtained on MarcH'28020 from the Spanish Government through

the Institute of Health Carlos Il (ISCIII): httg&ovid19.isciii.es/

* Reanalysis data
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NCEP/NCAR (Kalnay et al., 1996), ERA5 (Copernicusmate Change Service (C3S),
2017) and ERA20C (Poli et al., 2015) atmospheria @dae used in this manuscript. More
details about the spatial and temporal resolutientical levels, assimilation schemes, etc.
can be consulted in their references. In briefatamospheric reanalysis like those used here
is a climate data assimilation project which aimsgsimilate historical atmospheric obser-
vational data spanning an extended period. It as&sgle consistent assimilation scheme
throughout, with the aim of providing continuougdded data for the whole globe.

For the link between the COVID-19 spread on Eurapgzale and atmospheric circulation
we have extracted the monthly anomalies of sed [@essure (SLP) and 500 hPa geopo-
tential height for February 2020 over each gridnpaf the 15 capitals of the European
countries. We have selected the SLP and 500 hféa freorder to summarize the meteoro-
logical conditions over each location, as it is Wnothat several meteorological variables
can be involved in the transmission of respiratdryses (Fuhrmann, 2010; Lowen et al.,
2007). With this approach we also avoid the lackraiperly updated data for all potential
meteorological variables involved in the COVID-X89ead, which needs further research as
soon as the pandemic ends and a more reliable @ngdlete database of both COVID-19

impact and meteorological data can be compiledyjrand Naimi, 2020).

» Surface weather observations
For Spain, several meteorological variables withkguality records were obtained from
the Spanish State Meteorological Agency (AEMET )eolasn surface observations for each
of the capital cities of the provinces inside eadtonomous region; specifically, monthly
averages for February 2020 of 2-m temperature,Baximum temperature, 2-m minimum

temperature (°C), air pressure (hPa), wind spesdHR), specific humidity (g kJ), rela-
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tive humidity (%), total precipitation (mm), andydaof more than 1 mm of precipitation.
The arithmetic average was computed for the autowognregions with more than one

province.

3. Results

The main atmospheric circulation pattern during realy 2020 is characterized by an
anomalous anticyclonic system over the western tdadinean basin, centered between
Spain and lItaly, and lower pressures over nortkemope centered over the Northern Sea
and Iceland (Fig. 1, Fig. S1). This spatial confegion represents the well-known North
Atlantic Oscillation (NAO) (Hurrell, 1995; Jonesat, 1997) in its positive phase, which is
the teleconnection pattern linked to dry conditionsouthern Europe whereas the opposite
occurs in northern Europe (Calb6é and Sanchez-Lore2(X09).

Fig. 2 and Fig. S2 show maps for February 202Géweral meteorological fields that pro-
vide clear evidence of the stable atmospheric titnan southern Europe, with a tendency
towards very dry (i.e., lack of precipitation) acalm conditions, in line with recent results
from Japan where sunny conditions were associatédam increase in the spread of the
COVID-19 infection (Azuma et al., 2020). As suggekin an earlier analysis (Sajadi et al.,
2020), the SARS-CoV-2 virus seems to be transmittedt effectively in dry conditions
with daily mean air temperatures between around&f€C11°C, which are the conditions
shown in Fig. 2 for the major part of Italy and Bpd@y contrast, northern Europe experi-
enced in February 2020 mainly wet and windy coodgi due to an anomalous strong
westerly circulation that is linked to rainy condits.

These spatial patterns fit with the well-known cile features associated over Europe dur-

ing positive phases of the NAO (Hurrell et al., 3R0rhe Arctic Oscillation (AO), which is
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a teleconnection pattern linked to NAO, showed @brbary 2020 the strongest positive
value during 1950-2020 (Fig. S3). The AO refletts horthern polar vortex variability at
surface level (Baldwin et al., 2003), and it cotssif a low-pressure center located over the
Norwegian sea and the Arctic ocean and a high-predslt between 40 and 50°N, forming
an annular-like structure. Positive values of th@ ikdex mean a strong polar vortex, and
the anomalous positive phase experienced during 2820 has been linked with the out-
standing ozone loss registered over the Arcticaregiuring March 2020 (Witze, 2020). In
a separate study, we have hypothesized that trosgstAO positive phase could have
played a non-negligible role in the first stepstlué disease worldwide. Specifically, it is
worth remembering that the COVID-19 pandemic stattedevelop strongly by the end of
January, first in China with subsequent rapid spteaother countries concentrated mainly
within the 30-50°N latitudinal regions. This feawgeems to be in line with unusual persis-
tent anticyclonic situation prevailing at latitudasound 40°N, which was observed on
global scale due to the strong positive phaseefD described above. This atypical situa-
tion could have helped to provide favourable meikgical conditions for a quicker spread
of the virus (for more details, see Sanchez-Loreziz., 2020, Fig. S4).

Back to Europe, we argue that this spatial conéigan of the atmospheric circulation (Fig.
1) might have played a non-negligible role in theduation of the early spread of the
COVID-19 outbreaks over Europe. It is known thamsocases were reported already in
mid-January in France, with subsequent cases im&wer and other countries (Spiteri et
al., 2020). Thus, the SARS-CoV-2 virus was alremdi¢urope in early 2020, but maybe it
started to extend rapidly only when suitable atrhesig conditions for its spread were
reached. It is possible that these proper conditiwware met in February, mainly in Italy

and Spain, due to the meteorological conditionsiptesly mentioned.
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The link between the COVID-19 spread and atmosplwrtulation has been tested as fol-
lows. We have extracted monthly anomalies of seel lpressure (SLP) and 500 hPa geo-
potential height for February 2020 over each godpof the 15 capitals of the European
countries (Fig. S5) with the highest number of COMI9 cases reported on late March
(see Section 2). Fig. 3 shows that there is a cdationship between the anomalies of the
500 hPa and the total cases per population, wischivien by a statistically significant
(R?=0.481, p<0.05) second order polynomial fit. ItaBpain, and Switzerland, which are
the only countries with more than 1,000 cases/omilinhabitants in our dataset, clustered
together in regions with very large positive anaeslof 500 hPa geopotential heights.
Similar results are obtained using SLP fields @rawn).

These results evidence that it seems plausibletileapositive phase of the NAO, and the
atmospheric conditions associated with it, providptimal conditions for the spread of the
COVID-19 in southern European countries like Spaid Italy, where the start of the out-
break in Europe was located. To test this hyposhiesther we have also analyzed the rela-
tionship between the disease and meteorological wihin Spain (see Section 2 and Fig.
S6). The results show that mean temperature andfisphumidity variables have the
strongest relation with infections and deaths oMI®19 and fit with an exponential func-
tion (Fig. 4). They indicate that those meteoratagconditions given by lower mean tem-
peratures (i.e., average of around 8-11°C) andrlewecific humidity (e.g., <6 g Ky are
related to a higher number of cases and deathpamSNevertheless, it is worth mention-
ing that both meteorological variables are highyrelated (R=0.838,p<0.05) and are not
independent of each other. The temperatures asa$®10°C are only reached in a few
regions such as Madrid, Navarra, La Rioja, Arag0astilla and Leon and Castilla-La

Mancha. These areas are mainly located in inlaralnSphere drier conditions were re-
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ported the weeks before the outbreak. The restpafnSexperienced higher temperatures
and consequently were out of the areas of hightenpial for the spread of the virus, as
reported so far in the literature. In addition,Heglevels of humidity also seemed to limit
the impact of the disease (Barcelo, 2020), andetber the coastal areas seem to benefit
from lower rates of infection. Thus, the southezgions of Spain (all of them with more
than 13°C and higher levels of specific humidigparted lower rates of infection and de-
ceases. This is in line with the spatial patteritaty, with the most (least) affected regions
by COVID-19 mainly located in the North (South).dantrast, when the whole of Europe
is considered on a country by country basis (seeeabnd Fig. 3), the opposite is found, a
clear gradient with more severity from North to 8oas commented previously.

The spatial pattern of COVID-19 described above d@se intriguing resemblances with
the 1918 influenza pandemic, which is the lateadtiepandemic in modern history of Eu-
rope. The excess-mortality rates across Europbanl®18 flu also showed a clear north-
south gradient, with a higher mortality in south&uropean countries (i.e., Portugal, Spain
and Italy) as compared to northern regions, ancgpat could not be explained by socio-
economic or health factors (Ansart et al., 2008)Spain, a south-north gradient was also
reported in the 1918 flu after controlling for degnaphic factors (Chowell et al., 2014).
The central and northern regions of Spain expeeertdigher rates of mortality, and this
has been suggested to be linked to more favordinhate conditions for influenza trans-
mission as compared to the southern regions (Chawel., 2014). Interestingly, the SLP
anomalies of the months previous to the major wafvihis pandemic (which occurred in
October-November 1918) showed a clear south-nagblel with positive anomalies in
southern Europe centered over the Mediterraneah,nagative ones in northern Europe

(Fig. 5). In other words, the NAO was also in itspive phase just before the major out-



191 break of the 1918 influenza pandemic. This resesitile spatial patterns described above
192 for the current COVID-19 outbreak, both in termgled spatial distribution of the mortality
193 of the pandemic over Europe as well as in prevgiitimospheric circulation conditions
194 before the outbreak. These intriguing coinciderstesuld motivate further research in or-
195 der to better understand the spatial and tempasaiittition of large respiratory-origin
196 pandemics over Europe.

197

198 4. Discussion

199 Taking into account these results, we claim thatrtfajor initial outbreaks of COVID-19 in
200 Europe (i.e., Italy and Spain) may have been falbsean anomalous atmospheric circula-
201 tion pattern in February, characterized by a pasiihase of the NAO. Considering current
202 evidences in the literature, it seems that suitabfeditions of air temperature and humidity
203 were reached in northern Italy and inland Spaideé&d, meteorological conditions can af-
204 fect the susceptibility of an infected host by iaitg the mucosal antiviral defense (Kudo et
205 al., 2019) and the stability and transmission ef\hus (Lin and Marr, 2020; Moriyama et
206 al., 2020), as well as social contact patterns (Aaet al., 2020; Willem et al., 2012). It is
207 worth mentioning that meteorological conditions calso affect indoors environment
208 (Shaman and Galanti, 2020; Shaman and Kohn, 20@®ed, the air humidity is lowered
209 in indoor conditions with respect to outdoors dodhte heating (except if a humidity con-
210 trolled approach is installed).

211 We also hypothesize that the anomalous meteorabganditions experienced in Italy and
212 Spain promoted the airborne contagion (Lowen andsa2009), especially in indoors
213 situations, in addition to the direct and indireontact and short-range droplets, which all

214 together may have helped to speed up the rateffestiee reproductive number (R) of the
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virus (Fig. 6). Regarding airborne transmissiomas been suggested that it can play a key
role in some diseases like tuberculosis or meaataseven in coronaviruses (Kutter et al.,
2018; Tellier et al., 2019; Yu et al., 2004) inchgl COVID-19 disease (Dancer et al.,
2020; Jayaweera et al., 2020; Morawska et al., 20RBawska and Cao, 2020; Prather et
al., 2020). Another study describes that the SARS-Z virus can remain viable at least
up to 3 hours in airborne conditions (van Doremaeal., 2020). Respiratory droplets and
aerosols loaded with pathogens can reach distanrés 7-8 meters under some specific
conditions such as a turbulence gas cloud emittet a cough of an infected person
(Bourouiba, 2020). A study performed in Wuhan, ¢heital of the Hubei province, shows
that the SARS-CoV-2 virus was present in severalthecare institutions, as well as in
some crowded public areas of the city. It also lghits a potential resuspension of the in-
fectious aerosols from the floors or other hardasgs with the walking and movement of
people (Liu et al., 2020). Another study also shewisience of potential airborne transmis-
sion in a health care institution (Santarpia et 2020). Additionally, another recent study
suggests that strong stability associated withcgalionic conditions may have promoted
airborne transmission (Bhaganagar and Bhimireddg0}?

Equally, it has also been suggested that high gihesg pollutant concentrations can be
positively related to increase fatalities relatedréspiratory virus infections (Chen et al.,
2017; Cui et al., 2003) and even COVID-19 (Azumalet 2020; Coccia, 2020a, 2020b;
Ogen, 2020). This is a relevant issue as the matispot of COVID-19 in Italy was located
in the Po valley (EEA, 2019). Further researchasded in order to study the COVID-19
incidence and concentration of the main air pofitdan Europe to test this latter hypothe-

Sis.
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In order to give some information regarding thestlale role of atmospheric circulation in
early COVID-19 outbreaks during the second waveimfs, Fig. 7 shows the anomaly ge-
opotential 500 hPa field over Europe for July 2020ich was characterized by anticyclon-
ic conditions over the Atlantic Ocean and affectedthwestern Europe. This state of the
atmospheric circulation should imply stable and donditions over most of the region af-
fected by the positive anomaly values. Interesyinal the end of the next month, Spain and
France were the countries with the highest detetfedays COVID-19 incidence in Eu-
rope (Fig. S7), which seems to be in line with hgults reported above for the first wave
of virus infection in winter-spring.

In addition to Europe, Fig. 8 shows the anomaly bb@ field over North America for Oc-
tober 2020, which was characterized by anticyclaoiaditions over the Atlantic and Pacif-
ic coastal regions of the U.S., whereas a veryposgsure center in central-eastern Canada
enhanced a northwesterly flow circulation over tioethern and central inland U.S. This
atmospheric circulation is associated with lowengerature and very low specific humidi-
ty in these regions. The 7-days COVID-19 caseslense map in early November over the
U.S. (Fig. S8) shows that most of the central amdhern states reported the highest num-
ber of cases, which seems to be aligned with thasathat experienced the northwestern
wind flows during October. It is interesting to edthat several atmospheric conditions
might drive large outbreaks (i.e., not only anomalanticyclonic conditions could trigger
COVID-19 outbreaks), which should be taken intocactt in further studies as we can ex-
pect that these atmospheric patterns can be diff@leng the year and also highly geo-
graphical dependent, i.e., mid-latitudes vs trdpiegions (Lowen and Palese, 2009).
Overall, in the context of anthropogenic climatamge, it has been shown that in future

emissions scenarios a poleward expansion of thdebazkll is expected (Collins et al.,
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2013; Gillett and Stott, 2009), which in turn isline with a tendency to increase the fre-
guency of positive phases of the NAO (Deser et28l1,7) (Figure S9). This should be tak-
en into account for planning against future epidmsnaind pandemics that arise from respir-
atory viruses, especially in terms of environmeatad health policies implemented by pol-

icymakers to minimize future pandemics.

5. Conclusions

Although the outbreak of a pandemic is controllgdabhigh number of biological, health,
political, social, economic and environmental fastavith complex and non-linear interre-
lationships between them (Coccia, 2020c), with goveent strategies likely playing the
major role in the control of the spread of the manit, the results of this study indicate for
the first time that an anomalous atmospheric catiah may play a role in (partly) explain-
ing why the first COVID-19 outbreak in Europe deymd more easily (or faster) in the
south-west (mainly north of Italy and inland of 8palt should be noted that the current
research is performed on COVID-19 incidence dat#l the end of March 2020, that is
when governmental strategies could not have resyké in an impact on the evolution of
the spread.

Specifically, the extreme positive phase of the NA@ing February 2020 could have
modulated the beginning of the major outbreaks 6GMI-19 in Europe. This detected
anomalous atmospheric pattern, which produces aingditions over southwestern Europe,
may have provided optimal meteorological conditidos the virus propagation at mid-
latitudes (Lowen and Palese, 2009); this featumulshbe taken into account for future

outbreaks of the disease. Nevertheless, this issads further research in order to prove
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the cause-effect relationship suggested in ouryswitich is based in simple correlation
analysis and does not include any other socio-eoaa confounding factors.

The results presented in this study could involsaes health policy implications, as the lag
between large atmospheric circulation anomalies thedCOVID-19 outbreaks could be
used for implementing early alert protocols usirgpthier and seasonal forecasting models
that can predict atmospheric circulation patteregesml days/weeks in advance. Future
research is needed in order to study other mitlitdi regions, as well as other possible
atmospheric patterns with the potential to trigg&VID-19 outbreaks, as they can be spa-
tially and temporally variable throughout the year.

Interestingly, the conditions during the latest anggandemic experienced in Europe (the
Spanish flu in 1918) seem to resemble the curneatiad pattern of affectation with more
cases in the South of Europe as compared to thién Nequally, the dominant atmospheric
situation was strongly affected by anticyclonicdloyic) conditions in the South (North) of
Europe. More research is needed in order to bettderstand the spatio-temporal patterns
of large epidemic and pandemic situations on histbtimes, and their connection with the
prevailing atmospheric conditions patterns, whiah be also used for implementing future

environmental, health and social policies.



309

310

311

312

313

314

315

316

317

318

319

320

321

322

323

324

325

326

327

328

329

330

331

332

Funding

A. Sanchez-Lorenzo was supported by a fellowshifCR2016—-20784 funded by the Min-
istry of Science and Innovation. Javier Vaqueroiviaz was supported by a predoctoral
fellowship (PD18029) from Junta de Extremadura Batbpean Social Fund. J.A. Lopez-
Bustins was supported by Climatology Group of thavidrsity of Barcelona (2017 SGR
1362, Catalan Government) and the CLICES projeciGLZD17-83866-C3-2-R,
AEI/FEDER, UE). This research was supported byEbenomy and Infrastructure Coun-
selling of the Junta of Extremadura through graRtL8097 (co-financed by the European
Regional Development Fund).

CRediT authorship contribution statement

A.S.L., JV.M., J-M.V. and M.A. designed the res¢arA.S.L., J.V.M and J-A.L.B con-
ducted the analyses. A.S.L., J.C., M.W., A.S. and Mefined the interpretations. A.S.L.
wrote the manuscript. J.V.M, J.C., M\W., A.S., I-:8, J-M.V. and M.A. provided com-
ments and contributed to the text.

Declaration of competing inter est

The authors declare that they have no known comgpditiancial interests that could have
appeared to influence the work reported in thigstu

Acknowledgments

Juan V., Xavi B. and Raul J.I. (UPV/EHU), Tofio BidaKiko B. kindly helped us in dis-
cussing the results. NCEP Reanalysis data prowigatie NOAA/OAR/ESRL PSL, Boul-

der, Colorado, USA, from their Web site at httpslihoaa.gov/




333

334
335
336
337
338
339
340
341
342
343
344
345
346
347
348
349
350
351
352
353
354
355
356
357
358
359
360
361
362
363
364
365
366
367
368
369
370
371
372
373
374
375
376

References

Alkhowailed, M., Shariq, A., Algossayir, F., Alzami, O.A., Rasheed, Z., Al Abdulmo-
nem, W., 2020. Impact of meteorological parameter<COVID-19 pandemic: A
comprehensive study from Saudi Arabia. Inform. Méthlocked 20, 100418.
https://doi.org/10.1016/j.imu.2020.100418

Ansart, S., Pelat, C., Boelle, P.Y., Carrat, Fghialult, A., Valleron, A.J., 2009. Mortality
burden of the 1918-1919 influenza pandemic in Eerdpfluenza Other Respir. Vi-
ruses 3, 99-106. https://doi.org/10.1111/j.1750928309.00080.x

Araujo, M.B., Naimi, B., 2020. Spread of SARS-CoM=dronavirus likely to be con-
strained by climate. medRxiv. https://doi.org/1@1/2020.03.12.20034728

Azuma, K., Kagi, N., Kim, H., Hayashi, M., 2020. piarct of climate and ambient air pollu-
tion on the epidemic growth during COVID-19 outlkea Japan. Environ. Res.
190, 110042. https://doi.org/10.1016/j.envres.2020042

Baldwin, M.P., Stephenson, D.B., Thompson, D.Wlunkerton, T.J., Charlton, A.J.,
O\textquoterightNeill, A., 2003. Stratospheric Mawmaand Skill of Extended-
Range Weather Forecasts. Science 301, 636—640.
https://doi.org/10.1126/science.1087143

Barcelo, D., 2020. An environmental and health pecsve for COVID-19 outbreak: Me-
teorology and air quality influence, sewage epid#ogy indicator, hospitals disin-
fection, drug therapies and recommendations. Jir&mvChem. Eng. 8, 104006.
https://doi.org/10.1016/j.jece.2020.104006

Bhaganagar, K., Bhimireddy, S., 2020. Local atmesighfactors that enhance air-borne
dispersion of coronavirus - High-fidelity numericsimulation of COVID19 case
study in real-time. Environ. Res. 191, 110170.
https://doi.org/10.1016/j.envres.2020.110170

Bourouiba, L., 2020. Turbulent Gas Clouds and Rasmiy Pathogen Emissions: Potential
Implications  for Reducing  Transmission of COVID-19.JAMA.
https://doi.org/10.1001/jama.2020.4756

Calbg, J., Sanchez-Lorenzo, A., 2009. Cloudinessatblogy in the Iberian Peninsula
from three global gridded datasets (ISCCP, CRU TS ERA-40). Theor. Appl.
Climatol. 96, 105-115. https://doi.org/10.1007/900D08-0039-z

Chen, G., Zhang, W,, Li, S., Zhang, Y., Williams, Buxley, R., Ren, H., Cao, W., Guo,
Y., 2017. The impact of ambient fi ne particlesioril uenza transmission and the
modi fi cation effects of temperature in Chin& multi-city study. Environ. Int. 98,
82-88. https://doi.org/10.1016/j.envint.2016.10.004

Chowell, G., Erkoreka, A., Viboud, C., EcheverriyMia, B., 2014. Spatial-temporal excess
mortality patterns of the 1918-1919 influenza panidein Spain. BMC Infect. Dis.
14, 1-12. https://doi.org/10.1186/1471-2334-14-371

Coccia, M., 2020a. How do low wind speeds and tégtels of air pollution support the
spread of COVID-19? Atmospheric Pollut. Res.
https://doi.org/10.1016/j.apr.2020.10.002

Coccia, M., 2020b. The effects of atmospheric §tghwith low wind speed and of air pol-
lution on the accelerated transmission dynamic€ONID-19. Int. J. Environ.
Stud. 0, 1-27. https://doi.org/10.1080/00207233020202937



377
378
379
380
381
382
383
384
385
386
387
388
389
390
391
392
393
394
395
396
397
398
399
400
401
402
403
404
405
406
407
408
409
410
411
412
413
414
415
416
417
418
419
420
421

Coccia, M., 2020c. An index to quantify environnadmisk of exposure to future epidem-
ics of the COVID-19 and similar viral agents: The@nd practice. Environ. Res.
191, 110155. https://doi.org/10.1016/j.envres.2020155

Collins, M., Knutti, R., Arblaster, J., Dufresne;L], Fichefet, T., Friedlingstein, P., Gao,
X., Gutowski, W.J., Johns, T., Krinner, G., Shongie, Tebaldi, C., Weaver, A.J.,
Wehner, M., 2013. Long-term Climate Change: Prajest Commitments and Ir-
reversibility, in: Stocker, T.F., D. Qin, G.-K. Riaer, M. Tignor, S.K. Allen, J.
Boschung, A. Nauels, Y. Xia, V.B. and P.M.M. (EdJlimate Change 2013: The
Physical Science Basis. Contribution of Working @ra to the Fifth Assess- Ment
Report of the Intergovernmental Panel on Climatar@e. Cambridge University
Press, Cambridge, United Kingdom and New York, NGA, pp. 1029-1136.

Copernicus Climate Change Service (C3S), 2017. ER#8 generation of ECMWF at-
mospheric reanalyses of the global climate. CopamiClimate Change Service
Climate Data Store (CDS). https://cds.climate.copeis.eu/cdsapp#!/home.

Cui, Y., Zhang, Z., Froines, J., Zhao, J., Wang,Y4, S., Detels, R., 2003. Environmental
Health: A Global Air pollution and case fatality of SARi$the People ' s Republic
of China: an ecologic study 5, 1-5.

Dancer, S.J., Tang, J.W., Marr, L.C., Miller, Sofdwska, L., Jimenez, J.L., 2020. Putting
a balance on the aerosolization debate around SARE2. J. Hosp. Infect. 105,
569-570. https://doi.org/10.1016/j.jhin.2020.05.014

Deser, C., Hurrell, J.W., Phillips, A.S., 2017. Tiode of the North Atlantic Oscillation in
European climate projections. Clim. Dyn. 49, 314158
https://doi.org/10.1007/s00382-016-3502-z

EEA, 2019. Air quality in Europe — 2019 report.fdstt//doi.org/doi:10.2800/822355

Fuhrmann, C., 2010. The effects of weather andatknon the seasonality of influenza:
What we know and what we need to know. Geogr. Cesipéd 718-730.
https://doi.org/10.1111/j.1749-8198.2010.00343.x

Gillett, N.P., Stott, P.A., 2009. Attribution of timopogenic influence on seasonal sea level
pressure. Geophys. Res. Lett. 36. https://doi.Oc@(29/2009GL041269

Gralton, J., Tovey, E., McLaws, M.-L., Rawlinson,®V, 2011. The role of particle size in
aerosolised pathogen transmission: A review. J.ecmf 62, 1-13.
https://doi.org/10.1016/}.jinf.2010.11.010

Huang, C., Wang, Y., Li, X., Ren, L., Zhao, J., Mu, Zhang, L., Fan, G., Xu, J., Gu, X.,
2020. Clinical features of patients infected wiil2 novel coronavirus in Wuhan ,
China. Lancet 497-506. https://doi.org/10.1016/$06436(20)30183-5

Hurrell, J.W., 1995. Decadal Trends in the NortfaAtic Oscillation: Regional Tempera-
tures and Precipitation. Science 269, 676—679.
https://doi.org/10.1126/science.269.5224.676

Hurrell, J.W., Kushnir, Y., Ottersen, G., Visbedk,, 2003. An Overview of the North At-
lantic Oscillation, in: The North Atlantic Oscillah: Climatic Significance and En-
vironmental Impact. American Geophysical Union (AGUpp. 1-35.
https://doi.org/10.1029/134GM01

Jamil, T., Alam, 1., Gojobori, T., Duarte, C.M., 2D No Evidence for Temperature-
Dependence of the COVID-19 Epidemic. Front. Publidealth 8.
https://doi.org/10.3389/fpubh.2020.00436



422
423
424
425
426
427
428
429
430
431
432
433
434
435
436
437
438
439
440
441
442
443
444
445
446
447
448
449
450
451
452
453
454
455
456
457
458
459
460
461
462
463
464
465
466
467
468

Jayaweera, M., Perera, H., Gunawardana, B., Magatud., 2020. Transmission of
COVID-19 virus by droplets and aerosols: A criticaliew on the unresolved di-
chotomy. Environ. Res. 188, 109819. https://doi10d016/j.envres.2020.109819

Jones, P.D., Jonsson, T., Wheeler, D., 1997. Exterts the North Atlantic oscillation
using early instrumental pressure observations f@&ibraltar and soutlvest Ice-
land. Int. J. Climatol. 17, 1433-145.

Kalnay, E., Kanamitsu, M., Kistler, R., Collins, WDeaven, D., Gandin, L., 1996. The
NCEP / NCAR 40-Year Reanalysis Project. Bull. Anet®brol. Soc. 77, 437-470.

Kudo, E., Song, E., Yockey, L.J., Rakib, T., WoRgWw., Homer, R.J., lwasaki, A., 2019.
Low ambient humidity impairs barrier function anmthate resistance against influ-
enza infection. Proc. Natl. Acad. Sci. 116, 109@®D.
https://doi.org/10.1073/pnas.1902840116

Kutter, J.S., Spronken, M.l., Fraaij, P.L., FouchR.A.M., Herfst, S., 2018. Transmission
routes of respiratory viruses among humans. CupinQVirol. 28, 142-151.
https://doi.org/10.1016/j.coviro.2018.01.001

Liao, Y., Wei, W., Cheung, W.Y., Li, W,, Li, L., u;mg, G.M., Holmes, E.C., Hu, Y.,
Guan, Y., 2020. Identifying SARS-CoV-2 related amwiruses in Malayan pango-
lins https://doi.org/10.1038/s41586-020-2169-0.

Lin, K., Marr, L.C., 2020. Humidity-Dependent Decay Viruses, but Not Bacteria, in
Aerosols and Droplets Follows Disinfection Kineti&nviron. Sci. Technol. 54,
1024-1032. https://doi.org/10.1021/acs.est.9b04959

Liu, Yuan, Ning, Z., Chen, Y., Guo, M., Liu, Yingl&ali, N.K., Sun, L., Duan, Y., Cai, J.,
Westerdahl, D., Liu, X., Ho, K., Kan, H., Fu, Q.a, K., 2020. Aerodynamic
Characteristics and RNA Concentration of SARS-CoXe2osol in Wuhan Hospi-
tals during COVID-19 Outbreak. bioRxiv.
https://doi.org/10.1101/2020.03.08.982637

Lowen, A., Palese, P., 2009. Transmission of imfazevirus in temperate zones is predom-
inantly by aerosol, in the tropics by contact. PLo&urr. 1.
https://doi.org/10.1371/currents.RRN1002

Lowen, A.C., Mubareka, S., Steel, J., Palese, B072Influenza Virus Transmission Is
Dependent on Relative Humidity and Temperature. £L@athog. 3, 1-7.
https://doi.org/10.1371/journal.ppat.0030151

Ma, Y., Zhao, Y., Liu, J., He, X., Wang, B., Fu, 8an, J., Niu, J., Zhou, J., Luo, B., 2020.
Effects of temperature variation and humidity oe tleath of COVID-19 in Wuhan,
China. Sci. Total Environ. 724, 138226.
https://doi.org/10.1016/j.scitotenv.2020.138226

Martinez-Alvarez, M., Jarde, A., Usuf, E., Brotlaert H., Bittaye, M., Samateh, A.L., An-
tonio, M., Vives-Tomas, J., D’Alessandro, U., Ro&a,2020. COVID-19 pandem-
ic in west Africa. Lancet Glob. Health. https:/dwg/10.1016/S2214-
109X(20)30123-6

Morawska, L., Cao, J., 2020. Airborne transmissibrSARS-CoV-2_ The world should
face the reality. Environ. Int. https://doi.org/1016/j.envint.2020.105730

Morawska, L., Tang, J.W., Bahnfleth, W., BluyssénM., Boerstra, A., Buonanno, G.,
Cao, J., Dancer, S., Floto, A., Franchimon, F., blélw C., Hogeling, J., Isaxon, C.,
Jimenez, J.L., Kurnitski, J., Li, Y., Loomans, Marks, G., Marr, L.C., Mazzarel-
la, L., Melikov, A.K., Miller, S., Milton, D.K., Naaroff, W., Nielsen, P.V., Noakes,
C., Peccia, J., Querol, X., Sekhar, C., SeppanenTd&»abe, S., Tellier, R., Tham,



469
470
471
472
473
474
475
476
477
478
479
480
481
482
483
484
485
486
487
488
489
490
491
492
493
494
495
496
497
498
499
500
501
502
503
504
505
506
507
508
509
510
511
512
513
514
515

K.W., Wargocki, P., Wierzbicka, A., Yao, M., 2028ow can airborne transmission
of COVID-19 indoors be minimised? Environ. Int. 142105832.
https://doi.org/10.1016/j.envint.2020.105832

Moriyama, M., Hugentobler, W.J., Iwasaki, A., 208&asonality of Respiratory Viral In-
fections. Annu. Rev. Virol. 7, annurev-virology-QIzZnD-022445.
https://doi.org/10.1146/annurev-virology-012420-022

Ogen, Y., 2020. Assessing nitrogen dioxide (NO2le as a contributing factor to coro-
navirus (COVID-19) fatality. Sci. Total Environ. &2 138605.
https://doi.org/10.1016/j.scitotenv.2020.138605

Poli, P., Hersbach, H., Berrisford, P., other atghd@015. ERA-20C Deterministic.
https://www.ecmwf.int/node/11700. ERA Rep. 20 48.

Prather, K.A., Marr, L.C., Schooley, R.T., McDiadnM.A., Wilson, M.E., Milton, D.K.,
2020. Airborne transmission of SARS-CoV-2. Science.
https://doi.org/10.1126/science.abf0521

Sajadi, M.M., Habibzadeh, P., Vintzileos, A., Shokp S., Miralles-Wilhelm, F., Amoro-
so, A., 2020. Temperature, Humidity, and Latitudealysis to Estimate Potential
Spread and Seasonality of Coronavirus Disease R003/I1D-19). JAMA Netw.
Open 3, €2011834—-e2011834.
https://doi.org/10.1001/jamanetworkopen.2020.11834

Sanchez-Lorenzo, A., Vaquero-Martinez, J., LopestBs, J.-A., Calbo, J., Wild, M., San-
turtun, A., Folini, D., Vaquero, J.-M., Anton, M2020. Arctic Oscillation: possible
trigger of COVID-19 outbreak. ArXiv200503171 PhgBio.

Santarpia, J.L., Rivera, D.N., Herrera, V., MorwitzM.J., Creager, H., Santarpia, G.W.,
Crown, K.K., Brett-Major, D., Schnaubelt, E., Brbanst, M.J., Lawler, J. V, Reid,
St.P., Lowe, J.J., 2020. Transmission PotentigdARS-CoV-2 in Viral Shedding
Observed at the University of Nebraska Medical €ent medRxiv.
https://doi.org/10.1101/2020.03.23.20039446

Shaman, J., Galanti, M., 2020. Will SARS-CoV-2 beeoendemic? Science 370, 527-
529. https://doi.org/10.1126/science.abe5960

Shaman, J., Kohn, M., 2009. Absolute humidity matks influenza survival, transmission,
and seasonality. Proc. Natl. Acad. Sci. U. S. A.6,103243-3248.
https://doi.org/10.1073/pnas.0806852106

Smit, A.J., Fitchett, J.M., Engelbrecht, F.A., Selso R.J., Dzhivhuho, G., Sweijd, N.A.,
2020. Winter Is Coming: A Southern Hemisphere Reg8pe of the Environmental
Drivers of SARS-CoV-2 and the Potential SeasonaftyCOVID-19. Int. J. Envi-
ron. Res. Public. Health 17, 5634. https://doi.bdg3390/ijerph17165634

Spiteri, G., Fielding, J., Diercke, M., Campese, Enouf, V., Gaymard, A., Bella, A.,
Sognamiglio, P., Sierra Moros, M.J., Riutort, A.NDemina, Y. V, Mahieu, R.,
Broas, M., Bengnér, M., Buda, S., Schilling, Jllefi, L., Lepoutre, A., Saura, C.,
Mailles, A., Levy-Bruhl, D., Coignard, B., BernaBteecklin, S., Behillil, S., van
der Werf, S., Valette, M., Lina, B., Riccardo, Ricastri, E., Casas, I., Larrauri, A.,
Salom Castell, M., Pozo, F., Maksyutov, R.A., MartC., Van Ranst, M., Bossuyt,
N., Siira, L., Sane, J., Tegmark-Wisell, K., PalogrM., Broberg, E.K., Beauté, J.,
Jorgensen, P., Bundle, N., Pereyaslov, D., Adlh@hPukkila, J., Pebody, R., OI-
sen, S., Ciancio, B.C., 2020. First cases of corona disease 2019 (COVID-19) in
the WHO European Region, 24 January to 21 Febr2@29. Eurosurveillance 25.
https://doi.org/10.2807/1560-7917.ES.2020.25.9.2080



516
517
518
519
520
521
522
523
524
525
526
527
528
529
530
531
532
533
534
535
536
537
538

539

540

541

542

543

544

545

546

547

548

549

Tellier, R., Li, Y., Cowling, B.J., Tang, J.W., 2B1Recognition of aerosol transmission of
infectious agentsa commentary. BMC Infect. Dis. 1-9.

van Doremalen, N., Bushmaker, T., Morris, D.H., bfobk, M.G., Gamble, A., William-
son, B.N., Tamin, A., Harcourt, J.L., ThornburgJN\.Gerber, S.I., Lloyd-Smith,
J.O., de Wit, E., Munster, V.J., 2020. Aerosol &uwiface Stability of SARS-CoV-2
as Compared with SARS-CoV-1. N. Engl. J. Med.
https://doi.org/10.1056/NEJMc2004973

WHO, 2020. WHO | Novel Coronavirus — China. httgaiv.who.int/csr/don/12-january-
2020-novel-coronavirus-china/en/ (accessed 4.1.20).

Willem, L., van Kerckhove, K., Chao, D.L., Hens, Beutels, P., 2012. A Nice Day for an
Infection? Weather Conditions and Social ContadtePas Relevant to Influenza
Transmission. PLoS ONE 7. https://doi.org/10.13irfal.pone.0048695

Witze, A., 2020. Rare ozone hole opens over Aretiand it's big. Science 580, 18-19.
https://doi.org/doi: 10.1038/d41586-020-00904-w

Yu, I.LT.S,, Li, Y., Wong, T.W., Tam, W., Chan, A, Lee, J.H.W., Leung, D.Y.C., Ho, T.,
2004. Evidence of Airborne Transmission of the $evikcute Respiratory Syn-
drome Virus. N. Engl. J. Med. 350, 1731-1739.
https://doi.org/10.1056/NEJM0a032867

Zhou, P., Yang, X., Wang, Xian-guang, Hu, B., Zhang Zhang, W., Guo, H., Jiang, R.,
Liu, M., Chen, Y., Shen, X., Wang, Xi, Zhan, F., MgaY., Xiao, G., Shi, Z., 2020.
A pneumonia outbreak associated with a new coroms\of probable bat origin.
Nature 579, 270-273. https://doi.org/10.1038/s41G36-2012-7



550 Figures

NCEP/NCAR Reanalysis

500mb Geopotential Height (m) Composite Anomaly 1981-2010 climo
80N

NOAA Physical Sciences Laboratory

150

75N
120

70N
=190

50N

45N 1

40N 1

35N 1

30N T - £ . T -
20W 15w 10w 5W 10E  13E

Feb 2020
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552 rope as compared to the climatology mean (1981-2&tdd). Image generated with the
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period). Image generated with the Web-based Resisalgtercomparison Tool provided
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Figure 6. Schematic representation of particlestethby a cough, with the large droplets
settled down nearby (e.g., 1 m distance) and tralenairborne particles spreading in sus-
pension for longer time, and reaching longer distanespecially in dry and stable indoor
conditions as compared to wet environments. Itss possible that a resuspension of aero-
sol particles can eventually happen due to humtwités (e.g., walking, cleaning, etc.) or
air flows, which is enhanced under dry conditions.
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Highlights

- First study to explore the effects of large-scale atmospheric patterns on COVID-19.
- Anticyclonic conditions could have favored the COVID-19 disease over Europe.
- Transmission by droplets and/or aerosols, and socia contact could be enhanced.

- Resemblances with spatial and atmospheric conditions during the 1918 Spanish flu.
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