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How reliably can a large network of sensors characterize local air 
pollution?

Can we rely 
on these 

numbers?

“The sensor situation” part 1



A data-rich context for validation

BL sensor pod
London Air Quality Network 

(LAQN) monitor

• Extensive network of reference-grade monitors • ~100 sensor-reference collocations



Ongoing sensor evaluation with “test” sensors that remained at 
reference sites

I hope to convince you to install a 
subset of sensors alongside 
reference monitor(s) for the full 
duration of any sensor network 
deployment.

SPOILER ALERT



Context for comparing BL and reference networks

Breathe London pilot project 
(BL)

London reference

Device AQMesh small sensor air quality 
monitoring system 

Reference monitors from multiple UK 
networks: London Air Quality 
Network (LAQN), Air Quality England 
(AQE) network, and Automatic Urban 
and Rural Network (AURN)

NO2 method Electrochemical sensor Chemiluminescent analyzer

Total number 105 100

Site types Kerbside (n=12), Roadside 
(n=62), and Urban Background 
(n=31)

Kerbside (n=36), Roadside (n=36), and 
Urban Background (n=40)
*exceeds 100 because some devices were 
moved during campaign

Modeled annual mean 
NO2 (2019)

36 μg m-3 41 μg m-3

Based on modeling, average NO2 pollution at reference sites is expected to be 5 μg m-3 higher than at BL sites



NO2 methodology 

• QA/QC

• Automated procedures (e.g., flag redaction and high/low limits)

• Weekly manual inspection

• Calibration

• Physical collocation

• Remote network calibration

• Ozone cross-interference correction

See detailed methods in our paper and in the BL QA/QC Procedures document

“Low-cost” sensors get expensive 
when considering the time and 
expertise required for rigorous 
QA/QC, collocation, and calibration 
(+ data management and analysis)

https://doi.org/10.5194/amt-15-321-2022
https://www.globalcleanair.org/files/2021/01/Breathe-London-Fixed-Sensor-Network-QAQC-Procedures.pdf


Sensor network results: Long-term trends



Sensor network results: Diurnal (hour-of-day) and day-of-week patterns

Network mean diurnal and day-of-week NO2 concentration patterns in Greater London, as measured by the 
BL (n=99) and reference (n=105) networks during the pre-Covid-19 period of the BL project (1 October 2018 

through 29 February 2020). Bottom panel shows difference between networks.



Sensor network results: Differences between near-road and 
urban background sites 

Weekday diurnal mean NO2 concentrations in Greater London as measured by the BL (n=70 near-road, n=40 
urban background; number of locations exceeds 100 because some devices were placed at multiple locations 

during the campaign) and reference (n=72 near-road, n=31 urban background) networks during the pre-Covid-
19 period of the BL project (1 October 2018 through 29 February 2020) at two different site classification 
groups: near-road (left; includes sites classified as kerbside and roadside) and urban background (right). 

Bottom panel shows difference between networks.



Sensor network results: Local hotspots

Weekday diurnal mean concentrations at Holloway Bus Garage BL location 
compared to the mean across the rest of the BL network (n=68) during 1 
December 2018 through 28 February 2019.



Can we rely 
on these 

numbers?

“The sensor situation” part 2 

Guess I’ll have 
to look at my 
“test” sensors 

to find out

^me



• The estimated average uncertainty of 
hourly Breathe London NO2

measurements was ± 35% compared to 
measurements from reference 
instruments

• Bias and error of NO2 sensors varied 
seasonally and peaked during the 
summer

Mean bias error (MBE) and root mean square error (RMSE) statistics of 
hourly BL sensor measurements compared to reference measurements 
during 14-day periods of two long-term collocations.

Sensor error varies by season



Summer-time bias of “test” sensors matches irregularities in long-term 
network trend

Comparison of monthly mean NO2 concentrations for the BL (n=100) and London 
reference (n=105) networks. Bottom panel shows difference between networks. 
Vertical lines denote Ultra Low Emission Zone (ULEZ) start date (8 April 2019) and 

the start of the first Covid-19 lockdowns (23 March 2020).



Case study 1: Interpreting a short-term episode with elevated NO2 
sensor measurements (July 2019)

Network mean concentrations, 22-29 July 2019

“Test” sensor timeseries compared to collocated 
reference monitor, 22-29 July 2019

We can infer 
that the BL 

network spike 
was caused by 

sensor error 

“Test” sensor 
measurements 

are much higher 
than collocated 

reference 

Are the “test” 
sensors 

performing 
well?

Is a real 
pollution event 

causing elevated 
BL network 

measurements?



Case study 2: Interpreting a short-term episode with elevated NO2 
sensor measurements (December 2019)

Network mean concentrations, 2-7 December 2019

“Test” sensor timeseries compared to collocated 
reference monitor, 2-7 December 2019

We can infer 
that BL network 
spike was really 

caused by 
elevated 

pollution levels

“Test” sensor 
measurements 

closely track 
collocated 
reference

Are the “test” 
sensors 

performing well?

Is a real pollution 
event causing 
elevated BL 

network 
measurements?



• Sensor performance issues are common and can vary widely by pollutant, 
manufacturer, model, location, season, etc.

• Users must differentiate robust air pollution patterns from measurement artifacts

• How can you tell which of these high-pollution episodes is real?

How projects can get the most out of lower-cost sensors

Projects should use at least one reference monitor or another source of reliable 
measurements to evaluate sensors on an ongoing basis
• Here we demonstrated the use of representative “test” sensors that were 

continuously stationed at reference sites as an indicator for network performance



1. The sensors effectively characterized a variety of spatiotemporal NO2 pollution 
patterns compared to the reference network, with some irregularities.

2. “Test” sensors that we kept alongside a reference monitor indicated periods when 
network performance was poor.

3. Ongoing collocations can enable a variety of solutions including:

• Improved calibration models using a long-term training set

• Real-time understanding of sensor performance

• Corrections for drift or seasonal bias

Conclusions





Breathe London pilot project mobile monitoring overview

• 2 cars
• 40,000 km driven
• Measurement every 1-10 seconds
• 7 pollutants measured

Aug Oct

14 months
2018 2019 2020 2021



Ground-based mobile air pollution monitoring potentially 
provides two key advantages over other technologies

1. Increased spatial resolution of 
measurements 

2. Synchronous, fast-response 
measurements close to road 
sources for emissions analyses



However, major challenge is achieving suitable number of repeat 
visits for representative pollution estimates at desired spatiotemporal 
resolution

Fig. 2. London roads (line segments every ∼30 m) that were monitored by mobile instruments on at least n unique occasions in the 8 Apr 
– Oct 31, 2019 campaign, where n = 5,10,15 from left to right. The corresponding sampling uncertainty (Table 2) decreases as the drive 
count increases but comes at the cost of reduced spatial coverage.



Our strategy included uncertainty in pollution estimates to enable 
maximum data usage

Fig. 3. Probability that a street's annual average, 
daytime NO2 concentration will exceed threshold 
concentrations of 40, 50, and 80 μg/m3. Data is 
from mobile measurements taken in the period 8 
Apr – Oct 31, 2019 which has been extrapolated to 
yield an annual average concentration as if 
monitoring had been continuous for a full year. 
Roads with at least 5 unique visits (drive periods) in 
the monitoring period are shown. Map tiles by 
Stamen Design, under CC BY 3.0. Data by 
OpenStreetMap, under ODbL.

In this case, exceedance 
probabilities improved 
coverage on the hotspot map



We created an unprecedented street-by-street emission intensity
map

Fig. 4. Spatial distribution of central tendency 
(median) ΔNOx:ΔCO2 ratio per road segment in the 
period Apr to Oct 2019. Color of line segment 
(right legend) corresponds to the value of the 
emission ratio in units of ppb/ppm. Thickness of 
line segment (left legend) corresponds to the 
number of unique drives at that location which 
affects the level of uncertainty about the median. 
Black box denotes an area of interest with higher 
values that includes V.E., Trafalgar Square, 
Piccadilly Circus and Regent Street. Road 
segments with at least 5 drives in the period are 
mapped. Map tiles by Stamen Design, under CC BY 
3.0. Data by OpenStreetMap, under ODbL.

https://www.globalcleanair.org/science/why-emission-intensity-matters/
https://www.sciencedirect.com/topics/earth-and-planetary-sciences/embankment


that shows where sources are disproportionately polluting

Fig. 5. Central tendency (median) ΔNOx:ΔCO2 
ratios for the period Apr to Oct 2019, 
sampled from west to east at approximately 
30 m road segments along Marylebone Road 
(left) and Victoria Embankment (right). The 
ratios are represented by dots and the 
calculated sampling uncertainty by the error 
bars (90% confidence interval). Segments 
with the highest ratios on Victoria 
Embankment (magenta) were located near 
the following landmarks, from west to east: 
Westminster Pier, Lifeboat Pier, Temple 
Gardens, and the Blackfriars Bridge 
Foreshore site. See Supplemental Figs. S6–S9 
for photographs. Basemap credits: Esri, HERE, 
Garmin, (c) OpenStreetMap contributors, and 
the GIS user community



and facilitates further investigation of sources

Westminster Pier

Lifeboat Pier

Temple Place

Blackfriars Bridge Foreshore 

https://www.sciencedirect.com/science/artic
le/pii/S1352231021006737?via%3Dihub#mm
c3

https://www.sciencedirect.com/science/article/pii/S1352231021006737?via%3Dihub#mmc3


Evaluation of emission intensity before and after ULEZ fees 
began

Fig. 7. Comparison of road-segment 
median ΔNOx:ΔCO2 ratios in the periods 
before and after ULEZ policy took effect. 
Streets were designated as likely (with 95% 
or better confidence) to have median 
ΔNOx:ΔCO2 ratios in the post-ULEZ period 
that were lower i.e., improved (blue), 
higher i.e., setback (red), or 
similar/uncertain i.e., could not be 
determined at 95% confidence (gray). 
Streets had at least 5 drive periods in each 
7-month period for inclusion in the 
analysis. ULEZ indicated by the light blue 
shaded area.



Temporal trends in emission ratios possible with mobile, though 
other networks may be better suited

Fig. 8. Bimonthly distributions of ΔNOx:ΔCO2 ratios. Each distribution contains one aggregated emission ratio per road segment for those A 
Road segments that were inside of the ULEZ boundary, that had at least 5 drives before ULEZ policy began and 5 drives after. Standard error 
based on bootstrap resampling 5000 times shown as notches. Orange line is the median, box is the IQR, whiskers are the 5th and 95th 
percentile, blue dot is the trimmed mean which excludes the 5 highest and 5 lowest values.



Policy implications

• Probabilistic hot spot maps to help identify and prioritize sites for localized 
interventions or for additional monitoring

• Emission intensity maps show where higher-intensity sources are having a 
disproportionate impact on air quality for more tailored solutions. 

• Mapping emission intensity changes after a policy intervention can give insight into 
the spatial variation and extent of its effectiveness 

• Keep benefits and challenges in mind when considering suitability of mobile 
monitoring for given policy and research aims



Ongoing work: EDF/University of York collaboration

• New mobile measurement campaign in London completed September 2022

• Compliments and expands on BL pilot project findings
• Novel methods to analyze mobile data
• Additional species to pinpoint local sources
• Revisit locations from BL to measure changes and characterize sources
• Better quantify emissions contribution from traffic congestion



Ongoing work: mobile ultra fine particle measurements

Identifying Patterns And Sources Of Urban Fine Particulate Matter in London Using Mobile Measurements Of 
Lung-Deposited Surface Area (Shah et al., under review)



Thanks for listening!

• Breathe London Blueprint (includes hyperlocal monitoring guide & technical report)
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