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The COVID-19 pandemic led to the cancellation of mass gathering events to slow the transmission of the SARS-
CoV-2 virus, partially due to evidence that the virus can spread via airborne routes, especially in densely
occupied, poorly ventilated spaces. Structures such as marquees (large tents), are commonly used at mass

mentllantc;n . " gathering events and were a frequently designated “outdoor safe space” during the COVID-19 pandemic. There
ass gathering events N R . o o . .

S ARSioV-Z & is, however, scant evidence as to whether semi-outdoor buildings are sufficiently ventilated relative to the oc-
COVID-19 cupancy levels to reduce airborne transmission. As part of the largest study of mass gathering events to date, we

measured ventilation and occupancy at 80 real events. We compared seven semi-outdoor spaces and one indoor
space. Our results showed that most semi-outdoor buildings were sufficiently ventilated relative to the occupancy
(mean CO2 <800 ppm). Short peaks in CO, concentration of up to 1200 ppm indicated intermittent, but brief,
periods of insufficient ventilation relative to the occupancy in some spaces. High occupant density, heteroge-
neous occupant distribution (crowding), and poor ventilation management strategies negatively influenced the
indoor air quality. Event management strategies, such as intervals between events, improved air quality. We
conclude that semi-outdoor buildings are not inherently low-risk with respect to long-range airborne pathogen
transmission and so require careful consideration for the ventilation provision relative to the occupancy. The
evidence presented, using the largest field study of its kind worldwide, provides key evidence to inform revisions
to building regulations and pandemic preparedness plans concerning the use of semi-outdoor buildings.

Post-occupancy evaluation

1. Introduction
1.1. COVID-19 and restricting mass gathering events

Transmission of Severe Acute Respiratory Syndrome Coronavirus 2
(SARS-CoV-2), which caused the COVID-19 pandemic, led to 7.1 million
deaths' worldwide by May 2025 [1] and widespread disruption to the
global economy. Research published during the early stages of the
pandemic indicated that mass gathering events could be focal points of
localised outbreaks of the disease [2-11] because emerging evidence

* Corresponding author.
E-mail address: b.m.roberts@lboro.ac.uk (B.M. Roberts).

suggested that SARS-CoV-2 is transmitted by close contact airborne
routes: exhaled virus-laden aerosols and droplets [12].

The proximity and duration people spend close to an infected indi-
vidual increases the chance of infection [13,14]. Densely occupied
spaces have higher airborne infection risk as occupants tend to crowd in
certain areas at unstructured mass gathering events [15]. Activities
common to mass gatherings such as shouting, singing, and aerobic ac-
tivity are likely to increase the respiratory aerosol emission rate,” and
with it the risk of airborne transmission [16-22]. For these reasons mass
gatherings or high-attendance events may be the foci of super-spreading

! These are confirmed deaths. Actual deaths are predicted to be much higher at around 27 million [1].
2 Although there is a high variation in viral load between infectors and therefore high heterogeneity in viable virus emission rates [70].
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events.

To reduce close contact between people and thus reduce the spread
of SARS-CoV-2, many countries worldwide restricted culture, sport, and
entertainment events in 2020 and 2021 [23]. Event closures were seen
to be a vital non-pharmaceutical pandemic mitigation measure before
vaccines became available [2]. Modelling studies have shown that
limiting mass gatherings reduced transmission considerably [24].

1.2. Economic impact of mass gathering event suspension

The suspension of mass gathering events is economically damaging.
Live music events, for example, generated £1.1 billion for the UK
economy in 2018, and the cost of lost ticket sales at arenas due to
enforced COVID-19 closures was estimated at £235 million over a six-
month period [25]. The economic and social damage of banning mass
gathering and high-attendance events must be balanced with the ben-
efits of reduced pathogen transmission, and evidence suggests events
may be reopened with pre-event testing, close collaboration with local
public health services, and with real-time monitoring of the indoor
ventilation provision, usually via COy measurement [26]. Risk of
transmission cannot, however, be eliminated entirely [27].

1.3. Non-pharmaceutical interventions

Ventilation is a non-pharmaceutical intervention for reducing long-
range transmission of airborne infections [13,14,16,17,28-33]. Other
non-pharmaceutical interventions like pre-event testing, mask-wearing,
reducing occupancy, and physical distancing all face implementation
challenges such as low compliance, difficulty in enforcement, lack of
acceptability, and economic unviability for mass gathering events [26,
34-43]. Ventilating spaces with sufficient quantities of uncontaminated
air is therefore one of the few infection risk reduction interventions that
can be implemented without requiring occupant behavioural changes
and so is a useful non-pharmaceutical intervention.

1.4. Ventilation in semi-outdoor buildings

The semi-outdoor temporary buildings described in this paper
include marquees and large tents. They are alternatively called “tem-
porary demountable fabric structures” elsewhere [44]. Semi-outdoor
buildings are commonly used for outdoor entertainment purposes such
as festivals, social events, and celebrations such as weddings. These
structures, with or without operable side panels, provide shelter from
wind, rain, or sun in otherwise primarily outdoor venues and events, or
as supplementary spaces to indoor events. Being large, open spaces,
usually without internal partitions, they can be used for a variety of
functions as main event areas or as ancillary spaces. Semi-outdoor
temporary buildings, therefore, represent a unique environment,
which is neither fully indoor nor outdoor. The UK Health Act (2006),
which pertains to smoking regulations, defines any building with a
roof/ceiling as “enclosed” and buildings also with walls with gaps less
than the total perimeter length as “substantially-enclosed” [45].

During the COVID-19 pandemic, semi-outdoor buildings were
commonly recommended as “safe” places to hold mass gatherings or
high-attendance events and were set up by pubs and restaurants to
enable the hospitality industry to operate when indoor dining was
banned [46]. For example, in England, they were allowed to be used to
host wedding and funeral ceremonies when this was not permissible in
fully indoor spaces [47], and the UK Government continued to
encourage their use during the pandemic with the removal of planning
permission requirements for semi-outdoor temporary buildings [48].

Despite their widespread use, there is currently very little evidence
available as to whether semi-outdoor spaces are sufficiently ventilated
to reduce occupant exposure to airborne pathogens. Existing industry
guidance and British Standards on the operation of semi-outdoor spaces
focus on public safety aspects such as structural strength, wind
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anchoring, fire and emergency exits, heating, and lighting [44,49].
Some limited guidance on how they should be ventilated was given via
the Events Industry Forum which stated that event organisers should
focus on improving ventilation by “fresh air or mechanical systems” and
“removing side walls... of marquees [to] help circulate fresh air” [50].
Of the limited information which does exist, a controlled experiment in a
semi-outdoor dining enclosure showed that closing all doors reduced the
ventilation rate by 144-197 % compared to having them open [51].
Clearly ventilation rates may be restricted in marquees, but the extent to
which this affects indoor air quality at a variety of mass gathering events
is unknown.

1.5. CO3 concentration as a proxy for exhaled breath and airborne
infection

Indoor air quality with respect to airborne infection risk is affected
by several factors, including ventilation of uncontaminated air and the
presence of different pollutant sources. A true measure of indoor air
quality would contain information on the quantities of a variety of
pollutants and pathogens likely to present in harmful quantities in the
air. Sensing of air quality, especially in large studies, is commonly
simplified and restricted to carbon dioxide (CO3) concentration, as a
proxy for indoor air quality and ventilation. CO2 concentration mea-
surements are a useful indicator of the amount of outdoor air ventilation
relative to the occupancy [52].

CO, measured indoors above ambient concentrations (~430 ppm)
are normally attributed to exhalation by people in the space, in the
absence of other sources, such as combustion via a gas cooking hob. As a
result, measuring CO5 concentrations is an established proxy for expo-
sure to exhaled breath,’ which may or may not contain pathogen-laden
aerosols [15,53]. High CO5 concentrations indicate either poor venti-
lation in the space, high occupancy relative to the space volume, or a
combination of the two. CO, concentration gives an indication of the
potential for long-range airborne transmission and can inform rapid
assessment methods to identify environments at risk, e.g.,
Malki-Epshtein et al. [15], or sophisticated models, such as those of
Jones et al. [14] and Iddon et al. [13], to make a detailed assessment of
airborne transmission risk.

1.6. The Events Research Programme (ERP)

The environmental study was part of the UK Government’s Events
Research Programme (ERP), which ran between April and July 2021 to
assess the risk of reopening mass gathering and high-attendance events
after COVID-19 pandemic closures and develop guidelines for the safer
reopening of such events [54]. Its focus was on investigating how a
range of non-pharmaceutical interventions, including ventilation, could
reduce the spread of SARS-CoV-2 and is the largest such study to be
conducted worldwide. The programme monitored a series of pilot events
across 31 venues, including theatres [55], restaurants [56], nightclubs
[15,26], sports stadia, and others [15,26,36,41,54,57,58]. The events
were given special legal permission to run at a time when mass gathering
events were otherwise illegal [59]. The participating venues were
identified by the ERP to be representative of the events sector on a
number of criteria, and participation for venues and attendees was
voluntary. The ERP was designed and launched in an incredibly short
time frame due to the ongoing public health emergency and so was
limited in scope and thus could not measure infection risk or biological
air quality markers explicitly. Nonetheless, it was the largest monitoring
campaign of its kind worldwide and enabled rare access to study
ventilation effectiveness through CO, measurements and link it to

3 Whilst the CO, concentration does not directly correlate with the concen-
tration of any pathogen or pollutant present in the air, it does represent the
accumulation of exhaled breath in the shared air [15].
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detailed occupancy distribution under real operational conditions of live
events, at a large number of venues.

1.7. Study aim

The aim of this work is to provide evidence of the ventilation pro-
vision in semi-outdoor temporary buildings at mass gathering and high-
attendance events. The ventilation relative to the occupancy of such
venues is currently poorly understood and this paper fills a notable gap
in the literature with the largest study of its kind undertaken worldwide.

In this study, the carbon dioxide (CO3) concentration was measured
at high spatiotemporal resolution in seven semi-outdoor marquees and
one indoor space. Each space varied in terms of geometry, ventilation
strategy, and function of use. The data were analysed to allow for a rapid
air quality risk assessment to be made following the methodology
described in [15,55]. Alongside the CO, measurements, the number of
people in spaces was counted using video analysis or ticket scans to
allow for comment on ventilation rates relative to the occupancy density
and distribution. This study directly contributed to advice given to the
UK Government on the risk of SARS-CoV-2 transmission if event busi-
nesses were allowed to reopen, and on how the venues can be operated
safely to reduce risks of transmission [41,47,60,61]. A significant
contribution to knowledge presented in this paper is new evidence to
determine the suitability of semi-outdoor spaces for hosting mass
gathering or high-attendance events and guidance on how they should
be ventilated and operated to reduce the risk of long-range transmission
of airborne infectious diseases.

2. Methods
2.1. Overview of methodology

The Events Research Programme included a large-scale rapid envi-
ronmental study to provide an evidence base of ventilation and air
quality under real-world conditions during live events of varying levels
of occupancy. A subset of venues from the ERP environmental study are
studied and reported in this paper. This non-interventionist, observa-
tional monitoring study is centred around the measurement of COy
concentration inside the marquees and tents at several mass gathering
events (Fig. 1). The number of occupants in a space and their duration of
occupancy was measured, as this is important for interpreting the CO5
concentration data. Indoor temperature, relative humidity, and local
weather were also measured as these influence thermal comfort. Ther-
mal comfort may drive occupant behaviours, such as opening side flaps
on the marquees to encourage ventilative cooling in hot weather, or
increasing occupancy levels during rainfall, as people enter for shelter.

2.2. Events and venues

Four venues hosting 78 mass gathering or high-attendance events” in
seven semi-outdoor buildings and two events at one indoor venue were
monitored in England in 2021. The semi-outdoor events included horse
racing, an opera festival, a rock music festival, and a series of graduation
ceremonies’ (Table 1). The indoor events took place at a warehouse
nightclub. Three of the monitored spaces (the graduation marquee, the

* An event is classed as, e.g., one graduation ceremony, one music set, or one
theatre performance.

5 The graduation ceremonies were conducted outside of the Events Research
Programme, but the data were monitored and analysed in the same manner as
the ERP events. The venue was included in the study because it satisfied the
conditions of a high-attendance event and the university was interested in
conducting a live risk assessment during each ceremony to ensure they were
operated within acceptable levels of risk with respect to transmission of
airborne infection.
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music festival tent, and the nightclub) were the event’s main activity
areas. The five marquees at Ascot Racecourse and The Grange Theatre
were ancillary areas (hospitality). The largest semi-outdoor space was
the music festival marquee; the smallest was one of The Grange Theatre
marquees (Table 1). All semi-outdoor spaces were constructed of an
impermeable material to prevent rain ingress.

The definition of mass gathering events is given by one source as
those with over 1000 attendees [62]. Based on the number of event
attendees, four venues were mass gatherings as they hosted over 1000
people. The Grange Theatre and the graduation ceremony events were
high-attendance events as there were less than 1000 people attending.

At Ascot Racecourse, monitoring took place over five events on five
separate days at the Royal Ascot horseraces (Table 1, Fig. 2a and Fig. 14
and Fig. 15 in At The Grange Theatre, monitoring took place over 12
events on 12 separate Appendix). The monitoring focused on two hos-
pitality marquees that were used as restaurants. The marquees were
sealed on all sides. Both marquees were mechanically ventilated and air-
conditioned, with the ventilation rates adjusted depending on the
weather and the amount of cooling required. Although the wider event
was restricted to 18 % of its usual attendance, the restaurants were
occupied at their normal maximum capacity. Both marquees had
“structured seating” with occupants sitting at tables. Dining tables in the
RA1 Ascot marquee (Table 1) were booked by attendees for dining in
three separate sittings daily throughout the afternoon and evening.
Tables in the RA5 Ascot marquee (Table 1) were booked by attendees,
who typically spent the majority of the 8 to 9 h event inside the marquee,
only briefly going outside to watch the horse races for 5 to 10 min at
regular intervals. Occupancy was counted via table bookings (Table 1).

Donington Park hosted Download Festival, a rock music festival,
with monitoring over three days at 20 separate events (music sets)
(Table 1, Fig. 2b, and Appendix). The monitoring focused on one very
large marquee (“big top” circus tent) that was used as a music stage and
dance floor. The marquee was open on three sides and naturally venti-
lated. There was no mechanical ventilation, cooling, or adjustment of
natural ventilation openings. Although the wider event was restricted to
11 % of its usual attendance (10,000 people), there were no restrictions
on the number of people who could occupy the marquee. The audience
was free to move in, out, and around the marquee as they wished with
unhindered access across the two-day music festival. Typically, the at-
tendees moved to another area to watch another performance during
intervals between acts (Table 4). Occupancy was counted using video
camera images at 15-minute intervals across three zones within the main
space (described in Section 2.5).

At The Grange Theatre, monitoring took place over 12 events on 12
separate days at an opera festival (Table 1, Fig. 2¢ and Fig. 18 in Ap-
pendix). The monitoring focused on three hospitality marquees used as
restaurants outside the main theatre during the 100-minute intervals
between the main event. The marquees were sealed on three sides, with
a fourth side that could be opened or closed depending on the weather.
The marquees were naturally ventilated without mechanical ventilation
or cooling. The wider event was restricted to between 30 and 90 % of the
usual attendance, but the marquees were fully booked and occupied. All
three marquees had “structured seated” occupants sitting at tables.
Occupancy was counted by table bookings.

At Loughborough University’s graduation ceremonies, monitoring
took place over 41 events (ceremonies) on 10 separate days (Table 1,
Fig. 2d and Fig. 19 and Fig. 20 in Appendix). The monitoring focused on
one marquee used to host the graduation ceremonies, with a stage and
seating area for graduates and guests. The marquee was open on three
sides at all times. It was entirely naturally ventilated without mechanical
ventilation or cooling. The occupants were mostly seated and did not
move around the marquee unless they were collecting their degrees.
Access to the graduation marquee was restricted to the ceremony times,
each lasting 45 min, followed by a 55-to-70 min interval (Table 5, Ap-
pendix). Occupancy was counted and verified using event tickets.

The indoor nightclub is presented here for comparison purposes only
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Preparation

Survey the marquees - plan for sensor
installation and measure floor area

Get event programme - start time,
interval, end time

Meet with building and event
managers

NS

Pre-event

Install temperature/CO, sensors in marquees

Install video cameras to analyse occupancy where
approproriate

NS

During event

Measure the temperature and CO, during the event.

Measure the occupancy.

NS

Post-event

Confirm total occupancy using ticket scans and guest list. Compile video imaging where applicable.

NS

Analysis

Process and analyse temperature/CO,
data

Extrapolate occupancy from sample

Calculate occupant density and
distribution

Fig. 1. Diagrammatic overview of the field study methodology.

and results are only presented in Section 3.5. The monitoring presented
in this paper focuses on the dancefloor area of the venue at one event on
a single day of the two event days that were monitored (Table 1 and
Fig. 21 in Appendix). The venue was a large (34,000 m®) Victorian-era
warehouse. Half of the space was the dancefloor, and the other half
was a bar area. This research focuses on the dancefloor only, but pre-
vious work also considers the bar [15]. It was naturally ventilated on one
side via six large warehouse door openings (49 m?). Ventilation through
the three doors in the dancefloor area was restricted by metal shutters
and hanging vertical plastic strip curtains to reduce noise egress from
the venue, but enabled attendees to enter and exit the building
reasonably freely.

2.3. Sensors to measure CO concentration and indoor temperature

A high-resolution and rapid assessment methodology using CO;
measurement was developed by the authors for the Events Research
Programme.® This is reported, alongside the theoretical underpinnings
of the method, in [15], and has recently been applied to theatre audi-
toria [55], a football stadium, a nightclub [15], toilets [57], and
concession stands [58].

Measurement of indoor CO, concentration is a relatively cost-
effective and convenient way to rapidly assess the ventilation provi-
sion relative to the occupancy. The method assumes that all CO,
recorded above ambient concentrations (typically 430-450 ppm) is
derived from human exhalation [15].

Calibrated non-dispersive infrared sensors (NDIR) measured CO,
concentration and indoor temperature within each building, logging at
two-minute intervals (Table 2). Most venues were monitored by Senseair
Explora loggers. For the music festival tent, due to the risk of rain
exposure, alternative NDIR sensors (HOBO MX1102A), which logged

S The Loughborough graduation events were not part of the Events Research
Programme, but the same monitoring and analysis methodology was applied.

and stored data directly on the device, were used. Both sensor types were
operated identically, and their data were analysed in the same way.

Multiple CO sensors were distributed around each space to detect
the spatial variation in CO5 concentration and determine if the air in the
space was well-mixed (see Appendix for marked floorplans with sensor
locations). Such spatial variations might indicate uneven occupant dis-
tribution and/or poor ventilation effectiveness. The geometry and size of
each venue dictated the number of sensors that were installed:

e At Ascot, 5 sensors were installed in each marquee RA1 and RA5

e At The Grange Theatre, 4 sensors were installed in marquee GR27, 1
in GR28, and 4 in G29

o At the music festival (D), 19 sensors were installed

e At the graduation ceremony marquee (LO), 23 sensors were installed

e Finally, at the only indoor event reported here, 33 sensors were
installed in the nightclub (NC).

Most sensors were installed on supporting columns at a height of 2.3
m from the floor. Sensors were usually hung around the internal
perimeter of the marquee, but there were four central supporting col-
umns in the music festival tent to which sensors were affixed and to a
crowd barrier in front of the stage. Sensors were additionally installed
under seats in the graduation marquee and on speakers at a height of 5.8
m from the floor in the music festival tent.

Care was taken to avoid placing sensors next to ventilation inlets or
outlets, and any potential irregularities in the recorded data were
investigated during the analyses. For example, the perimeter sensors at
the music festival were ultimately damaged by rain and these data were
discarded. Installation of multiple sensors within marquees resulted in
some marquees being divided into several monitoring zones for analysis,
depending on the size.

2.4. Air quality classification

From a public health perspective, it is useful to understand the



Table 1
Venue and event description, monitoring period, number of events, event attendance range, and marquee information.
Venue Event Type Monitoring  No. events No. events Event Attendance Building  No. Marquee Audience type Ventilation Max. Occupancy  Floor  Volume
period with COy with attendance  range (% of code zones function type occupancy monitoring  area (m%)
(dd/mm/ monitoring  occupancy range full capacity) (m?
2021) monitoring
Ascot Horseracing ~ Semi- 15/06 to 5¢ 2 12,000 18 % RA1 1 Ancillary Structured Mechanical Varying Video 250 1020
Racecourse (sports) outdoor 19/06 (Hospitality)  seated (walk-in camera
restaurant)  analysis
Semi- 2 RA5 1 Ancillary Structured Mechanical 271 Video 1160 4822
outdoor (Hospitality)  seated camera
analysis
Donington Park Music festival Semi- 18/06 to 20° 1 10,000 11 % D 4 Main event Unstructured  Natural 3094 Video 1911 10,000
outdoor 20/06 (Dancefloor)  standing camera
analysis
The Grange Opera festival Semi- 02/07 to 127 0 201 to 596  30-90 % GR27 1 Ancillary Structured Natural 100 Guest list 255 638
Theatre outdoor 24/07 (Hospitality)  seated
Semi- 0 GR28 1 Ancillary Structured Natural 16 Guest list 25 63
outdoor (Hospitality)  seated
Semi- 0 GR29 1 Ancillary Structured Natural 100 Guest list 255 638
outdoor (Hospitality)  seated
Loughborough Graduation Semi- 19/07 to 41° 41 251t0 486 47-94 % LO 7 Main event Structured Natural 499 Guest list 1500 11,550
University ceremonies outdoor 29/07 (Ceremony) seated
Bramley Moore Nightclub Indoor  30/04 to 2 1 3000 50 % NC 3 Main event Unstructured ~ Natural 6000° Video 1442¢  17,000¢
Dock 01/05 (Dancefloor) standing camera
Warehouse analysis

? One event per day.
b Each individual music set/graduation ceremony (separated by an interval) was counted as an event.
¢ The maximum licensed capacity was 10,000 but the usual capacity for events was 6000 people.

4 This is the area/volume of the dancefloor only which was used in the analyses (does not include the adjoining bar area).

ID 32 S112G0Y D

LY8ETT (9202) £8Z Tuawuo.naug pup Suppng
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(a) One of the two hospitality marquees (b) The marquee (circus tent) at the

at Ascot Racecourse (RAS5 is shown). music festival (D).

(c) Hospitality marquees at The Grange (d) The marquee at the Loughborough
Theatre (three were monitored, University graduation ceremony (LO).

GR27, GR28, GR29).

(e) The indoor nightclub event space (NC).

Fig. 2. Photographs of the semi-outdoor and indoor spaces monitored.
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Table 2
Sensor types, logging intervals, and accuracy.

Building and Environment 287 (2026) 113847

Data storage Logging interval CO, (ppm) Temperature (°C) Calibration by
(mins)

Accuracy Range Accuracy Range

€3] )
LoRaWAN connection to 4G hub and data stored on a 2 30 (or 3 %) 400 to 0.2 —20to Manufacturer and routine auto-

remote cloud server 5000 +60 calibration
Logged to device 2 50 (or 5 %) 0 to 5000 0.21 0 to 50 Research team
the upper limit for occupant comfort [65].
Table 3

Air quality classifications and bands [15].

Air Quality Classification Range of absolute CO,

Band concentrations (ppm)

At or marginally above outdoor levels A 400-600

Target for enhanced aerosol generation B 600-800
(singing, aerobic activity)

Typical air quality design standards for C 800-1000
offices

Medium air quality D 1000-1200

Design standard upper limits for most E 1200-1500
schools pre-COVID-19

Priority for improvement (SAGE EMG) F 1500-2000

Low ventilation/dense occupancy. Must G >2000

be prioritised for improvement

overall ventilation performance of the range of semi-outdoor and indoor
buildings at these types of mass gathering events. An air quality classi-
fication” based on bands of CO; concentrations (as a proxy for exhaled
breath) was applied to measurements taken at the events. Full descrip-
tion and justification of the air quality bands is provided in [15]. To
determine overall air quality based on the classifications (Table 3), CO5
concentrations from all sensors placed in each individual space (zone)
were averaged over time, resulting in a spatiotemporal average of COy
concentrations. Only the occupied times were considered in the aver-
aging time, based on observed occupancy schedules. Furthermore, the
point-in-time maximum CO, concentration was identified for each zone
from the measured data for each event.

2.5. Measurement of occupancy and occupant density

Occupant density (number of people per unit of floor area, people/
m?) was measured and calculated to understand how people moved in,
out, and around each event venue over time. Occupancy was measured
in two ways during the live events. Video cameras were installed to
analyse the movement and behaviour of attendees at two venues: the
semi-outdoor music festival and the indoor nightclub [63]. In all other
venues, occupancy was determined from ticket sales and guest lists.

Occupant density is important in this context because when paired
with the corresponding CO, concentration measurement it can aid un-
derstanding of whether ventilation is sufficient relative to the occu-
pancy. A range of occupant densities may be expected at the different
mass gathering events that were monitored, which can vary due to
movement parameters (e.g., speed and flow) and movement type (e.g.,
queuing or general movement) [64]. Densities of 0.3 to 2.2 people/m?
might be expected where people are walking on flat ground or 0.8 to 5.3
people/m? in a queuing or waiting area [64]. At occupant densities of 2
people/m?, the occupants may still move around freely, but at 4-5
people/m? movement is restricted [65]. Occupant densities above 5
people/m? in a stationary crowd are unlikely to occur as this represents

7 Classifying each space based on the measured CO, concentration is a useful
metric for indicating the ventilation provision relative to the occupancy levels.
It does not, however, directly correlate with risk of airborne infection but it
does represent the accumulation of exhaled breath in the shared air.

2.5.1. Counting occupants using video cameras

At the music festival and nightclub, cameras recorded video imagery
of the audience inside and immediately outside around the buildings
during the entire event period (see Gwynne et al. [63]). The method has
been successfully applied at other mass gathering events [66,67]. Three
video cameras each were located in the music festival tent and three in
the indoor nightclub (dancefloor area only). The cameras were pointed
such that each covered a different zone: front, middle, and back (Fig. 16
in Appendix). These zones were selected based on the assumption that
audience densities were likely to differ based on proximity to the stage.
The zones were delineated by splitting the dancefloor areas into thirds.
Selection of these areas was based on the ability to capture a sufficiently
large area within the view of the camera (>25 mz), distance to the
camera (the closer the better whilst still fully captured by the camera),
lighting levels (higher the better), physical landmarks (enabling floor
measurements to be more reliable and then superimposed on the crowd
densities), and the presence of representative crowd densities to maxi-
mise accuracy of counts (e.g., not on the periphery where densities were
affected by arrivals, etc.).

Researchers then reviewed the video imagery and manually counted
the number of people in each zone at 15-minute intervals at the music
festival and 5-minute intervals at the nightclub. People were defined as
being inside an area if their shoulders were inside the overlay section
(Fig. 3) because, depending on the crowding level, it was not always
possible to see the feet of those attending. Although the perspective of
the cameras may have affected the precision of this count, the proximity
of the cameras to the zones and that they were static meant that the
impact was consistent throughout. Counts were undertaken on video
imagery on 19 June (11:00-22:00) at the music festival and on 1 May
(16:00-20:30) at the nightclub because ticket scan data indicated these
days had the highest number of attendees onsite.

Occupant density (people per area) was calculated from the occupant
counts. Estimates of occupancy per zone were calculated using the head
count per zone and the area of the usable floor space within each count
zone on the assumption that the occupancy counts in three areas can be
applied to the remaining useable area within each zone.

2.5.2. Counting occupants using ticket sales

At the remaining event venues, occupants were counted using ticket
scans. This resulted in occupancy data that were coarser with respect to
both spatial and temporal counts. At the Ascot RA1 marquee, occupancy
was known for three separate restaurant meal sittings via table book-
ings. At the Ascot RA5 marquee, occupancy was known for a single 8-9 h
period. At the graduation ceremony occupancy was known via ticket
scans upon entry at the start of each 45-minute ceremony. The occu-
pancy of the hospitality marquees at The Grange Theatre was known via
guest list records. Precisely how and when people moved around these
venues was less well known than at those with dedicated video cameras
installed for detailed analysis. The best information came from the
graduation ceremony where it was observed that most occupants were
seated throughout, except when collecting their degrees. At the Ascot
RAS5 marquee, occupants were observed to briefly leave for 10-15 min to
watch a race (each race was three minutes long), but precisely when
they did so, and in what number, was unknown. As such, the majority of
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Fig. 3. Video camera image and overlay section (measurement area) at the indoor nightclub. The same method was used at the semi-outdoor music festival.

the analysis concerning occupancy density focuses on those events when
it was well known: the music festival, the nightclub, and the graduation
marquee.

3. Results

To assess air quality at the mass gathering events, firstly, the
spatiotemporal averages and maximum CO: concentrations were ana-
lysed for each semi-outdoor space across all events (Section 3.1),
following the method described in Section 2.4. The data were also
examined by individual space to determine whether any specific areas
were prone to poor ventilation. Secondly, cases of poor ventilation were
further investigated in relation to weather conditions and occupant
behaviour (Section 3.2). Thirdly, the relationship between CO: con-
centrations and occupant densities across different venues was explored
(Section 3.3). Fourthly, how the spatial distribution of occupants within
a space affects COz concentration was examined (Section 3.4). Finally, a
comparison was made between semi-outdoor and indoor spaces (music
festival vs. a nightclub) (Section 3.5).

3.1. Overadll air quality for all semi-outdoor events monitored

An air quality assessment was conducted for each of the seven spaces
throughout 78 events to rapidly evaluate the overall air quality at semi-
outdoor events for the purpose of public health advice in the context of
the Events Research Programme. This was done by calculating the
average and maximum CO: concentrations and assigning them to a band
as defined in Table 3. For each space, an average of all sensors in the
space was taken over the entire occupied period of the event (i.e., the
spatiotemporal mean). The maximum CO; concentration represents the
highest concentration recorded in a space over the occupied period (i.e.,
the single point-in-space and point-in-time maximum).

Across all semi-outdoor events, the mean average CO, concentration
in seven venues was in Band A or B, indicating the mean air quality was
close to outdoor air quality in 100 % of spaces (Fig. 4). The maximum
CO4, concentration showed that the ventilation provision was better than
the ventilation standards for offices, with 96 % of spaces falling into
Bands A to C.

To identify if any of the monitored spaces were prone to episodes of
poor air quality that might require intervention, and to identify potential
ventilation design interventions, the maximum CO; concentrations and
the means of all spatiotemporal averages and were calculated for each
marquee over all the events (Fig. 5).

The means over all events showed that the average CO, did not
exceed 600 ppm which placed majority of spaces in IAQ band A. Only
hospitality marquee RAS5 had a mean of 681 ppm over 5 event days, and
was classified in IAQ Band B.

Looking at the maximum CO,, for each space over the all the events,
hospitality marquees RA1 and GR27, as well as the graduation marquee
LO were classified into IAQ Band B. Hospitality marquee GR29 fell into
Band C for maximum CO,, indicating “typical air quality design stan-
dards for offices”. Finally, hospitality marquees RA5, GR28 and the
music festival marquee were all placed in IAQ Band D, which indicates
“medium air quality” (1000-1200 ppm) (Fig. 5). The highest maximum
CO, concentration was recorded in a mechanically ventilated, closed-
sided hospitality marquee (RA5, 1151 ppm) on the coldest day.
Hence, the effect of outdoor weather on indoor air quality was further
investigated in Section 3.2.

3.2. Effect of weather on attendee behaviour and performance of natural
and mechanical ventilation

This study identified that changes in occupant behaviour and
ventilation practices in response to variations in weather at mass gath-
ering events can result in changes to indoor air quality.

3.2.1. Inclement weather (rain)

Events during rainy weather may encourage semi-outdoor buildings
to be operated or occupied differently than in dry weather. To demon-
strate the impact of this, event days with and without rain were
compared. This comparison is shown in Fig. 6 via a time series of
spatially averaged CO, concentration over time in three naturally
ventilated marquees (GR27, GR28, GR29) when they operated during
events on two different days: a day with cool temperatures and high
rainfall® and a warm dry day without rain. The three marquees had
similar occupation profiles on both days.’

The CO; concentrations in three hospitality marquees were 42 to 83
% higher on the rainy day than on the dry day (rainy day maximum was
>1000 ppm in GR28 and >800 ppm in GR27 and GR29 vs. dry day

8 Mean outdoor dry bulb temperature during the rainy day event was 17 °C,
compared to a mean outdoor temperature of 29 °C on the dry day.

9 Tickets sales for the main theatre event were similar, and the event duration
and management were similar, but the precise occupancy on the individual
hospitality marquees was not monitored.



B.M. Roberts et al. Building and Environment 287 (2026) 113847

120

97 M Average CO; ® Maximum CO,
100

o)
o

68

Frequency
(2]
o

S
o

28

N

o
=
(=)

o
o
o

IAQ Classification Band

Fig. 4. Spatiotemporal mean average and maximum CO, in all semi-outdoor spaces monitored over all events, aggregated by air quality bands.

1600 F = 1500-2000; G = >2000 ppm CO,  F
1400

E
1200

€Oz (ppm)
g 8 8
IAQ Band
> ' w O

400
Hospitality Hospitality Music Festival Hospitality Hospitality Hospitality Graduation
(RA1) (RAS5) (D) (GR27) (GR28) (GR29) (Lo)
Venue (code) M Average CO, ® Maximum CO,

Fig. 5. Spatiotemporal mean and maximum air quality classification bands for semi-outdoor spaces across all 78 events.

1250
i~ GR27 (No Rain) == GR27 (Rain)
R28 (No Rain) GR28 (Rain)
R29 (No Rain) = GR29 (Rain)
1000
’é\ |
o
e
Q
8 750

5001~

17:00 17:30 18:00 18:30 19:00 19:30 20:00 20:30
Time (hh:mm)

Fig. 6. Spatially averaged CO, over time in three naturally ventilated marquees (GR27, GR28, GR29) on a day with and without rain. Solid lines indicate the spatial
average for each zone, with the shading indicating the minimum and maximum values, where there was more than one sensor in the space. The shaded section shows
occupied time from 18:15 to 19:50.



B.M. Roberts et al.
maximum <500 ppm).

3.2.2. Impact of mechanical ventilation at high outdoor temperatures

Just as rain may alter how semi-outdoor spaces are operated and
occupied, on very hot days, operable windows and doors may be
opened, and if present, mechanical ventilation system flow rates in-
crease. A time series of spatially averaged CO, concentration in a me-
chanically ventilated and air-conditioned hospitality marquee (RA5) is
presented alongside indoor and outdoor temperature on a hot and cold
outdoor day (Fig. 7a and Fig. 7b).

The CO, concentration was lower on a day with a higher outdoor
temperature (cf. Figs. 7a and 7b). For example, on a day with a mean
outdoor temperature (during the occupied period'®) of 25.4 °C, the
mean indoor COy concentration was 550 ppm (maximum 600 ppm).
Conversely, on a day when the mean outdoor temperature (during the
occupied period) was much cooler (13.7 °C), the mean indoor CO,
concentration was higher at 814 ppm (maximum 1000 ppm) at similar
occupancy. This is discussed further in Section 4.1.2.

3.3. The effect of high ventilation rates in open-sided marquees with high
and low occupant density

Although ventilation rates were not measured directly, the data
indicate that there was sufficient ventilation relative to the occupancy in
most marquees at most events (Figs. 4 and 5 in Section 3.1). The
investigation of the relationship between occupancy and CO3 concen-
tration further evidences this. Two marquees, both with open sides for
ventilation, are compared. One has low occupant density and a seated
audience (Section 3.3.1), the other high occupant density and a standing
unstructured audience (Section 3.3.2).

3.3.1. Low occupant density marquee

To demonstrate how CO; concentration changes with occupancy in a
low-occupancy marquees, a scatterplot of occupancy as a percentage of
total occupancy against the indoor spatiotemporal average, mean, and
maximum CO3 concentration measured in the graduation marquee over
41 events (Fig. 8). In this case, the CO5 concentrations remained similar
at occupancy levels ranging from 47 to 94 % of maximum capacity.
There was no observed trend of increasing CO» concentration with
increasing occupancy at these occupancy levels.

3.3.2. High occupant density marquee

In contrast in a densely occupied marquee, a clear association be-
tween high CO, concentrations and occupancy is observed (Fig. 9).
Spatially averaged CO2 concentration, maximum CO;, and occupant
density measured in the middle zone of the music festival marquee were
plotted in timeseries for one day (Fig. 9). The CO2 concentration and
occupant density follow similar trends of increasing and decreasing over
time. Rapid decreases in CO5 in the marquee quickly followed declines
in occupant density, as people left the space between performances. On
most occasions, occupant density decreased to almost zero during these
intervals, at which point the CO concentration reduced to ambient
levels in less than 15 min. As such, in this example, the spatiotemporal
mean CO concentration in this zone remained below 750 ppm
throughout the observed period, but the maximum CO; concentrations
peak in tandem with occupancy.

3.4. The impact of occupant distribution and event management on
indoor CO5 concentration

It has been shown that the density of occupants in a space influences

the concentration of CO5 measured in the air (Section 3.3). This section
presents evidence to show that whether occupants are free to move

10 Between 09:00 and 21:00.
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around a space or not influences the distribution of measured CO; (i.e.,
exhaled breath). The music festival tent, where occupants were free to
move in, around, and out of the space, is compared to the graduation
ceremony marquee, where occupants were seated throughout the event.

In the music festival tent, the CO, concentrations measured at
different sensor locations varied by up to 520 ppm at any given time
(Fig. 10) compared to only 164 ppm at the graduation ceremony
marquee11 (Fig. 11).

3.5. Comparison of two unstructured music events: indoors and semi-
outdoors

A key question for the future management of mass gatherings is
whether events held in semi-outdoor structures pose a lower risk for
long-range airborne pathogen transmission compared to fully indoor
venues, particularly in terms of ventilation. The CO3 concentrations
recorded at two music events with an unstructured audience are
compared to establish this (Figs. 12 and 13). One was an indoor
“nightclub” event held in a warehouse'” and the other in comparison
was a semi-outdoor music festival held in a marquee. These events were
chosen due to having a similar type of audience and activity (large
groups of young people, unstructured, standing, and dancing), having a
similar occupancy structure and because they were the two events with
video occupancy analysis which allowed for calculation of spatiotem-
poral occupant density.

A timeseries shows CO, concentrations across the front, middle, and
rear of the dancefloor of the indoor nightclub and at the semi-outdoor
music festival marquee (Fig. 12). CO3 concentrations were consistently
higher at the front section of the indoor nightclub and showed greater
temporal and spatial variations than the semi-outdoor music festival.

In the indoor nightclub, CO; concentrations reached levels consid-
erably higher (maximum >2000 ppm) compared to the semi-outdoor
music event (maximum ~1000 ppm) (Fig. 12). At the indoor night-
club, the front section had the highest CO, concentration, whereas this
was found in the middle section of the semi-outdoor music festival
marquee. Spatial variations in COy concentration were greater in the
indoor nightclub (range 1131 ppm, 79 % relative to the mean) than at
the semi-outdoor music festival (range 402 ppm, 50 %).

Temporal variations in COy concentration were observed at both
events, with decreases in CO, concentration between music sets. These
variations were greater in terms of absolute change in CO2 concentration
at the indoor nightclub, but they occurred over longer durations in the
semi-outdoor music festival. The music festival had ca. 30 to 40 min
between acts (Table 4) whereas the nightclub had an immediate
changeover of acts (Table 6).

The question as to whether the risk of long-range airborne pathogen
transmission may be the same or different in indoor or semi-outdoor
buildings with the same occupant densities can be further explored by
comparing data on occupant density versus the recorded COy concen-
tration in the indoor nightclub and the semi-outdoor music festival
(Fig. 13). On these days, occupancy was recorded at 15-minute intervals
between 11:00 and 22:00 in the music festival and at 5-minute intervals
between 16:00 and 20:30 at the indoor nightclub. The maximum
occupant density was 1.6 and 3.9 people/m? at the music festival and
nightclub, respectively. The minimum occupant density at the nightclub
was 1.3 people/m?, and so there are several data points in each venue
that overlap.

There is a positive correlation between occupant density and CO4
concentration in both the semi-outdoor music festival and the indoor
nightclub (Fig. 13). Whilst CO5 increases with occupancy in both spaces,

11 The greatest temporal variation in CO, concentration at a single graduation
event was 282 ppm, which was not the day of greatest occupancy.

2 The indoor nightclub event was also monitored as part of the ERP [15].
Data included CO, concentration and occupant density.
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Fig. 7. Outdoor temperature, indoor temperature, and spatially averaged indoor CO2 concentration over time in a mechanically ventilated marquee (RA5) on (a) a
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1200
¢ Average CO, A Maximum CO,

— 1000
IS
g
—, 800
o
O A

600 A A A AA A

Rk A QA‘A A‘A *AA‘AAAA‘A ‘
400 e® o4 by Wb o Y B nte oo
40 50 60 70 80 90 100
(%) Full Occupancy

Fig. 8. Spatiotemporal mean and point-in-time and space maximum CO, concentration and varying occupancy in the graduation marquee (LO) at all 41 events.

11



B.M. Roberts et al.

Building and Environment 287 (2026) 113847

1250 T T T T T T T T T T 2
......... CO, Average ___.CO, Max ___QOccupancy Density
I [
415 &
1000 £
(9]
a
o
[
=3 £
>
g 41 3
C)N S
O o
750 =
Q
[ =
©
a
3
—0.5 8
500
1
. 0
11:00 12:00 13:00 14:00 15:00 16:00 17:00 18:00 19:00 20:00 21:00 22:00
Time of Day (hh:mm) Jun 19, 2021

Fig. 9. Occupancy density (calculated from CCTV imagery), spatial CO, average and spatial CO, maximum as a function of time in the middle zone at Download

Festival (19 June).

Back — Front — Middle
1250
1000
€
[=%
2
QS 750
O A
N
\ )
500 A\ 2, B :
17:00 17:30 18:00 18:30 19:00 19:30 20:00 20:30 21:00 21:30 22:00
Time (hh:mm)

Fig. 10. CO, concentration profile versus time in the music festival tent on Day one of the event (18 June 2021). Solid lines indicate the spatial average for each
zone, with the shading indicating the minimum and maximum values. Greyed out sections indicate the scheduled music performance times.

it does so more rapidly in the nightclub. Focusing on the points where
occupant densities are similar in both the indoor nightclub and semi-
outdoor music festival, the COy concentrations are generally higher in
the indoor nightclub (Fig. 13). The variation in CO5 concentration at the
indoor nightclub was higher when occupant density was higher (~3-4
people/m?) compared to at 1-2 people/m?, although there were more
data points at the higher concentrations. In contrast, the CO, concen-
tration at the semi-outdoor music festival varied less across all the
occupant densities that were recorded.

4. Discussion

Measurement of air quality relative to occupant density at high
spatiotemporal resolution has shown, for the first time, that semi-
outdoor spaces such as tents and marquees at mass gathering events
were mostly well-ventilated relative to the occupancy levels. Some in-
stances of poorer air quality were identified, however. The research

12

gathered data across eight'® spaces at 78 semi-outdoor and 2 indoor
events to provide the largest dataset in existence worldwide. By
combining data from multiple calibrated CO sensors distributed around
each venue with occupant density measurements from video analysis
and supported by ticket scan counting, a high-quality dataset has been
created. This robust evidence can, for the first time, inform new building
regulations and event management strategies that ensure acceptable
indoor air quality at semi-outdoor mass gathering events. This will help
protect the health and wellbeing of event attendees and, ultimately, the
wider population with respect to long-range transmission of airborne
disease.

Using an established rapid air quality assessment methodology [15],
this study demonstrated that all the semi-outdoor spaces had always at
least “medium” air quality across the whole venue. Whilst CO2

13 geven semi-outdoor, one indoor.
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concentration is a widely used indicator for the rebreathed air fraction
[53], on its own it does not directly correlate to airborne infection risk
[68]. Nonetheless, during the COVID-19 pandemic, the UK Govern-
ment’s Scientific Advisory Group for Emergencies (SAGE) advised that
CO4 concentrations less than 1500 ppm indicated acceptable levels of
ventilation [69]. Following that definition, all semi-outdoor spaces in
this study were acceptably ventilated, but the indoor space was not. This
indicates that semi-indoor mass gathering event spaces potentially have
a lower long-range airborne infection risk than indoor spaces, but this is
dependent upon the probability of an infector being in the space, their
viral emission rate, and the occupancy which modifies the population
level risk [13,70,71].

Although the spaces monitored were defined as semi-outdoor, the
ventilation provision did not result in CO, concentrations equivalent to

13

outdoor levels. In all spaces, CO5 concentration increased above ambient
levels when occupied. Therefore, it cannot be assumed that semi-
outdoor spaces present the same risk of long-range aerosol trans-
mission as fully outdoor spaces, as evidenced by the overall classifica-
tions in Figs. 4 and 5.

Nevertheless, semi-outdoor spaces are frequently used to host mass
gathering events, and the overall findings should give event managers
confidence to continue using these types of spaces with respect to long-
range airborne infections during periods when transmission of patho-
gens is of concern, subject to several caveats. These caveats primarily
relate to how the spaces are operated, including the size of natural
ventilation openings and mechanical ventilation rates, and the way they
are occupied. These operational factors are further discussed in the
following sections.
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4.1. The influence of varying ventilation rates in marquees

4.1.1. Natural ventilation

Air quality conditions can vary in marquees depending on how the
ventilation provision is designed and used. In most cases, large natural
ventilation openings ensured that the spaces were ventilated so that
occupants’ exposure to exhaled breath was reduced to acceptable levels
of air quality (i.e., air quality classification bands A-C). In some exam-
ples, such as the graduation marquee, the openings were so large
(alongside low occupant density) that the average CO, concentrations
were comparable to those of a fully outdoor space, even when close to
100 % occupancy'® (Fig. 8). This demonstrates the ability for semi-

4 Occupancy was restricted for this seated audience and feasibly, occupancy
capacity could have been far higher.
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outdoor buildings to provide shelter for the occupants whilst main-
taining air quality levels close to that of outdoors.'®

Whilst acceptable air quality can be achieved in semi-outdoor
buildings, it was observed that during cold or wet weather, the closure
of the natural ventilation openings in some hospitality marquees was
detrimental to the indoor air quality. Because marquees are usually
enclosed by an air-impermeable barrier, apart from some purpose-
provided openings for access and ventilation, ventilation rates will be
lower when marquee side openings are closed or when ventilation is

15 The greatest temporal increase in CO, concentration ceremony was 242
ppm, showing that the exhaling occupants did slightly increase the exposure to
exhaled breath during some events. Rapid decays in CO, concentration after the
event infers that ventilation rates were high in this marquee which was fully
open on three sides and had no internal partitions (Fig. 17).
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otherwise restricted. An example from The Grange Theatre marquees
(Fig. 7) illustrates that CO2 concentrations were higher on a rainy day
compared to a day without rain in the same marquee, despite occupancy
levels being similar. Two factors may explain this difference. First, the
researchers on site observed that the side flaps on the marquees were
closed to attempt to keep dry and attain satisfactory thermal comfort for
the occupants on the day with inclement weather. In contrast, on the day
without rain, the flaps were kept open, and ventilation into the marquee
was more easily permitted. This has been similarly observed in studies of
indoor venues where ventilation openings were closed to prevent noise
egress from music venues [15,72]. The second factor explaining the
difference is that it is plausible that more people used the marquee to
shelter from the rain, leading to a temporary increase in occupancy, and
a higher rate of CO; exhalation in the space.

4.1.2. Mechanical ventilation

In this study, most event venues were naturally ventilated, but the
two marquees at Ascot racecourse were mechanically ventilated
(Table 1). Importantly, mechanical ventilation did not guarantee better
air quality than in the naturally ventilated venues. In fact, one of the
Ascot marquees (RA5) had the poorest air quality of all the semi-outdoor
buildings monitored (Fig. 5). The way the ventilation was operated in
response to weather influenced the air quality, just as it did in the
naturally ventilated semi-outdoor buildings (Section 4.1.1).

In the Ascot RA5 marquee, on warmer days, much lower CO, con-
centrations of 550 ppm were recorded. This was most likely due to an
increase in supply of cooled air into the venue in response to hot weather
(Fig. 7) which rose from 1.5 air changes per hour on cooler days to 5 air
changes per hour on warmer days (see [56] for calculations of ventila-
tion rate via CO5 decay). This demonstrates that the mechanical venti-
lation in place was sufficient to dilute the exhaled breath of the
occupants, but was operated at insufficient levels on some days. Whilst
the sample size of five event days is too small to perform statistical
analyses, the two example days suggest that ventilation management
strategy in mechanically ventilated semi-outdoor buildings can affect
the ventilation rate and so, the indoor air quality.

4.2. Event management strategies: occupant distribution

Spatial variations in occupant exposure to air quality were more
pronounced at the music festival than in the other semi-outdoor venues.
The audience at the music festival was unstructured and free to move
about the space which created heterogeneous crowd densities. In
contrast, the occupants in the other semi-outdoor event venues were
seated and more uniformly distributed (Table 1).

Previous work has attributed spatial variations in CO3 concentration
at indoor theatre events to poor ventilation effectiveness. For example,
in a theatre, the mechanical ventilation system supplied air at floor level
and extracted at ceiling level, which exposed those in the upper tiers of
the theatre auditoria seating to higher concentrations of CO; [55]. The
present study, however, identified an additional factor and points to-
wards how occupants are distributed within a space as affecting the
spatial variation in CO, concentration (exhaled breath). This finding
highlights the importance of occupancy distribution alongside the
ventilation strategy in determining the spatial distribution of air quality,
and supports the observations of Malki-Epshtein et al [15] on occupancy
influences for indoor spaces.

However, whilst controlling occupant density and distribution at
mass gatherings using seated events can influence the spatial variability
of COgy, it does not necessarily result in a lower absolute CO, concen-
tration. This study showed that a seated event (hospitality marquee
Ascot RA5) recorded the highest maximum COy concentration (1151
ppm) of all semi-outdoor buildings monitored. This indicates that
ventilation provision is important regardless of how the occupants are
distributed. Therefore, each building should be assessed individually for
its ventilation provision to ensure that COz concentrations (and
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exposure to exhaled breath) remain at acceptable levels, rather than
relying on controlling occupant density and distribution alone.

4.3. Event management strategies: use of intervals

CO; concentration decreased, often rapidly, as occupancy ceased.
This observation demonstrates that intervals'® are a worthwhile inter-
vention to reduce exposure to exhaled breath between events. The
benefits of intervals have been shown at indoor events (theatre venues)
[55]. The present study shows that intervals are also useful in
semi-outdoor spaces, although a much shorter duration is required
compared to indoor spaces due to the generally higher ventilation rates
in semi-outdoor buildings. For example, at the music festival CO5 con-
centrations fell by 50 % from around 850 ppm to ambient levels (ca. 430
ppm) within 15 min (Fig. 9). In contrast, intervals at indoor theatre
events, in some cases, did not reduce CO5 concentrations below 1250
ppm during a 30-minute interval [55].

Therefore, in the semi-outdoor buildings monitored in this study, the
intervals of up to 70 min were unnecessary for the purposes of reducing
airborne infection risk, but otherwise necessary to allow time for the
next performer to set up their equipment and for the audience to return
from performances at other performance stages at the festival. Similarly,
at the graduation ceremonies, intervals of 55 to 70 min were unnec-
essary as the ventilation provision was already sufficient during occu-
pancy, but it did provide time for the sanitation of contact points such as
chairs to reduce potential fomite transmission.

4.4. Are semi-outdoor buildings better ventilated than indoor events? A
comparison of two unstructured music events

This study compared an indoor nightclub to a semi-outdoor music
festival marquee. Both venues had similar occupancy structures, with an
audience that was free to move in, out, and around the space whilst
watching a music performance. The two venues had distinctly different
ventilation characteristics that were influenced by the building design:
the nightclub was an enclosed building and the music festival was an
open-sided marquee. It is important to state that the occupant density
was, however, generally higher at the indoor nightclub, and so care must
be taken to interpret the COy concentrations whilst considering the
occupant density. There were several datapoints where occupant density
was similar in the indoor nightclub and semi-outdoor music festival,
however (Fig. 13).

The overlapping occupant densities in the two venues occur at
around 1.5 p/m?, at which point occupants may still move freely [65].
Here, the COy concentrations were generally higher in the indoor
nightclub which suggests a lower ventilation rate relative to the occu-
pancy compared to the semi-outdoor music festival marquee. More data
at a range of overlapping occupant densities in the two venues would
strengthen this inference.

Equally, it could be argued that simply controlling occupant density
by limiting attendees is an effective strategy to ensure acceptable indoor
air quality with respect to long-range aerosol transmission. This argu-
ment is supported by modelling of large sport event audiences [39].
Nonetheless, the primary difference between the two venues was the
large natural ventilation openings in the music festival marquee which
allowed the occupied space to be cross-ventilated. Cross-ventilation has
been shown to be effective for increasing ventilation rates compared to
single-sided ventilation [73,74].

Other work noted that issues around noise pollution also limit event
organisers utilising larger natural ventilation openings [15,72]. In this
case, the indoor nightclub was restricted to keeping many openings

16 Intervals are breaks during the event. E.g., periods where the venue is
unoccupied between sets at the music festival or between graduation
ceremonies.
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closed to prevent noise nuisance from the loud sound systems, whilst the
festival was located away from property and had different noise abate-
ment requirements enabling large portions of the side of the marquee
tent to remain open. This demonstrates that the choice of mass gathering
event venue, and the ventilation strategy used, is important to limit
occupant exposure to exhaled breath (which may contain virus-laden
aerosols).

4.5. Limitations and further work

A key strength of the monitoring study was the use of calibrated
sensors at a high spatiotemporal resolution — up to 33 sensors were
installed in a single space at any one time (Section 2.3). This allowed for
rapid (2-minutely) changes in CO5 concentrations to be observed and
spatial variation to be detected. However, sensor placement was con-
strained by available mounting locations in some venues. For example,
at most venues, there was only space to hang the sensors on the
perimeter walls, but at the music festival, support poles in the centre of
the crowd were also used (Fig. 16) and at the graduation ceremony they
were mounted on chairs (Fig. 20). The positioning of sensors may in-
fluence the uncertainty in the spatially average CO» concentrations, with
the music festival and graduation marquees having higher spatial
representativeness than other venues. Future work could assess how
representative single-point CO2 measurements are of entire occupied
zones, comparing perimeter and central placements. Work to this end
has been done in school classrooms [75], where it is common to have
only one CO; sensor. The multi-sensor data from this study may be
useful for such analyses, alongside controlled laboratory validation.

Due to the events being monitored during the COVID-19 pandemic,
some had reduced occupancy. While several venues reached near or full
capacity (Table 1),'7 others, like the nightclub, operated at 50 % ca-
pacity. Nonetheless, this does not diminish the quality of the findings,
and the evidence suggests that even when occupancy was reduced, the
free movement of people in the space meant that crowding still occurred
on the dancefloor at occupant densities close to what is considered the
maximum for comfort (see Section 2.5).

The non-interventionist nature of this field study enabled observa-
tion of real-world conditions but limited the ability to isolate effects such
as occupancy versus venue design. For example, generally higher
occupant densities in the nightclub (dancefloor) limited direct com-
parison with the music festival as there were only a few overlapping
incidences of the same occupant density. Therefore, it was not
straightforward to confidently assert that under the same occupant
densities one venue would have a lower CO5 concentration than the
other at a range of occupant densities that could be expected within the
range of occupant comfort [65]. Future work could consider how ver-
tical distribution of CO3 varies in space considering occupancy density
per unit of volume as well as floor area. Experimental studies with
controlled ventilation and occupancy may help resolve these limitations.

While the study assumes higher ventilation reduces infection risk,
actual transmission risk was beyond scope, given uncertainties around
infectious individuals and emission rates. Quantification of long-range
airborne infection risk was beyond the scope of this paper, but it has
been considered elsewhere [13,14,56,70]. Nonetheless, overcrowding
can also contribute to risk. The dataset collected may support future
work on airborne infection modelling

4.6. Future regulations around semi-outdoor buildings and temporary
structures

Semi-outdoor, temporary buildings are currently not considered in
17 The Loughborough graduation marquee was up to 94% occupied, but the

total capacity was a reduced below the true holding capacity to comply with
COVID-19 risk assessments.
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regulations related to ventilation, air quality, and airborne infection
transmission. This work has shown that when purpose-provided venti-
lation openings were closed or when mechanical ventilation rates were
reduced, the air quality reduces. Therefore, the assumption that semi-
outdoor buildings are universally well-ventilated is wrong. These
types of buildings do not have any inherent properties which make them
any better ventilated than an indoor space other than the potential to
have very large ventilation openings.

Given their widespread use at mass gathering events, there is a clear
need for the design and operation of semi-outdoor, temporary structures
to be included in future regulations and this work provides key evidence
to inform such regulations. Regulation to ensure sufficient ventilation is
just as necessary for semi-outdoor buildings as it is for any other building
type. Future pandemic preparedness plans would be wise to include the
use of semi-outdoor temporary buildings for hosting mass gatherings,
but should include robust ventilation strategies such as large natural
ventilation openings or mechanical ventilation which introduces suffi-
cient quantities of outdoor air into the space. Operated in this way, semi-
outdoor buildings can be used as temporary structures at mass gathering
event to reduce the risk of long-range airborne transmission of patho-
gens and protect attendees and the wider population from the spread of
disease, such as COVID-19.

5. Conclusion

In the largest monitoring campaign of its type conducted worldwide,
this study provided the first crucial evidence to assess the provision of
ventilation in semi-outdoor venues for mass gathering events, such as
marquees. Previous evidence on ventilation provision in semi-outdoor
spaces was scarce, so this paper fills an important gap in the litera-
ture. The work made a significant contribution to government risk as-
sessments regarding reopening mass gathering events after the COVID-
19 pandemic. This paper showed that most semi-outdoor event venues
were sufficiently ventilated relative to the occupancy, such that air
quality with respect to long-range transmission of SARS-CoV-2 was
deemed to be within acceptable levels of risk (spatiotemporal average
CO4, concentration <800 ppm).

There were instances, however, where higher CO, concentrations
(1151 ppm) were measured due to poor ventilation management or
crowding in densely occupied spaces, but these were lower than the
>2000 ppm recorded at a similar indoor venue. The work highlighted
the importance of careful event management and consideration given to
the way the semi-outdoor buildings are ventilated. With ventilation
restricted, semi-outdoor buildings are not inherently low-risk with
respect to long-range airborne pathogen transmission and so require
careful consideration for the ventilation provision relative to the
occupancy.

As such, this research recommends that semi-outdoor buildings
continue to be used at mass gathering and high-occupancy events, but
that building regulations and event management strategies consider
these types of buildings. Utilising the largest field study of its kind
worldwide, this work provides key evidence to inform such regulations.
With this new knowledge, the spread of airborne pathogens can be
reduced to protect the health and wellbeing of those attending mass
gathering events, and the wider population from major pandemics.

Funding

The Events Research Programme, of which the environmental study
and the occupancy monitoring study were components, was funded by
the Department for Digital, Culture, Media and Sport of the United
Kingdom, who also arranged access to the venues and events (excluding
the Loughborough University graduation ceremonies). The subsequent
analyses and paper writing were funded via the Airborne Infection
Reduction through Building Operation and Design for SARS-CoV-2
(AIRBODS) consortium, which received a grant from the Engineering



B.M. Roberts et al.
and Physical Sciences Research Council (EPSRC), grant EP/W002779/1.
CRediT authorship contribution statement

Ben M. Roberts: Writing — review & editing, Writing — original draft,
Visualization, Validation, Methodology, Investigation, Formal analysis,
Data curation, Conceptualization. Filipa Adzic: Writing — review &
editing, Writing — original draft, Visualization, Validation, Methodol-
ogy, Investigation, Formal analysis, Data curation, Conceptualization.
Ailsa Hamilton-Smith: Writing — review & editing, Writing — original
draft, Investigation, Formal analysis, Data curation. Christopher
Iddon: Writing - review & editing, Investigation. Oliver Wild: Writing —
review & editing, Investigation, Data curation. Malcolm Cook: Writing
- review & editing, Supervision, Project administration, Methodology,
Investigation, Funding acquisition, Conceptualization. Steve Gwynne:
Writing — review & editing, Supervision, Project administration, Meth-
odology, Investigation, Funding acquisition, Conceptualization. Aoife
Hunt: Writing — review & editing, Supervision, Project administration,
Methodology, Investigation, Funding acquisition, Conceptualization.
Liora Malki-Epshtein: Writing — review & editing, Supervision, Project
administration, Methodology, Investigation, Funding acquisition,
Conceptualization.

Declaration of competing interest

The authors declare that they have no known competing financial

Appendix - Venue descriptions, images, and floorplans

Ascot racecourse

Building and Environment 287 (2026) 113847

interests or personal relationships that could have appeared to influence
the work reported in this paper.

Acknowledgements

The authors wish to thank all the venues and event organisers that
participated in the Events Research Programme for their immense
cooperation, their practical help with on-site installations, and for sup-
plying detailed event and venue information without which this study
would not have been possible. Neil Budworth, Nina Kitcher, and Richard
Taylor of Loughborough University who led the organisation of the
Loughborough Graduation ceremonies, provided access to the marquee,
and data on the occupancy.

We gratefully acknowledge Joe Heffer and Abigail Hathway for their
work in rapidly developing a database for storing and analysing the CO,
sensor data. We also thank others who assisted with sensor installations:
Murat Mustafa (Ascot), Neil Parkes (nightclub), and Dean Sanham
(nightclub). Photographs during the Loughborough Graduation event
were provided by Dean Sanham and Neil Budworth. The photograph of
the nightclub was provided by Iain Buchan. Finally, we thank our col-
leagues in the AIRBODS project consortium for their advice and useful
discussions on this work.

Fig. 14. RA1 marquee at ascot racecourse. Red dots indicate the location of a CO, sensor.
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Donington park music festival

Table 4
Music festival event timings (setlist).
Day 1 Day 2 and Day 3
Time (hh:mm) Duration (mins) Time (hh:mm) Duration (mins)
Event 1 17:00 - 17:30 30 11:30 - 12:00 30
Interval 1 17:30 - 18:00 30 12:00 - 12:30 30
Event 2 18:00 - 18:35 35 12:30 - 13:00 30
Interval 2 18:35 -19:20 45 13:00 - 13:30 30
Event 3 19:20 — 20:00 40 13:30 — 14:00 30
Interval 3 20:00 — 20:50 50 14:00 - 14:30 30
Event 4 20:50 — 21:50 60 14:30 - 15:00 30
Interval 4 - - 15:00 - 15:35 35
Event 5 - - 15:35 - 16:10 35
Interval 5 - - 16:10 - 16:50 40
Event 6 - - 16:50 — 17:30 40
Interval 6 - - 17:30 - 18:15 45
Event 7 - - 18:15 - 19:05 50
Interval 7 - - 19:05 - 20:15 70
Event 8 - - 20:15 - 21:25 70
W wwe * :: *’..t'
*®*

WOLFERTON RE ‘%'LL?LA'-"‘275

SAGARO BAR

Fig. 15. RA5 marquee at ascot racecourse. Red dots indicate the location of a CO, sensor.
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Key:
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Fig. 16. Floorplan, sensor locations, and video camera positions in the semi-outdoor music festival tent.
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Fig. 17. Video camera image and measurement square at the semi-outdoor music festival.
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The Grange Theatre

Graduation ceremony marquee

@ = COzsensor

Fig. 18. The Grange marquees with sensor locations marked.

Table 5
Graduation ceremony timings.

Ceremony number Time (hh:mm) Duration (mins)
Ceremony 1 09:55 - 10:40 45
Interval 1 10:40 - 11:35 55
Ceremony 2 11:35-12:20 45
Interval 2 12:20 - 13:30 70
Ceremony 3" 13:30 - 14:15 45
Interval 3 14:15 - 15:10 55
Ceremony 4 15:10 - 15:55 45
Interval 4 15:55 - 16:50 55
Ceremony 5° 16:50 — 17:35 45

% On Thursday 22 July and Monday 26 July, there was no Ceremony 3.
® On Tuesday 20 July and Thursday 29 July, there was no Ceremony 5.

Fig. 19. Photograph of the graduation marquee with open sides visible.
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Fig. 20. Floorplan and sensor locations in the graduation marquee.

arison purposes)

The nightclub (indoor venue for comp.

The indoor nightclub is described in detail elsewhere [15].
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| Dancefloor (front) (Zone AL1)
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Fig. 21. Floorplan and sensor locations in the indoor nightclub.

Table 6

Indoor nightclub setlist and timings on 30 April 2021.

Act number Time (hh:mm) Duration (mins)
1 14:00-15:00 60

2 15:00-16:30 90

3 16:30-18:00 90

4 18:00-19:30 90

5 19:30-21:00 90

6 21:00-23:00 120

[8] D. Yusef, W. Hayajneh, S. Awad, S. Momany, B. Khassawneh, S. Samrah,

Data availability

Data will be made available on request.
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