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HIGHLIGHTS

o Unsheltered, modified tubes perform better than conventional Palmes diffusion tubes.
e Palmes diffusion tubes deliver better performance when deployed in shelters.

e Palmes diffusion tube uncertainty is dominated by wind speed effects.

e Uncertainty assessment identifies key uncertainty sources over different timescales.
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Conventional Palmes Diffusion Tubes (PDTs) are extensively employed by UK Local Authorities for measuring
NO; in air quality monitoring studies. These devices are known to suffer from biases due to from the effects of
wind speed. Modified PDTs with wind protective filters have also been developed for deployment in the UK
Urban NO; Network (UUNN) with an improved measurement accuracy and repeatability. We report the per-
formance of the two designs and also when enclosed in additional shelters. The comparison was carried out
against simultaneous reference measurements and was evaluated through a statistical and modelled uncertainty.
The model incorporated the individual components of the measurement uncertainty to provide an estimate of the
total measurement uncertainty and identified which elements could be reduced across mean values of multiple
measurements.

We found that conventional PDTs could be adversely affected by wind speed and that the incorporation of
shelters delivered improved repeatability and better accuracy across multiple diffusion tube measurements. The
UUNN style diffusive samplers were more accurate than the PDTs and had better repeatability. The additional
use of shelters with UUNN style samplers made no discernible difference to the measurements.

implementation of Air Quality Directives (2008/50/EC, UNECE Goth-
enburg Protocol). Member states and other national governments

1. Introduction

The World Health Organization (WHO) has identified that the
combined effects of ambient air pollution and household air pollution
are associated with 6.7 million premature deaths a year due to increases
in chronic health conditions such as cardiovascular diseases, respiratory
diseases, and lung cancer which reduce overall life expectancy (WHO,
2023). The European Union (EU) has implemented clean air policies and
set standards to limit the emissions of key pollutants through the

including the UK (Environment Act, 2021), Norway and Switzerland are
closely aligned in their approaches to this issue and have implemented
measures to reduce levels of nitrogen dioxide (NO2) a pollutant origi-
nating from the combustion of fossil fuels which is also a key precursor
of tropospheric ozone and fine particulate matter, two other key air
pollutants that significantly impact public health.

Compliance with legislation is assessed through a combination of
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Fig. 1. Unsheltered and sheltered PDT and UUNN tubes deployed at the MAN site.

data from monitoring networks and the results of air pollutant modelling
(UK Air, 2025a). For example, in the UK, the Automatic Urban and Rural
Network (AURN) deploys reference grade instrumentation to continu-
ously measure the concentration of regulated compounds in over 170
sites (DEFRA, 2022).

One tool used by monitoring networks are Palmes Diffusion Tubes
(PDTs) (Palmes et al., 1976). These are cost effective devices widely
employed over wide geographical locations for monitoring NO,, with
their low cost providing potential for greater spatial resolution and for
citizen science applications (Hohne et al., 2023), However there is some
concern on how the method of deployment affects the applicability of
the results to determining health impacts, particularly for children
(Rowell et al., 2020). They are one of the tools used by UK Local Au-
thorities (LAs) for Local Air Quality Management (LAQM)being used to
determine if an area has an annual mean NOy concentration below 40 pg
m 3, Here, LAs are required to assess air quality (AQ), and declare Air
Quality Management Areas where Limit Value exceedances are found
and to implement Air Quality Action Plans to deliver improvements.
LLAQM, 2019, LAQM, 2022a).

A full technical description of PDTs and their operating principle can
be found in the literature (Palmes et al., 1976; Martin et al., 2014) and
their use as a monitoring tool is governed by standards (EN 16339,
2013). Briefly, conventional PDTs consist of a sampler body, typically
cylindrical, with one end capped and one end left open. The capped end
contains a metal grid coated with an adsorbent. When deployed, they
are mounted vertically with the open end pointing towards the ground.
As ambient air diffuses through the sampler, NO in the air reacts with
the adsorbent and is converted to nitrite (NO3), which is later quantified
in the laboratory. When deployed conventional PDTs suffer from biases
resulting from local conditions and cross interference with other species
(Hafkenscheid et al., 2009). These include negative biases from
deployment in warm and sunny conditions and relative humidity below
a threshold (Heal et al., 2019) and positive biases caused by wind speed,

which is the focus of this paper. The current understanding is that wind
turbulence at the open end of the PDT causes a shortening of the
effective diffusive pathlength of the gas through the tube, resulting in a
positive bias in the reported NO; (Cape, 2009; Martin et al., 2014). To
correct this, in the UK annual bias adjustment factors (specific for each
PDT manufacturer) are routinely determined and applied (Butterfield
et al., 2021). These factors are calculated annually based on the diffu-
sion tubes collocated with reference instruments and applied to mea-
surements for the following year. Where there are a high number of
collocated sites in an area local bias factors may also be used (LLAQM,
2019).

Rather than trying to correct the measurements, wind speed effects
can be mitigated by housing samplers in shelters, such as with the
Passam sampler, which is based on the PDT and uses specific shelters
(Hafkenscheid et al., 2009). When deployed with these shelters the
Passam sampler has been found to be suitable for indicative measure-
ments (Rosario et al., 2016). Changes to the PDT design have also been
made to reduce the wind effect, Gerboles et al., (2005) found improved
performance using PDTs with a Teflon membrane at the open end. More
recently modified PDTs with wind protection incorporating an amor-
phous polyethylene filter at the open end have also been developed and
implemented at approximately 300 sites in the UK Urban NO, Network
(UUNN).

This paper aims to assess the performance of collocated conventional
open-ended PDTs (with and without shelters) and PDTs with wind
protection (with and without shelters) against reference analysers
deployed at various UK AQ monitoring sites. The data acquired was
employed to determine the optimum field deployment configurations,
and to develop a measurement uncertainty model to identify and
quantify the dominant sources of uncertainty.
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Table 1
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Measurement period of each site with the latitude and longitude used for interpolating reanalysis wind speed data for the uncertainty model US indicates an

unsheltered deployment and S a sheltered deployment.

Site First Measurement Last Measurement Deployed monthly Data Capture LAT LON
MAN Dec 2020 Nov 2021 6 PDT-US 100 % PDT-US 53.44294 —2.22081
6 PDT-S 100 % PST-S
6 UUNN-US 100 % UUNN-US (50 %)
6 UUNN S 100 % UUNN-S (50 %)
Jun-Nov 2021 were found to be erroneous for UUNN
>99 % CAPS
HOP Nov 2020 Mar 2022 6 PDT-US 82 % PST-US 51.44987 —0.04583
6 PDT-S 88 % PDT-S
6 UUNN-US 84 % UUNN-US
6 UUNN-S 87 % UUNN-S
No Jan 2021 or Jan 2022 measurements
>92 % CAPS
MRB Jan 2021 Dec 2021 3 PDT-US 100 % PDT-US 51.52269 —0.15557
3 UUNN-US 100 % UUNN-US
>93 % Chemiluminescence
YOR Nov 2020 Nov 2021 3 PDT-S 100 % PDT-S 51.44987 —0.04583
3 UUNN-S 100 % UUNN-S

>99 % Chemiluminescence

2. Methodology
2.1. Field deployment of diffusion tubes

This study used PDT and UUNN tubes deployed at 4 sites alongside
reference instruments - the Honor Oak Park (HOP) London Air Quality
Supersite, London Marylebone Road (MRB) AURN site, York Fishergate
(YOR) AURN site and at the Manchester (MAN) Air Quality Supersite
operated by the University of Manchester, shown in Fig. 1. MAN and
HOP are urban background sites while YOR and MRB are urban traffic
sites, being around 1-1.5 m away from the road. A description of these
site types is available of the UK AIR website (UK AIR, 2025b). All sites
reported NO5 concentrations above the expected minimum detection
level of PDTs. Each set of tubes were typically exposed at the sites for 28
days at a height between 2.5 and 4 m before being sent to the manu-
facturers for analysis. All tubes at the YOR site were deployed inside
shelters while at MAN and HOP some tubes in shelters were deployed
alongside unsheltered tubes and all tubes at MRB were unsheltered.
Table 1 shows which tube types and mounting strategies were used at
each location.

.For the period of the tube deployment the MAN and HOP sites used a
Teledyne Model T500U Cavity Attenuated Phase Shift NOy Analyser.
The YOR site used a Teledyne 200 UP chemiluminescence analyser (Diez
et al., 2024a) and the MRB site uses a Teledyne API 200E(Alam et al.,
2020, EN 14211, 2024). For comparison to the diffusion tube mea-
surements, the reference measurements were converted from ppb to pg
m > where needed and averaged across the period of the diffusion tubes
deployment. No gap filling of the reference measurements was done
after receiving the data. The reference data for HOP, MAN and YOU are
available on Zenodo (Diez et al., 2024b) while the MRB reference data is
available on the UK AIR data Archive (https://uk-air.defra.gov.
uk/data/)

The National Physical Laboratory provided the required diffusion
tubes, mounting blocks and shelters for deployments at Honor Oak Park,
Manchester and York. The first 28-day deployment of conventional and
UUNN type diffusive samplers (with and without shelters) was carried
out in November 2020. The University of York organised the de-
ployments at the roadside site at York and the supersite at Manchester,
while NPL was responsible for the deployments at Honor Oak Park and
Marylebone Road. The diffusive samplers employed in this study were
prepared by Gradko Environmental and analysed using a UKAS
accredited colorimetric technique (International Organization for
Standardization, 2017; AEA Energy and Environment, 2008; BS EN
13528 1-3:2002/2003) which uses travel and laboratory blanks.

The diffusion tubes measurements used for the comparison with

reference instruments were collected between November 2020 and
March 2022. Table 1 shows the measurement periods and geographical
coordinates for each site. At MAN and HOP 6 tubes of each type were
deployed in parallel with and without shelters, while at MRB and YOR
only 3 tubes of each type were used.

So that the uncertainty of these measurements could be evaluated
and compared, two methods of calculating uncertainty for the annual
mean of NO, measurements were applied to these data. A statistical
method based on guide to the demonstration of equivalence of ambient
air monitoring methods (Guide to the Demonstration Report, 2010),
which uses the tube measurements and simultaneous reference mea-
surements, and an uncertainty model based on calculating uncertainties
for individual elements of the measurement process and combining
them into a total measurement uncertainty, with the aim of validating
using the statistically calculated uncertainty. This establishes what parts
of the measurement process dominate the uncertainty budget and en-
ables the estimation of the measurement uncertainty more widely, e.g.
when measurements are combined in longer-term averages. For the
comparison of the uncertainty estimates, only measurements taken in
2021 were used.

2.2. Data processing

The concentration measurements from different diffusion tubes at
the four sites were divided into four different categories: PDT with
traditional mountings (unsheltered), PDT with shelter, UUNN with
traditional mountings and UUNN with shelter (see Fig. 1). These sets
were compared against the simultaneous reference measurements at
each site in order to determine correlation with the reference mea-
surements using gradient and coefficient of determination. These data-
sets were also compared to each other using an ANalysis Of VAriation
(ANOVA) test, which shows if the difference between two datasets is
statistically significant. This allows us to determine which tube category
performs better by comparing which cases have significant differences
and greater agreement with reference measurements. The sheltered and
unsheltered UUNN results between June and November 2021 at the
MAN site were much higher than the PDT and reference measurements
during this time and have been excluded from this analysis and were
judged to be erroneous based on an inter-quartile range (IQR) based
statistical analysis of the bias of each tube against the reference mea-
surements. Compared to other sites and deployment strategies, where
the biases were within bounds, theses were outside the upper threshold
of the 3rd IQR+1.5*IQR. Where the UUNN results have been excluded
PDT and reference results have also been excluded so that the time pe-
riods being compared are equivalent.
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Fig. 2. The traceability chain of individual uncertainty elements for nitrogen dioxide (NO2) measurements using diffusion tubes from Medland et al. (2025).
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2.3. Uncertainty assessment

2.3.1. Statistical uncertainty calculation

This approach is based on the method used to determine agreement
between a deployed system, in this case the diffusion tubes, and
simultaneous reference measurements. The full method is described in
the Guide to the Demonstration of Equivalence of Ambient Air Moni-
toring Methods (Guide to the Demonstration, 2010). This method uses
the random uncertainty of the reference system. The manufacturer
specification for the CAPS instruments gives a low noise expectation,
<0.1 % reading +20 ppt (Teledyne, 2021), while chemiluminescence
has a between sampler uncertainty of 15 % at the k = 2 coverage level
(DEFRA, 2023), but it is assumed to tend towards O pg m~2 as the
random uncertainties are cancelled out in producing a monthly mean
(Butterfield et al., 2021).However it should be noted that chem-
iluminescence instruments are subject to biases from cross-interferences
that are not included in this assessment (Alam et al., 2020; Cowan et al.,
2024). First, an orthogonal regression is used to find y; = a + bx;, where
y; is the mean of tube measurements and x; is the mean of the reference
measurement. Then the uncertainty is defined by equation (1):

RSS

moztlat (b — 1)x;]* »

Ufr (.yl) =

where n is the total number of data points and the residual sum of
squares (RSS) is calculated using equation (2):

RSS= Y (yi —a—bx;)* 2
i=1

The mean of the reference measurements in this case only used
reference measurements for months and sites with diffusion tube mea-
surements. The Guidance to Demonstration of Equivalence also includes
amethod to recalibrate the non-reference method based on the reference
measurements, but this was not used in our calculation of uncertainty.

The requirements for LAQM reference measurements are given in the
Local Air Quality Management Technical Guidance (TG22) (LAQM
2022b). For NOg several instruments that use chemiluminescence and
have been approved by the Monitoring CERTification Scheme
(MCERTS) are used.

2.3.2. Model uncertainty calculation

The model used was developed using similar principles to the un-
certainty calculation for the US Climate reference Network temperature
data made available over the Copernicus Climate Change Service
Climate Data Store, which are detailed in the data product documen-
tation (Copernicus Climate Change Service, 2023). The steps of the
uncertainty calculation are described in a Product Traceability and
Uncertainty (PTU) document, produced by first identifying sources of
uncertainty and arranged into a traceability chain where the different
elements combine up the chain. This method follows similar schemes
developed for atmospheric reference measurements and Earth Obser-
vation systems (Green et al., 2017). The PTU for NO, diffusion tubes
used for this model is available in the NPL Report ENV 59 (Medland
et al., 2025). Fig. 2 shows the traceability chain for both designs of
diffusion tubes used in this study, although the method of calculating
uncertainty at certain steps is different depending on the design.

When identifying the different uncertainty elements we considered
aspects of the tube design, such as how accurately tube dimensions are
known, the deployment method and how local environmental condi-
tions can affect the measurements, the data collection method (in this
case, how the nitrite is extracted from the tubes) and data processing
(how the extracted nitrite mass is used to produce a final concentration
measurement). These individual elements all have their own associated
uncertainties found in the literature or experiment.

The individual measurement uncertainties are combined into a
monthly uncertainty for each tube and can also be used to calculate site

Atmospheric Environment 352 (2025) 121219

Table 2

Examples of individual uncertainty elements and the classification given to them
based on how the error is expected to behave between measurements for the NO,
diffusion tubes.

Uncertainty element Site Mean Multi- Annual Long term
Month
Cross sectional area Random Random Random Random
Wind Speed Bias Systematic ~ Systematic Systematic Systematic
Wind speed Variability Systematic ~ Random Random Random
Stock solution — Systematic  Systematic Quasi- Random
certified nitrite systematic

concentration

averages, multi-site averages and annual and longer-term averages. To
do this the different uncertainty contributions are classified according to
how the error is expected to change over different time scales. In this
case three error classifications were used as below:

Random - the error changes randomly (asystematically) between
every measurement.

Quasi-systematic — the error is systematic over a timescale shorter
than that considered by the average, but changes over known
timescales.

Systematic — the error does not change or only changes on timescales
much longer than the average.

Table 2 shows the classification of some of the key individual un-
certainty elements shown in the traceability chain from Fig. 2. Cross
sectional area is a property that varies tube to tube, so it is random
between tubes. The wind speed bias is determined from experiments
(Martin et al., 2014) and is systematic, whereas the wind speed vari-
ability depends on how the wind speed actually varied during the
sampling period, so this will be the same for tubes at the same site but be
different for each new deployment. The stock solution is used in the
calculation of the NO5 concentration and is systematic while the same
solution is used but it becomes quasi-systematic and then random as new
batches of solution are made over extended periods. When producing
means, random uncertainties and quasi-systematic uncertainties are
reduced in magnitude based on the number of measurements or on the
number of relevant change periods respectively while systematic un-
certainties are not reduced.

For most uncertainty elements the calculation is a relative uncer-
tainty which only requires the diffusion tube NOy; measurement to
calculate. An exception to this is the wind uncertainties in the case of
unsheltered PDTs, where the calculation requires the mean wind speed
over the sampling period. There was not in-situ wind data readily
available for all sites, therefore monthly 10 m wind speeds from the
ERA-5 reanalysis (Hersbach et al., 2023) was used for this study. The 4
closest grid points to the site were interpolated linearly to the site
location, as shown in Table 1.The monthly mean wind speeds for all the
sites was between 1 and 2 m s~ !, within the range explored in the lab-
oratory study on which the wind uncertainty calculation was based
(Martin et al., 2014). This method allows calculation of uncertainty for
single tubes without simultaneous reference measurement but is reliant
on appropriate assessment of the individual uncertainty elements.

3. Results and discussion
3.1. Field deployment of diffusion tubes

Fig. 3 shows the concentration of NO; from the diffusion tube mea-
surements against the corresponding reference measurements by site,
tube and shelter type, while Fig. 4 combines the results from all sites,
sorted by tube and shelter type. Linear fits forced through the origin are
shown for each data set. This approach is taken because data from blank
diffusion tubes and from regular reference monitor calibration indicate
that both techniques report 0 in the absence of no NOy. However, there
was some indication in the data of biases at 0 at the London sites.
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Fig. 3. Correlation plots between tube and reference grade analyser results per site, for PDT tubes at the HOP site(A), UUNN tubes at the HOP site (B), PDT tubes at
the MAN site (C), UUNN tubes at the MAN site (D), PDT and UUNN tubes at the YOR site (E) and PDT and UUNN tubes at the MRB site (F). The black dashed line
represents the 1:1 line. Lines of best fit are calculated using the least squares method forced through the origin.
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Table 3
Results of statistical analysis of significance of different configurations (* indicate a statistically significant effect. US = unsheltered, S = sheltered).
Assessed parameter Site Common factor Compared factors F calc. p-value F crit.
Significance of shelter effect HOP PDT US and S 6.63* <0.01* 3.90*
UUNN US and S 0.41 0.52 3.90
MAN PDT USand S 5.16* 0.03* 3.98*
UUNN USand S 0.01 0.92 3.98
Significance of tube design effect HOP Unsheltered PDT and UUNN 34.4* <0.01* 3.90*
Sheltered PDT and UUNN 7.20* <0.01* 3.89*
MAN Unsheltered PDT and UUNN 5.77* 0.02* 3.98*
Sheltered PDT and UUNN 0.01 0.92 3.98
YOR Sheltered PDT and UUNN 0.35 0.56 3.97
MRB Unsheltered PDT and UUNN 18.9* <0.01* 3.98*
Significance of shelter effect ALL PDT USand S 10.6* 0.00* 3.88*
UUNN US and S 1.4 0.23 3.88
Significance of tube design effect ALL Unsheltered PDT and UUNN 11.2* <0.01* 3.87*
Sheltered PDT and UUNN 4.64* 0.03* 3.87*
Equivalence of wind protection HOP Site PDT-S and UUNN-US 11.2* <0.01* 3.90*
MAN Site PDT-S and UUNN-US 0.1 0.82 3.98
ALL Site PDT-S and UUNN-US 10.56* <0.01* 3.87*

Compared to the unsheltered PDT tubes, the sheltered PDT and UUNN
tubes have gradients closer to unity (within ~10 %). Sheltering the
UUNN tubes has a marginal effect on the gradients.

Table 3 shows the ANOVA results for these data sets: the difference
between sheltered and unsheltered PDT tubes is considered statistically

significant at HOP, MCH and for the combined data from all sites. This,
along with the gradients closer to unity in Figs. 3 and 4, indicates a
greater agreement between sheltered PDT tubes and reference in-
struments. No statistically significant difference is found between
unsheltered and sheltered UUNN tubes. When comparing between the
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Fig. 5. The value of individual uncertainty elements for 1-month mean to 11-month mean for unsheltered PDT tubes at the HOP site as calculated using the un-

certainty model.

different tube types, unsheltered PDT and UUNN tubes show significant
differences at all sites and the improved gradient for the UUNN data
shows closer agreement with reference measurements. Comparing the
sheltered results is more mixed, with statistically significant differences
between the two tube designs found in the HOP and the all-site com-
bined datasets, but not in the MAN and YOR datasets. These results
indicate improvements in the measurement accuracy from using the
UUNN design or mounting PDT tubes in a shelter, however no clear
improvement was found when using a shelter for UUNN tubes.

3.2. Uncertainty assessment

3.2.1. Uncertainty from model

As a result of the different error classifications (Section 2.3 and
Table 2), the magnitude of some uncertainty elements is reduced when
multiple measurements are aggregated into averages. Therefore, when
monthly measurements are combined into an annual mean, the uncer-
tainty is increasingly dominated by the systematic uncertainties as the
magnitude of random errors is reduced. This can be seen in Fig. 5, where
the different uncertainty elements for the HOP PDT-US dataset are
calculated for means from 1 to 11 months. In the total uncertainty cal-
culations these are summed in quadrature, so the combination of the
individual uncertainties (each bar stack in Fig. 5) is larger than the total

uncertainty (solid black line in Fig. 5). Since the uncertainty elements
are calculated from relative uncertainties, the NO, concentration affects
the shape as there tends to be higher NO5 concentrations at the begin-
ning and end of the year (i.e., in winter). The largest uncertainty element
is the wind bias, the magnitude of which is determined by the wind
speed from the reanalysis. This is also the uncertainty that varies the
most over the year, between 3.1 and 4.9 pg m™° since it also relies on
wind speed. The uncertainty from the variability in wind over time of
deployment is the uncertainty that reduces most, from 1.2 to 0.3 pg m >,
Fig. 6 shows the same breakdown of the uncertainty contributions for
the UUNN-US tubes at the HOP site. The design of the tube has greatly
reduced the wind-related uncertainties and one of the larger elements,
the temperature variability from the temperature effect model, is
random between different months so it is reduced as more months are
included. Starting at 0.7 pg m~° in the one-month mean, the largest
single contribution, it then decreases to 0.2 pg m~° in the 11-month
mean.

Fig. 7 illustrates the effect of temporal averaging on the overall un-
certainty. Here the annual site mean uncertainty for the PDT-US tubes is
close to the mean of the site mean and individual tube uncertainties,
where for the UUNN-US tubes the annual site mean uncertainty is close
to the low end of the shorter-term uncertainties.

One effect that is not apparent from the data shown in Fig. 7 is how
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Fig. 6. The value of individual uncertainty elements for 1 month mean to 11 month mean for unsheltered UUNN tubes at the HOP site as calculated using the
uncertainty model.

9 T r Table 4
o O PDT-US The annual mean and annual mean uncertainties calculated using the model and
8+ 6} o £ UUNN-US | 4 statistical method for all tubes and sites.
©
Site - tube type ~ Tube U(model) k =  U(stat) k =  Diffusion tubes
Tr 1 - mounting mean/pg 1/pg m— 1/pg m=3 used for mean (N)
© g m
=R 1 ALL-PDT-US 27.7 5.3 5.8 126
= ALL-PDT-S 19.8 1.3 3.2 123
250 1 ALL-UUNN-US  24.0 0.9 3.6 125
T o ALL-UUNN-S 18.9 0.7 3.6 123
E 4+ o] O i
[&]
(=
=] . . . .
<3t i the quasi-systematic uncertainties affect the longer-term means. The
| . o . .
x 8 8 elements identified as quasi-systematic are only expected to change over
2l 6 1 1 or 2 years, when stock solutions used for the tube analysis are re-made
A or when assumed temperature and relative humidity conditions used for
1 % N : the final value calculation are updated. These produce step reduction in
h uncertainties according to the number of relevant periods the data is
0 — — - collected over, so if the means were calculated over 2 or 3 years there
Individual tube Site mean Annual Site mean . . -
would be further reductions in the long-term uncertainties that are not
Fig. 7. The individual tube, site mean and annual site mean uncertainties for seen in the annual mean uncertainty.

unsheltered PDT and UUNN tubes at the HOP site calculated using the uncer-
tainty model.
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Table 5

The annual mean and annual mean uncertainties calculated using the model and
statistical method for all tubes and sites with June-November MAN measure-
ments removed.

Site - tube type ~ Tube U(model) k =  U(stat) k =  Diffusion tubes

- mounting mean/pg 1/pg m—> 1/pg m— used for mean (N)
m3

ALL-PDT-US 30.1 5.7 6.5 96

ALL-PDT-S 20.1 1.3 3.4 93

ALL-UUNN-US 25.2 1.0 3.0 95

ALL-UUNN-S 18.4 0.7 2.6 93

3.2.2. Comparison of uncertainties

Table 4 shows the annual mean NO, measurements along with the k
= 1 uncertainty calculated from both methods for the all-site mean.
There is close agreement in the uncertainties for the unsheltered PDT
tubes. The statistical method produces a lower uncertainty for the UUNN
and sheltered PDT tubes compared to the unmodified PDT tubes as ex-
pected by the model, although the uncertainty calculated from the sta-
tistical method is higher than that calculated by the model. Some of this
difference may be the result of bias in the reference method not being
accounted for in the statistical uncertainty calculations, but more work
is needed to understand how much impact this would have.

For the MAN UUNN tubes the unusually high measurements between
June and November compared to reference measurements produced a
higher uncertainty. Table 5 shows the all site mean uncertainties
calculated when these measurements are removed. The UUNN un-
certainties are reduced but there is still a much greater reduction in
uncertainty between PDT and UUNN tubes in the model uncertainty
than the statistical uncertainty. This difference arises from changes in
measurement repeatability in stable conditions and wind speed to the
sampling rate uncertainty (Figs. 5 and 6). The uncertainties in these
cases are based on the laboratory performance of the tubes in the
Controlled Atmosphere Testing FACility (CATFAC) (Martin et al., 2014).
The conditions repeatability was determined to be 4.8 % for the PDT
tubes and 1.7 % for the UUNN tubes based on multiple measurements at
constant NOy concentration, wind speed, temperature and humidity.
The wind speed uncertainties are also based on CATFAC measurements
at constant concentration, temperature and humidity but with wind
speeds between 0.5 m s and 2 m s~!. Based on this, the model used a
bias contribution of 2.6 % for PDT-S tubes and 0.6 % for UUNN tubes
and no contribution from wind variability for either of these cases. For
the PDT-US tubes wind bias was calculated as (2.6 + 9 x wind speed) %,
and the variability as (3 x wind speed) %. This method produces quite a
large contribution to the uncertainty but since the PDT-US case shows
good agreement between the two uncertainty calculation methods, this
does not seem unreasonable. The comparison of uncertainty methods
suggests that there may be a smaller reduction in the wind effect on
sheltered and UUNN tubes in the field than expected from the CATFAC
results. It is also possible that other uncertainty elements have been
underestimated, or not considered in the analysis, and this becomes
more obvious when the influence of the wind effect is reduced. While the
unsheltered PDT uncertainty showed smaller differences between the
two methods, future work may be able to improve this by using in-situ
wind measurements instead of reanalysis, which may be representa-
tive of the region but does not account for local effects.

4. Conclusions

Comparison to reference NO, measurements shows unsheltered
UUNN tubes are more accurate than unsheltered PDT tubes, with the
overall measurement bias decreasing from 13-24 % to 1.5-7 %. This
improvement was statistically significant individually at all sites, and for
the overall combined dataset, indicating that the UUNN tubes have
better performance than the PDT tubes. The performance of PDT tubes is
greatly improved when these are mounted in a shelter: at the HOP and
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MAN sites, where unsheltered and sheltered PDT tubes were co-located,
the measurement bias was between 0 and 8 % for the sheltered tubes,
compared to 13-20 % for the unsheltered tubes. Mounting UUNN tubes
in shelters was not found to produce statistically significant improve-
ments in performance compared to UUNN tubes in regular mountings.
Comparison between sheltered PDT and UUNN was more mixed, with
significant improvement for UUNN over PDT at the HOP site and in the
combined dataset but no significant difference in results for the MAN
and YOR sites. Unsheltered UUNN tubes had significant improvement
over sheltered PDT tubes at the HOP site and in the combined dataset
but not at the MAN site. Although not completely consistent, these re-
sults indicate there is some advantage to using UUNN tubes over PDT in
shelters. These improvements are driven by the tube and shelter design
reducing the effect of wind on the measurements.

Uncertainty analysis using statistical methods shows smaller un-
certainties for UUNN tubes (sheltered or unsheltered) compared to
PDTs. Sheltered PDTs also have smaller uncertainties than unsheltered
PDTs. However, the statistical method returned larger uncertainties than
the uncertainty model. The model uncertainty was most similar to the
statistical uncertainty for the unsheltered PDT tubes (within ~15 %),
whereas for sheltered PDTs and UUNN tubes the statistical uncertainty
was between 2.5 and 5 times larger than the modelled uncertainty. This
may indicate that, while the effect of wind has been significantly
reduced, it has not been eliminated for either the UUNN tubes or shel-
tered PDT tubes, and while the uncertainty from the wind was based on
laboratory results, in the field the reduction may not be as great as
predicted. Future work could determine these uncertainties using Monte
Carlo models, this may enable quasi-systematic to be included and
resolve some issues with uncertainty changing with absolute factors
such as wind speed (BIPM, 2008).

Overall UUNN tubes are seen to provide better performance
compared to reference and lower uncertainty than PDT tubes. Although
the PDT tube results can be improved by mounting in a shelter, this
improvement is not as much as that provided by the UUNN tubes, which
have lower uncertainty and in some cases significantly better agreement
with reference measurements.
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