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Abstract

Background: Middle East respiratory syndrome coronavirus (MERS-CoV) is endemic in dromedary camels in the
Arabian Peninsula, and zoonotic transmission to people is a sporadic event. In the absence of epidemiological data
on the reservoir species, patterns of zoonotic transmission have largely been approximated from primary human
cases. This study aimed to identify meteorological factors that may increase the risk of primary MERS infections in
humans.

Methods: A case-crossover design was used to identify associations between primary MERS cases and preceding
weather conditions within the 2-week incubation period in Saudi Arabia using univariable conditional logistic
regression. Cases with symptom onset between January 2015 – December 2017 were obtained from a publicly
available line list of human MERS cases maintained by the World Health Organization. The complete case dataset
(N = 1191) was reduced to approximate the cases most likely to represent spillover transmission from camels
(N = 446). Data from meteorological stations closest to the largest city in each province were used to calculate the
daily mean, minimum, and maximum temperature (οC), relative humidity (%), wind speed (m/s), and visibility (m).
Weather variables were categorized according to strata; temperature and humidity into tertiles, and visibility and
wind speed into halves.

Results: Lowest temperature (Odds Ratio = 1.27; 95% Confidence Interval = 1.04–1.56) and humidity (OR = 1.35; 95%
CI = 1.10–1.65) were associated with increased cases 8–10 days later. High visibility was associated with an increased
number of cases 7 days later (OR = 1.26; 95% CI = 1.01–1.57), while wind speed also showed statistically significant
associations with cases 5–6 days later.

Conclusions: Results suggest that primary MERS human cases in Saudi Arabia are more likely to occur when
conditions are relatively cold and dry. This is similar to seasonal patterns that have been described for other
respiratory diseases in temperate climates. It was hypothesized that low visibility would be positively associated
with primary cases of MERS, however the opposite relationship was seen. This may reflect behavioural changes in
different weather conditions. This analysis provides key initial evidence of an environmental component
contributing to the development of primary MERS-CoV infections.
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Background
Middle East respiratory syndrome coronavirus (MERS--
CoV) is an emerging zoonotic agent that was first iso-
lated in 2012 from a patient hospitalized in Saudi Arabia
[1], and has since infected over 2200 people with a 36%
case fatality ratio [2]. After an incubation period of 2–
14 days [3], the virus causes a disease (Middle East re-
spiratory syndrome, or MERS) characterized by fever,
cough, and shortness of breath, which commonly leads
to pneumonia and respiratory failure [4]. The virus cir-
culates silently in dromedary camels, the only known
reservoir species and zoonotic source of spillover to
humans [5]. However, not all primary human cases have
documented exposure to dromedaries or their products,
such as milk and meat. Although human-to-human
community-acquired infections have not been docu-
mented, there is evidence that asymptomatic infections
of MERS-CoV exist and could be a source of community
transmission [6]. Zoonotic spillover from dromedary
camels to humans has been documented in the Arabian
Peninsula [7]. Subsequent secondary cases can occur
after unprotected contact with family members and
within healthcare facilities once the primary case seeks
medical assistance [8]. While the sizes of MERS-CoV
outbreaks have decreased thanks to improved infection
control in healthcare settings in affected countries, cases
continue to be reported regularly, especially in Saudi
Arabia, where surveillance is strong [9]. In order to fur-
ther reduce cases and prevent human outbreaks, a better
understanding of zoonotic transmission of MERS-CoV
is needed. A deeper understanding of the epidemiology
of primary human cases can inform evidence-based in-
terventions at the level of the community at the
animal-human interface.
Zoonotic modes of MERS-CoV transmission have not

yet been definitively determined. MERS-CoV in dromed-
ary camels causes a mild upper respiratory infection with
no documented viremia [10], and therefore droplet or
aerosol transmission by close camel contact is most
likely. However, transmission through contaminated
milk, meat, and urine is possible, although the contribu-
tion of camel products cannot currently be estimated
due to a lack of scientific evidence.
The effects of weather and environmental conditions on

respiratory diseases with similar modes of transmission
(direct contact or droplet), such as influenza and respira-
tory syncytial virus, have been documented. Temperature
and humidity are associated with transmissibility of influ-
enza virus [11], and the seasonality of both influenza and
respiratory syncytial virus is linked to these two factors
[12]. Air quality is also associated with respiratory infec-
tions. Air pollution has been linked to pneumonia and
acute lower respiratory infections [13, 14], while dust
storms are associated with infectious respiratory disease

by acting both as a carrier of pathogens and increasing air-
way susceptibility to infection [15]. The risk of acquiring
primary MERS may be influenced by changes in weather
conditions in two ways. First, weather conditions may
affect the viability and persistence of the virus in the
environment and therefore its transmissibility [11, 16].
Secondly, weather influences behaviour, and it is plausible
that the likelihood of people contacting camels depends
on environmental conditions. Seasonal or meteorological
patterns of primary MERS-CoV infections have yet to be
explored.
This study examined whether meteorological condi-

tions were associated with the development of known
primary MERS-CoV infections using a case-crossover
study design. Case-crossover studies are designed so that
exposures during a period of interest before a case are
compared to exposures during control periods before or
after the case. In this regard, case-crossover studies an-
swer the question “why now?” as opposed to “why these
subjects?” [17]. The design is well suited for rare diseases
with short incubation periods such as MERS-CoV. The
effect period, that is, the period of time after the pro-
posed “trigger”, typically has a degree of uncertainty
[17], leading to exposure windows with intervals of
biological relevance to the outcome of interest. For in-
fectious diseases, this would equate to the incubation
period [18]. Furthermore, with appropriate selection of
referent windows, the case-crossover design controls for
confounding effects of temporal fluctuations such as
climatic and livestock-associated seasons (e.g. the drom-
edary breeding cycle) [19]. By comparing weather condi-
tions immediately before MERS cases to weather
conditions at other times, this study aimed to identify
environmental factors that are associated with primary
human MERS in Saudi Arabia.

Methods
Case data
The World Health Organization (WHO) maintains a list
of all human laboratory confirmed cases of MERS-CoV.
Publicly available case data from January 2015–Decem-
ber 2017 were obtained. Case data prior to 2015 were
excluded due to a lack of standardized data collection
prior to 2015 [20].
A MERS case was defined throughout the study period

as “A person with laboratory confirmation of MERS-CoV
infection irrespective of clinical signs and symptoms” [21].
Of the 1191 confirmed cases with onset dates between
January 2015 – December 2017, 298 cases were removed
where exposure to camels and camel products were
known not to have occurred. Geographically, cases were
restricted to those reported from Saudi Arabia, where the
province of exposure was provided (n = 651). Cases that
were likely primary cases were retained by excluding
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healthcare workers and cases with documented con-
tact with known MERS cases (n = 128). Cases were
further removed where symptom onset date was after
hospitalization date (n = 44). Of the remaining cases
(n = 479), 10 (2.1%) had missing symptom onset dates.
To retain these ten cases, the median time between
symptom onset date and lab confirmation date was
calculated (6 days) and subtracted from the lab con-
firmation date to obtain an estimate of the symptom
onset date. Visual inspection of the timeline of
retained cases identified a spike from Riyadh province
around August 2015, which corresponds to a docu-
mented MERS-CoV outbreak in the city of Riyadh
from July–September 2015. Data from a published re-
port of the outbreak contained weekly counts of pri-
mary and secondary cases [22]. These weekly counts
were compared with the case list for this analysis and
thirty-two secondary cases associated with the Riyadh
outbreak were removed. The final number of retained
cases fitting the primary case definition was 446
(Fig. 1). For the purposes of the descriptive results,
age groups were chosen for ease of reading while still

providing a visualization of the distribution, and ac-
cording to age categories provided by the Statistical
Yearbook of the General Authority for Statistics of
the Kingdom of Saudi Arabia, which was used for
standardization.

Meteorological data
Meteorological stations closest to the largest city in each
province were identified by a numeric identifier and lo-
cation using Google Earth [23] (Fig. 2). Meteorological
data were obtained from the NOAA global hourly index
[24]. The daily mean, minimum, and maximum
temperature, wind speed, and visibility were calculated.
Relative humidity was calculated using temperature and
dew point data [25].

Case-crossover analysis
A case-crossover design was used to explore the associa-
tions between primary MERS cases and preceding me-
teorological conditions [17, 26]. Each case’s exposure
status on individual days before disease onset (the ex-
posure window) was compared to the exposure status
on different days during a control period. Under the as-
sumption that weather effects on virus transmission
were immediate, the exposure window, that is, the time
lag between weather events and disease onset, was set to
be equal to the MERS incubation period of 2–14 days
[3]. Univariable conditional logistic regression was used
to assess statistical associations between cases and wea-
ther variables on each day within the case and control
exposure windows. Associations with p < 0.05 were
considered statistically significant. A time-stratified
design was used, with a 28-day strata length with
random bi-directional controls matched by day of the
week. Using a 28-day time window provides at least
three control days for each case exposure day while min-
imizing bias introduced from seasonal changes [27].
Temperature and humidity variables were categorized
into tertiles calculated within each time stratum. Wind
speed and horizontal ground visibility were categorized
into two groups within each stratum with the median as
cutoff. Therefore, there is no single threshold for each
weather variable, but rather “low”, “medium” and “high”
are determined according to the measurements in each
stratum. Statistical analyses were conducted using
STATA 15.0 (STATA Corporation, College Station, TX).

Results
Descriptive results
Four hundred and forty-six cases of MERS-CoV in Saudi
Arabia with symptom onset dates between January 2015
– December 2017 were included in the analysis. Table 1
presents the case counts as well as crude and age- and
sex- standardized rates by province, sex, and age group.

Fig. 1 Flowchart of case inclusion/exclusion process to arrive at a
subset of primary MERS cases. *HCW= healthcare worker
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All 13 provinces in Saudi Arabia reported cases during
this 3-year period. Riyadh province had the highest
count of reported cases with 185 cases (42%), although
Qasseem had the highest cumulative incidence (3.8 cases
per 100,000 people), followed by Riyadh (2.54 cases per
100,000 people). The median age of cases was 58 years
(range, 15–98), and 79% of cases were male. Age and sex
proportions are similar to figures reported for primary
cases in previously published literature [28]. Figure 3
presents the case count by month from 2015 to 2017 for
the entire country. Cases were reported in every month
of the year, although no clear seasonality is apparent.

Analytical results
Temperature and humidity conditions were associated
with case occurrence 8–11 days later. The odds of a
MERS case 9 days after low minimum temperatures was
1.29 (95% Confidence Interval [CI], 1.06–1.58) higher
than after control days, while low mean daily
temperature was similarly associated with cases at 9
(OR, 1.25; 95% CI, 1.02–1.54) and 10 day lags (OR, 1.27;

95% CI, 1.04–1.56) (Fig. 4). Conversely, high minimum,
maximum, and mean temperatures were protective at
similar lag days. For example, the odds ratios of MERS
cases for the high mean daily temperature was 0.77 (95%
CI, 0.61–0.96) with a 9-day lag, and 0.73 (95% CI, 0.58–
0.92) with a 10-day lag.
Humidity followed a similar pattern to temperature.

When maximum daily humidity was low 8 days earlier,
the odds ratio for a MERS cases was 1.35 (95% CI, 1.10–
1.65). High humidity was associated with fewer cases
across all three daily measurements (Fig. 5). For ex-
ample, the odds ratios of cases for high maximum daily
humidity was 0.68 (95% CI, 0.53–0.86) and 0.75 (95% CI,
0.60–0.95) at 9- and 10-day lags, respectively.
High visibility was positively associated with occur-

rence of a MERS case 7 days later, whereas low visibility
demonstrated protective effects for risk of MERS (Fig. 6).
The odds of a MERS case 7 days after both minimum
and mean daily visibility were high was 1.27 and 1.26
times higher than after control days (95% CI, 1.01–1.60
and 1.01–1.57). Conversely, when minimum and mean

Fig. 2 Map of Saudi Arabia with the largest city in each province by population (closed circle), and nearest weather station (open circle). The
map was created using Tableau© Desktop 10.5 using built-in base maps
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visibility were low, the odds ratios of MERS cases was
0.79 (95% CI, 0.63–0.995) and 0.80 (95% CI, 0.64–0.998).
Wind speed results were conflicting, with low mini-

mum daily wind speed and high maximum wind speed
both positively associated with cases at similar time lags
(Fig. 6). The odds of a MERS case was 1.40 times higher
6 days after low minimum wind speed (95% CI, 1.05–
1.87), while the odds ratio of cases for when minimum
wind speed was relatively high was 0.72 (95% CI, 0.54–
0.96). Conversely, the odds of a case when maximum
wind speed was relatively high was 1.23 (95% CI, 1.003–
1.50) (not shown in figure).

Discussion
MERS is a global public health threat that causes severe
respiratory disease with a high case fatality ratio, identi-
fied by WHO as a priority pathogen for research and de-
velopment in public health emergency contexts [29]. It
is primarily characterized by healthcare-associated out-
breaks triggered by index cases who acquire infection
from dromedary camels and possibly from unidentified

asymptomatic human carriers. Improving our under-
standing of the epidemiology and risks of primary cases
of MERS is vital for designing effective interventions
that aim to reduce these index cases and prevent subse-
quent outbreaks in humans. The list of cases maintained
by the WHO was restricted to a subset of primary cases
based on explicit inclusion and exclusion criteria and
was used to analyze the effect of weather on case occur-
rence using a case-crossover design. All four weather
variables demonstrated statistically significant correla-
tions within the incubation period for MERS in humans.
The statistically significant time lags for each variable do
not match up perfectly, which is to be expected and
could be due to a number of reasons including natural
variability in incubation periods, variable impact of wea-
ther on transmission, the interaction of unmeasured co-
factors on weather variables as well the direct effect of
unmeasured factors on transmission, and stochasticity in
general.
Acute weather events as well as general seasonal pat-

terns may affect disease transmission rates by altering
pathogen viability and persistence in the environment as
well as by influencing human behaviour and contact pat-
terns. This study found that MERS-CoV, although a zoo-
notic disease, follows similar environmental transmission
patterns to other non-zoonotic respiratory diseases with
analogous modes of transmission such as influenza and
respiratory syncytial virus. Tamerius et al. [30] have
shown that global trends of influenza broadly follow ei-
ther a “cold-dry” or “humid-rainy” pattern, correspond-
ing to temperate and tropical climates. Additionally,
temperate climates tend to have a single annual peak

Table 1 Cumulative case counts and rates of MERS in Saudi
Arabia from 2015 to 2017

Population Cases (%) Cases per
100 k Crude

Cases per 100 k
adjusteda

Province

Asir 20 (4.4) 0.93 0.90

Baha 4 (0.9) 0.86 0.69

Eastern 53 (11.9) 1.16 1.24

Hail 17 (3.8) 2.50 2.39

Jawf 3 (0.7) 0.82 0.89

Jizan 2 (0.4) 0.13 0.14

Madinah 23 (5.1) 1.13 1.02

Makkah 54 (12.1) 0.68 0.66

Najran 24 (5.4) 4.42 4.66

Northern 2 (0.4) 0.56 0.58

Qasseem 52 (11.7) 3.80 3.80

Riyadh 185 (41.5) 2.43 2.54

Tabuk 7 (1.6) 0.90 1.00

TOTAL 446 (100) 1.46 1.46

Age

< 20 2 (0.4) 0.02 0.02

> 20 < 65 289 (64.8) 1.47 1.43

> 65 155 (34.8) 17.27 17.27

Sex

Male 352 (78.9) 2.05 1.99

Female 94 (21.1) 0.70 0.72
aAge and sex adjusted rates were calculated using data from the 2015
Statistical Yearbook of the General Authority for Statistics of the Kingdom of
Saudi Arabia

Fig. 3 The distribution of 446 primary MERS-CoV cases in Saudi Arabia,
2015–2017 by month and year of symptom onset
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and tropical climates have semi-annual peaks. They fur-
ther demonstrate that for countries with an annual influ-
enza peak such as Saudi Arabia, temperature and
humidity can be predictive of those peaks, even at lati-
tudes close to the equator. Respiratory syncytial virus
also follows similar environmental conditions, with peak
timing in the Arabian Peninsula from December to Feb-
ruary, following the distribution of cases in the temper-
ate northern hemisphere [12]. The influence of weather
is further supported by experimental evidence, which
has demonstrated that lower temperatures and lower
relative humidity each favour influenza transmission
[11]. Furthermore, coronaviruses have been shown to ex-
hibit strong seasonal variation in natural hosts, and the
theory that these fluctuations may increase risk of zoo-
notic transmission at certain times of the year has been
discussed [16]. The results here demonstrate that colder,
drier conditions may increase the risk of zoonotic trans-
mission of MERS from dromedaries to humans.

Sandstorms, dust storms, and air pollution in Saudi
Arabia and elsewhere have been associated with increased
morbidity and mortality, including from respiratory dis-
ease [31, 32]. A case-crossover study in the United States
demonstrated the short-term effects of air pollution on
acute lower respiratory infections [14], while another
study demonstrated increased numbers of pneumonia ad-
missions following acute dust storm events in Taiwan
[33]. Dust storms can act as a pathogen carrier and also
induce inflammatory reactions, potentially increasing both
exposure and susceptibility to disease agents [15].
Horizontal ground visibility and wind speed were used as
proxies for the occurrence of sandstorms and acute air
pollution events. Visibility can be reduced to 5000m for
an average of 3.5 h during a sandstorm [34]. Summarizing
the weather data used in this study, the mean daily visibil-
ity by province ranged from 82m to over 10,000m, al-
though the median value was over 9000m in all but one
province. The distribution of visibility indicates that

Fig. 4 Daily mean and minimum temperature and risk of primary MERS by province in Saudi Arabia. Odds ratio (solid line) and 95% confidence
limits (dashed lines) are plotted on the Y-axis, while time lags preceding case occurrence are plotted on the x-axis. The odds of primary MERS is
increased with low temperature at 9 and 10 day lags (a &b), while the odds of primary MERS are decreased with high temperatures at 10 and 11
day lags (c & d). Asterisks indicate statistically significant odds ratios on corresponding days

Gardner et al. BMC Infectious Diseases          (2019) 19:113 Page 6 of 10



anything less than full clarity was categorized as low visi-
bility, and that according to the measurements in [34],
could indicate the presence of a sandstorm. It was hypoth-
esized that primary MERS infections are more likely to in-
crease following sandstorms or other severe events of air
pollution that affect visibility. However, results indicate
that the risk of primary MERS infection increased follow-
ing high visibility days, and decreased following low
visibility days. This may be due to behaviour, if people are
more likely to stay inside during acute weather events,
and less likely to engage in activities such as interacting
with camels. It was further hypothesized that higher wind
speeds would be associated with more cases of MERS.
While a positive association was found between cases and
high maximum wind speeds 5 days prior, there were also
similar results to those of visibility. Low minimum wind
speed was positively correlated with cases, and conversely,

when minimum wind speed was relatively high there were
statistically fewer cases of MERS. Results suggest that fur-
ther investigation of wind speed as a factor for primary
MERS is warranted.
There are several limitations and potential sources of

bias in this study. The major cities in Saudi Arabia are
severely polluted and exceed WHO guidelines, as
measured by particulate matter (PM) [35, 36]. Sand and
dust storms as well as other sources of air pollution such
as industrial activities, fuel combustion, and traffic
emissions contribute to elevated levels of PM in the
country [35], all of which contribute to reduced visibility
[37–39]. This study did not differentiate between sand-
storms and other acute events that reduce visibility, and
discerning between different forms of air pollution may
provide insights about the risk of MERS-CoV transmis-
sion under different environmental conditions.

Fig. 5 Daily humidity variables and risk of primary MERS by province in Saudi Arabia. Odds ratio (solid line) and 95% confidence limits (dashed
lines) are plotted on the Y-axis, while time lags preceding case occurrence are plotted on the x-axis. The odds of primary MERS is increased 8
days after relatively low humidity (a), while the odds of primary MERS are decreased with higher humidity at 8–10 day lags (b-d). Asterisks
indicate statistically significant odds ratios on corresponding days
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Fifty-two cases (12.3%) in the subset of primary cases
had no known exposure history (no information on
camel exposure, contact with a known case, nor health-
care worker status). The subset of primary cases investi-
gated likely also include secondary cases, and is a source
of selection bias. Furthermore, given that MERS is an
emerging disease, case reporting and data collection
standardization may have improved over the 3-year
period included here.
Geographical case data were available only at the pro-

vincial level, while exposure data from the weather sta-
tion closest to the largest metropolitan city in each
province were used. While camel raising in the Middle
East is moving from extensive to intensive production
systems and concentrating around cities [40], human
spillover cases would be scattered throughout the

provinces to an unknown degree. Therefore, if environ-
mental conditions differ significantly within a province,
this could be a source of misclassification bias.

Conclusions
The risk of primary human cases of MERS was associ-
ated with a decrease in temperature and humidity, and
an increase in ground visibility. The temperature and
humidity findings are consistent with associations
between the environment and other respiratory diseases.
Further study of weather and seasonal risk factors may
strengthen the evidence for an environmental component
of MERS-CoV transmission. A better understanding of
virus viability in different environmental conditions is also
a key research need. Evidence of environmental risk
factors for MERS could be utilized by public or One

Fig. 6 Daily visibility and wind speed variables and risk of primary MERS by province in Saudi Arabia. Odds ratio (solid line) and 95% confidence
limits (dashed lines) are plotted on the Y-axis, while time lags preceding case occurrence are plotted on the x-axis. The odds of primary MERS is
increased with high visibility and decreased with low visibility after 7 days (a & c), while the odds of primary MERS are increased with low wind
speed and decreased when wind speed is high at 6-day lags (b & d). When maximum wind speed was high, the odds of a MERS case were
increased with a 5-day lag (not shown). Asterisks indicate statistically significant odds ratios on corresponding days
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Health practitioners for targeted interventions during
higher-risk periods. The risk of MERS acquired from
zoonotic transmission, or from asymptomatic carriers in
the community, appears to be sensitive to weather
conditions, providing key initial evidence of an environ-
mental component for the development of primary
MERS-CoV infections.

Abbreviations
MERS-CoV: Middle East respiratory syndrome coronavirus; PM: Particulate
matter; WHO: World Health Organization; NOAA: National Oceanic and
Atmospheric Administration

Acknowledgements
The authors would like to thank all of the many individuals who investigated
and collected information from MERS patients in Saudi Arabia.

Funding
EG is supported by an Ontario Veterinary College (OVC) Fellowship and a
Natural Sciences and Engineering Council of Canada (NSERC) Graduate
Scholarship (PGSD2–505055 – 2017). This work was also supported by the
Canada Research Chairs Program (ALG). The funders had no role in study
design, data collection and analysis, decision to publish, or preparation of
the manuscript.

Availability of data and materials
All laboratory confirmed human cases of MERS included this publication can
be found on the WHO Disease Outbreak News website, at the following
website: http://www.who.int/csr/don/archive/disease/mers-cov/en/

Authors’ contributions
EG designed the study, analyzed and interpreted the data and wrote the
manuscript. AG and DK provided significant guidance in all aspects of the
research. AG, DK, SvD, MVK and ZP substantially contributed to the conception
of the study and interpretation of the results, critically reviewed the manuscript
and provided final approval for publication.

Ethics approval and consent to participate
Not Applicable: All data used were publicly available.

Consent for publication
Not Applicable. Publicly available, non-individually identifying data were used
in this publication.

Competing interests
The authors declare that they have no competing interests.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in
published maps and institutional affiliations.

Author details
1Ontario Veterinary College, University of Guelph, 50 Stone Road E, Guelph,
ON N1G 2W1, Canada. 2World Health Organization, Geneva, Switzerland.
3Animal Health Service – FAO, Viale delle Terme di Caracalla, Rome, Italy.

Received: 9 July 2018 Accepted: 15 January 2019

References
1. Zaki AM, van Boheemen S, Bestebroer TM, Osterhaus ADME, Fouchier RAM.

Isolation of a novel coronavirus from a man with pneumonia in Saudi
Arabia. N Engl J Med. 2012;367:1814–20.

2. World Health Organization. WHO | Middle East respiratory syndrome
coronavirus (MERS-CoV). WHO. 2018. http://www.who.int/emergencies/
mers-cov/en/. Accessed 1 Oct 2017.

3. World Health Organization. Investigation of cases of human infection with
Middle East respiratory syndrome coronavirus (MERS-CoV) Interim guidance.
2015.

4. WHO. Middle East respiratory syndrome coronavirus (MERS-CoV) Fact Sheet.
2016. https://www.who.int/news-room/fact-sheets/detail/middle-east-
respiratory-syndrome-coronavirus-(mers-cov). Accessed 14 May 2018.

5. MERS-CoV technical working group. MERS-CoV: Progress in global response
to epidemic threat, remaining challenges and way forward: Report from the
FAO-OIE-WHO Global Technical Meeting on MERS-CoV, 25–27 September
2017, WHO headquarters Geneva, Switzerland.

6. Müller MA, Meyer B, Corman VM, Al-Masri M, Turkestani A, Ritz D, et al.
Presence of Middle East respiratory syndrome coronavirus antibodies in
Saudi Arabia: a nationwide, cross-sectional, serological study. Lancet Infect
Dis. 2015;15:559–64.

7. Azhar EI, El-Kafrawy SA, Farraj SA, Hassan AM, Al-Saeed MS, Hashem AM,
et al. Evidence for camel-to-human transmission of MERS coronavirus.
N Engl J Med. 2014;370:2499–505.

8. Arabi YM, Balkhy HH, Hayden FG, Bouchama A, Luke T, Baillie JK, et al.
Middle East respiratory syndrome. N Engl J Med. 2017;376:584–94.

9. World Health Organization. MERS Situation Update March 2018. 2018.
http://www.emro.who.int/images/stories/mers-cov/MERS-CoV_March_2018.
pdf?ua=1. Accessed 26 Apr 2018.

10. Adney DR, van Doremalen N, Brown VR, Bushmaker T, Scott D, de Wit E,
et al. Replication and shedding of MERS-CoV in upper respiratory tract of
inoculated dromedary camels. Emerg Infect Dis. 2014;20:1999–2005.

11. Lowen AC, Mubareka S, Steel J, Palese P. Influenza virus transmission is
dependent on relative humidity and temperature. PLoS Pathog. 2007;3:
1470–6.

12. Bloom-Feshbach K, Alonso WJ, Charu V, Tamerius J, Simonsen L, Miller MA,
et al. Latitudinal variations in seasonal activity of influenza and respiratory
syncytial virus (RSV): a global comparative review. PLoS One. 2013;8.

13. Glass RI, Rosenthal JP. International approach to environmental and
lung health a perspective from the fogarty international center. In:
Annals of the American Thoracic Society. American Thoracic Society;
2018. p. S109–13.

14. Horne BD, Joy EA, Hofmann MG, Gesteland PH, Cannon JB, Lefler JS, et al.
Short-term Elevation of Fine Particulate Matter Air Pollution and Acute
Lower Respiratory Infection. Am J Respir Crit Care Med. 2018. https://doi.
org/10.1164/rccm.201709-1883OC.

15. Schweitzer MD, Calzadilla AS, Salamo O, Sharifi A, Kumar N, Holt G, et al. Lung
health in era of climate change and dust storms. Environ Res. 2018;163:36–42.

16. Dowell SF, Ho MS. Seasonality of infectious diseases and severe acute respiratory
syndrome–what we don’t know can hurt us. Lancet Infect Dis. 2004;4:704–8.

17. Maclure M. Mittleman and MA. Should we use a case-crossover design?
Annu Rev Public Health. 2000;21:193–221.

18. Dixon KE. A comparison of case-crossover and case-control designs in a
study of risk factors for hemorrhagic fever with renal syndrome; 1997.

19. Lumley T, Levy D. Bias in the case-crossover design:implications for studies
of air pollution. Environmetrics. 2000;11:689–704.

20. World Health Organization. Middle East respiratory syndrome
coronavirus (MERS-CoV) Disease outbreak news. In: World Health
Organization; 2018.

21. World Health Organization. WHO | Middle East respiratory syndrome
coronavirus: Case definition for reporting to WHO. 2017. http://www.who.int/
csr/disease/coronavirus_infections/case_definition/en/. Accessed 10 Apr 2018.

22. Balkhy HH, Alenazi TH, Alshamrani MM, Baffoe-Bonnie H, Al-Abdely HM, El-
Saed A, et al. Notes from the field: nosocomial outbreak of Middle East
respiratory syndrome in a large tertiary care hospital--Riyadh, Saudi Arabia,
2015. MMWR Morb Mortal Wkly Rep. 2016;65:163–4.

23. Google Inc. Google Earth Pro, 7.1.7.2606. 2017.
24. US.gov. National Centers for Environmental Information. 2016. https://www.

ncei.noaa.gov/. Accessed 15 May 2018.
25. Anderson B, Peng R. Weathermetrics: Functions to convert between

weather metrics. R package version 1.0. 2012;:https://cran.r-project.org/web/
packages/weathermetrics/index.html.

26. Maclure M. The case-crossover design: a method for studying transient
effects on the risk of acute events. Amencan J Epidemiolooy. 1991;133(2):
144–53.

27. Levy D, Lumley T, Sheppard L, Kaufman J, Checkoway H, Epidemiology S,
et al. Referent selection in case-crossover analyses of acute health effects of
air pollution. Epidemiology. 2001;12:186–92.

28. Conzade R, Grant R, Malik MR, Elkholy A, Elhakim M, Samhouri D, et al.
Reported direct and indirect contact with dromedary camels among
laboratory-confirmed MERS-CoV cases. Viruses. 2018;10:425.

Gardner et al. BMC Infectious Diseases          (2019) 19:113 Page 9 of 10

http://www.who.int/csr/don/archive/disease/mers-cov/en/
http://www.who.int/emergencies/mers-cov/en
http://www.who.int/emergencies/mers-cov/en
https://www.who.int/news-room/fact-sheets/detail/middle-east-respiratory-syndrome-coronavirus-(mers-cov)
https://www.who.int/news-room/fact-sheets/detail/middle-east-respiratory-syndrome-coronavirus-(mers-cov)
http://www.emro.who.int/images/stories/mers-cov/MERS-CoV_March_2018.pdf?ua=1
http://www.emro.who.int/images/stories/mers-cov/MERS-CoV_March_2018.pdf?ua=1
https://doi.org/10.1164/rccm.201709-1883OC
https://doi.org/10.1164/rccm.201709-1883OC
http://www.who.int/csr/disease/coronavirus_infections/case_definition/en
http://www.who.int/csr/disease/coronavirus_infections/case_definition/en
https://www.ncei.noaa.gov
https://www.ncei.noaa.gov
https://cran.r-project.org/web/packages/weathermetrics/index.html
https://cran.r-project.org/web/packages/weathermetrics/index.html


29. World Health Organization. WHO | List of blueprint priority pathogens. WHO. 2017.
http://www.who.int/blueprint/priority-diseases/en/. Accessed 12 Apr 2018.

30. Tamerius JD, Shaman J, Alonso WJ, Bloom-Feshbach K, Uejio CK, Comrie A,
et al. Environmental predictors of seasonal influenza epidemics across
temperate and tropical climates. PLoS Pathog. 2013;9:e1003194.

31. Samarkandi OA, Khan AA, Alazmy W, Alobaid AM, Bashatah AS. The
pulmonary consequences of sandstorms in Saudi Arabia: a comprehensive
review and update. Am J Disaster Med. 2017;12:179–88.

32. Bell ML, Levy JK, Lin Z. The effect of sandstorms and air pollution on cause-
specific hospital admissions in Taipei. Taiwan Occup Environ Med. 2008;65:
104–11.

33. Kang JH, Keller JJ, Chen CS, Lin HC. Asian dust storm events are associated
with an acute increase in pneumonia hospitalization. Ann Epidemiol. 2012;
22:257–63.

34. de Villiers MP. Predicting the development of weather phenomena that
influence aviation at Abu Dhabi international airport. Pretoria: University of
Pretoria; 2010.

35. Nasser Z, Salameh P, Nasser W, Abou Abbas L, Elias E, Leveque A. Outdoor
Particulate Matter ( Pm ) and Associated Cardiovascular Diseases in the
Middle East. Int J Occup Med Environ Health. 2015;28:641–61.

36. World Health Organization. WHO Air quality guidelines for particulate
matter, ozone, nitrogen dioxide and sulfur dioxide: global update 2005:
summary of risk assessment. In: Geneva World Heal Organ; 2006. p. 1–22.

37. Dayan U, Levy I. The influence of meteorological conditions and
atmospheric circulation types on PM 10 and visibility in Tel Aviv. J Appl
Meteorol. 2005;44:606–19.

38. Vajanapoom N, Shy CM, Neas LM, Loomis D. Estimation of particulate
matter from visibility in Bangkok. Thailand J Expo Anal Environ Epidemiol.
2001;11:97–102.

39. Kim YJ, Kim KW, Kim SD, Lee BK, Han JS. Fine particulate matter
characteristics and its impact on visibility impairment at two urban sites in
Korea: Seoul and Incheon. Atmos Environ. 2006;40(SUPPL. 2):593–605.

40. Gossner C, Danielson N, Gervelmeyer A, Berthe F, Faye B, Kaasik Aaslav K,
et al. Human-dromedary camel interactions and the risk of acquiring
zoonotic Middle East respiratory syndrome coronavirus infection. Zoonoses
Public Health. 2016;63:1–9.

Gardner et al. BMC Infectious Diseases          (2019) 19:113 Page 10 of 10

http://www.who.int/blueprint/priority-diseases/en

	Abstract
	Background
	Methods
	Results
	Conclusions

	Background
	Methods
	Case data
	Meteorological data
	Case-crossover analysis

	Results
	Descriptive results
	Analytical results

	Discussion
	Conclusions
	Abbreviations
	Acknowledgements
	Funding
	Availability of data and materials
	Authors’ contributions
	Ethics approval and consent to participate
	Consent for publication
	Competing interests
	Publisher’s Note
	Author details
	References

