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Abstract Ambient  PM2.5 (particles less than 2.5 μm 
in diameter) is monitored in many countries including 
Australia. Occasionally  PM2.5 instruments may report 
negative measurements, although in realty the ambi-
ent air can never contain negative amounts of parti-
cles. Some negative readings are caused by instrument 
faults or procedural errors, thus can be simply invali-
dated from air quality reporting. There are occasions, 
however, when negative readings occur due to other 
factors including technological or procedural limita-
tions. Treatment of such negative data requires con-
sideration of factors such as measurement uncertainty, 
instrument noise and risk for significant bias in air 
quality reporting. There is very limited documentation 
on handling negative  PM2.5 data in the literature. This 
paper demonstrates how a threshold is determined 
for controlling negative hourly  PM2.5 readings in the 
New South Wales (NSW) air quality data system. The 
investigation involved a review of thresholds used in 
different data systems and an assessment of instru-
ment measurement uncertainties, zero air test data 
and impacts on key reporting statistics when applying 
different thresholds to historical datasets. The results 
show that a threshold of −10.0 μg/m3 appears optimal 

for controlling negative  PM2.5 data in public reporting. 
This choice is consistent with the measurement uncer-
tainty estimates and the zero air test data statistics cal-
culated for the NSW Air Quality Monitoring Network, 
and is expected not to have significant impacts on key 
compliance reporting statistics such as data availability 
and annual average pollution levels. The analysis can 
be useful for air quality monitoring in other Australian 
jurisdictions or wider context.

Keywords Fine particle  (PM2.5) monitoring · Beta 
Attenuation Monitor (BAM) · Negative reading · 
Data validation · Compliance reporting

Introduction

In air quality management, particulate matter (PM), 
also known as particles or particle pollution, refers 
to a mixture of solid particles and liquid droplets 
suspended in the air. Studies have shown that parti-
cle pollution has significant impacts on the environ-
ment and human health (OECD, 2016; WHO, 2013). 
For regulatory purposes, ambient particle pollution 
is often monitored as  PM10 and  PM2.5, i.e. particles 
less than 10 μm and 2.5 μm in diameter, respectively. 
 PM2.5 can be transported further and persist longer 
in the atmosphere than  PM10 (Keywood et al., 2016). 
 PM2.5 pollution is of greater public concern in many 
countries including Australia (DPIE, 2021; OECD, 
2016), as the particles are small enough to penetrate 
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deeply into human lungs and bloodstreams, caus-
ing adverse health effects such as increased respira-
tory symptoms, heart problems and premature deaths 
(Anderson et al., 2012; Broome et al., 2020).

PM2.5 pollution can be generated naturally or from 
human activities. In New South Wales (NSW), for 
example, typical natural sources of  PM2.5 include 
vegetation fires, dust storms, pollen and sea sprays, 
whereas major human sources are transport, power 
generation, domestic activities, and commercial and 
industrial processes (NSWEPA, 2019). In addition, 
secondary particles can be formed in the atmosphere 
through complex reactions of chemicals (pollutants) 
such as sulfur dioxide and oxides of nitrogen (Cope 
et  al., 2014). The Australian National Environment 
Protection (Ambient Air Quality) Measure (NEPM 
hereafter) sets out the national standards for  PM2.5 
(and  PM10) pollution, as well as its monitoring and 
reporting protocols, for Australian jurisdictions 

(NEPC, 2011; NEPM, 2021). In this context, the pre-
sent study is concerned with the validity of negative 
hourly  PM2.5 readings from 30 standard monitoring 
stations in the NSW Air Quality Monitoring Net-
work (AQMN; Fig. 1; Riley et al., 2020), which are 
reported against the NEPM in NSW annual compli-
ance reporting (e.g. DPIE, 2021).

Beta Attenuation Monitors (BAM), one of the 
United States (US) Environmental Protection Agency 
(EPA) Federal Equivalent Methods for  PM2.5 meas-
urements (USEPA, 2016a), are commonly used for 
ambient  PM2.5 compliance monitoring in Austral-
ian jurisdictions (Standards Australia, 2022a), as is 
in many other countries. BAM instruments adopt an 
optical measurement technique (Chung et al., 2001). 
They draw sample air through a size selective inlet 
and onto a filter tape where  PM2.5 is collected. Beta 
radiation passing through the filter tape is meas-
ured—it reduces over time when more particles are 

Fig. 1  Locations of monitoring stations in the New South Wales Air Quality Monitoring Network, as of mid-2020. Standard-com-
pliant method instruments for  PM2.5 are applied at the standard, industry-funded and roadside monitoring stations
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deposited onto the tape. The change in beta radiation 
is proportional to the mass of particulates added to 
the tape, thus determining the  PM2.5 measurements 
(Scientific, 2018).

In real-world situations, ambient air always con-
tains certain amounts of particles (and other pollut-
ants), and negative  PM2.5 concentrations should never 
occur. In the monitoring practice, however, instru-
ments such as BAM can and do occasionally record 
negative  PM2.5 measurements. For example, when air 
is relatively clean (e.g. on a day after some good rain) 
and  PM2.5 levels are very low, falling in the range of 
the instrument detection limit, the  PM2.5 readings 
may be either slightly positive or negative, but with 
long-term (over many hours) averages reflective of 
actual low PM concentrations. The instruments are 
designed with mechanisms such as dryers or heating 
elements to account for the impact from volatile par-
titioning, (to some degree) suppressing the chance for 
obtaining negative measurements (Scientific, 2018). 
Nevertheless, when taking dynamic air samples 
across short time periods, the instruments can still 
give rise to positive or negative measurement spikes 
of significant amplitude, usually on hourly or sub-
hourly time scales.

A common approach for dealing with negative 
particle data, especially those unrelated to instrument 
malfunctions or procedural errors, is to set a thresh-
old of negative value, above which the negative meas-
urements are retained as valid in the data system, 
but below which the negative values are invalidated 
(or flagged for further investigation) and excluded 
from subsequent calculations and data reporting. It 
is apparent that this validation approach has a risk 
of causing significant (positive) bias in compliance 
reporting if the threshold is set to an inappropriate 
level, e.g. at zero concentration.

The NSW AQMN employs the Thermo Scientific 
BAM (5014i Beta, and previously the 5030i Sharp) 
instruments for  PM2.5 monitoring at the NEPM sta-
tions (i.e. standard stations in Fig.  1), with a small 
number of TEOM-FDMS (TEOM 1405-DF) moni-
tors applied at some other stations (Scientific, 2018; 
Standards Australia, 2022b; Thermo Scientific, 2009, 
2014). The NSW AQMN holds accreditation by the 
National Association of Testing Authorities (NATA) 
for the methods and operating procedures for  PM2.5 
data collection with these instruments. In this con-
text, the cause for negative data or how to reduce 

the number of negative values is not discussed in the 
present study, with such an investigation to be under-
taken elsewhere.

We propose that the threshold for controlling 
negative  PM2.5 readings, especially those unrelated 
to instrument malfunctions or procedural errors, 
should be determined with consideration of factors 
such as measurement uncertainties, instrument noise 
and implications for air quality reporting. This paper 
demonstrates how the threshold value is determined 
for controlling negative hourly  PM2.5 measurements 
from the BAM instruments in the NSW AQMN. It 
involves a literature review of thresholds used by dif-
ferent agencies (data systems), followed by an assess-
ment of the instrument measurement uncertainties, 
zero (clean) air test data distribution and impacts on 
three key NEPM compliance reporting statistics (data 
availability rate, annual average level and number of 
exceedance days) when applying different thresholds. 
It is notable that we have also conducted a similar 
study on the control of negative  PM10 measurements 
from TEOM instruments, with the results to be pre-
sented elsewhere.

The initial project output has served to be part of 
local evidence for formulating the recently published 
Australian Standard, AS 3580.19.2020 – Method 19: 
Ambient air quality data validation and reporting 
(Standards Australia, 2020). The analysis results are 
expected to be useful for the air quality data manage-
ment and reporting practice in other Australian juris-
dictions or wider contexts. In the following sections, 
an overview of the analytic framework and data pro-
cessing method is given in the “Analytic framework 
and data processing” section, then the results and 
discussions are presented in the “Results and discus-
sions” section, and finally the summary of findings 
and conclusions are provided in the “Summary and 
conclusion” section.

Analytic framework and data processing

Analytic framework

The study was undertaken within a framework of four 
inter-related analyses (Fig. 2). Analysis 1 was to pro-
vide a brief overview of thresholds adopted in other 
data systems for controlling negative  PM2.5 read-
ings in data reporting. Analysis 2 was to discuss the 
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theoretical estimates of measurement uncertainties for 
 PM2.5 data in the NSW AQMN. The expanded meas-
urement uncertainties were calculated as a function of 
measured (zero or positive) hourly  PM2.5 concentra-
tions of ambient air samples, following the calcula-
tion method outlined in JCGM (2008), “Evaluation of 
measurement data-Guide to the expression of uncer-
tainty in measurement” (the GUM). The calculation 
included the component uncertainties associated with 
major operating elements in data collection, such as 
instrument calibration and maintenance, instrument 
operation, flow rate, and operating temperature and 
pressure. Analysis 3 was to examine the distribution 
of the zero (clean) air test data for BAM instruments 
in the NSW AQMN (also the “Zero air stability test 
data” section), to identify the observed range of posi-
tive and negative measurements for non-polluted air 
samples, due to impacts of factors such as detection 
limit, instrument noise and procedural uncertainty. 
Analysis 4 was to assess the impacts of the threshold 

choice to control negative  PM2.5 data on three key 
NEPM reporting statistics, i.e. data availability rate, 
annual average and annual number of exceedance 
days (details in DPIE (2021)) by applying individ-
ual candidate thresholds to the historical  PM2.5 data 
from the NSW AQMN (“PM2.5 data” section). The 
candidate thresholds were specified by drawing upon 
outputs from Analyses 1 to 3. At last, integrating the 
outputs from four analyses, the operational threshold 
for controlling relatively large negative hourly  PM2.5 
readings has been recommended for the NSW AQMN 
data system that supports air quality compliance 
reporting.

Zero air stability test data

In the NSW AQMN, zero air stability test is under-
taken annually for each BAM instrument, where the 
instrument is run with a zero-particulate filter (a filter 
that removes particles from the sampled air) on the 

Fig. 2  Schematic of the analytic framework for the study



Environ Monit Assess (2023) 195:1187 

1 3

Page 5 of 14 1187

Vol.: (0123456789)

sampling inlet, to examine instrument stability and 
operating issues under particle-free air.

The zero air stability test data were obtained as 
1-min readings from BAM instruments at 30 stations 
for a period of 8–26 h annually during 2013–2017 
(further details in Appendix Table 2 and Fig. 1). The 
1-min data relating to instrument faults or proce-
dural errors were excluded from further calculations. 
Hourly average was derived if the availability rate of 
1-min data was ≥75% for that hour. The hourly data 
were pooled for all stations to form datasets by year 
and all-year combined. These data were used for 
Analysis 3, to examine the observed range of positive 
and negative measurements for non-polluted air sam-
ples, due to impacts of factors such as detection limit, 
instrument noise and procedural uncertainty.

PM2.5 data

Hourly  PM2.5 concentration data, including posi-
tive (valid) or negative values, were obtained for 
2013–2017 from the same 30 stations in the NSW 
AQMN. Most stations had data for near 5 years, 
with a small subset commencing  PM2.5 monitoring 
post 2013 (details in Appendix Table  2). The initial 
hourly  PM2.5 dataset were cleaned by excluding nega-
tive data associated with identifiable instrument faults 
or procedural errors. Five analysis datasets were 
then generated by applying separately five candidate 
thresholds, ranging from −2.5 to −20.0 μg/m3, to 
control large negative hourly records. In each dataset, 
negative data were invalidated if values fell below the 
relevant threshold.

The Australian NEPM reporting protocols require 
each jurisdiction to report data availability rate, 
annual average and number of exceedance days for 
each station in the annual compliance report (e.g. 
DPIE, 2021). In this study, we calculated the data loss 
rate (%) as proxy to the data availability rate for each 
station and year when applying one of the candidate 
thresholds. The higher the data loss rate, the lower the 
data availability rate. Daily and annual averages were 
calculated for each site and year from validated data-
sets, if the minimum data availability rate of 75% was 
met for that site and year (DPIE, 2021). The number 
of exceedance days was calculated as the total num-
ber of days when daily average  PM2.5 levels exceeded 
the national standard (at the time) of 25 μg/m3 for 
24h  PM2.5 in each year. The annual averages were 

calculated from daily averages and compared to the 
national standard (at the time) of 8 μg/m3 for annual 
mean  PM2.5.

Results and discussions

The review—how negative  PM2.5 readings are treated

There appears to be limited documentation on meth-
ods for handling negative  PM2.5 measurements in 
the air quality literature. This review, by no means 
exhaustive, covered some BAM instrument manuals, 
Australian standards for continuous  PM2.5 monitor-
ing, and published documents or reports for govern-
ment-operated data systems in the USA, the UK, New 
Zealand and locally Australia. This section describes 
the main findings from the review.

Air quality information end users, including gen-
eral citizens, community group members and air qual-
ity managers, often hold a perception that ambient air 
pollution can be high or low but never go negative 
(Dennis, 2013; Standards Australia, 2022a, 2022b). 
This perception acknowledges the physical existence 
of pollutants in the ambient air, often with little or 
no consideration of impacts of procedural and tech-
nological limitations, and/or uncertainties in meas-
urement techniques. Therefore, it is generally agree-
able that negative data should be excluded in public 
reporting (USEPA, 2014, 2016b).

In the real-world monitoring practice, some nega-
tive readings are caused by instrument faults or pro-
cedural errors, thus can be simply invalided (flagged) 
and excluded from air quality reporting towards the 
public domain. There are occasions, however, when 
negative PM.5 readings occur due to other (less 
apparent) factors, such as instrument uncertainties, 
noise associated with sampling air flow, detection 
limit and corrections made within the instruments 
(associated with inlet and ambient temperature and 
humidity) (Scientific, 2018; Standards Australia, 
2020; Thermo Scientific, 2009, 2014). For exam-
ple, Met One (2021) noted that if the actual ambi-
ent particle level is below the instrument detection 
limit, instruments may report  PM2.5 measurements as 
being slightly negative or positive. It is also known 
that during the measurement process, volatiles may 
partition to or from particles, and subsequently either 
increase or decrease the actual particle mass within 
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the system, (sometimes) causing intensified short-
term positive or negative fluctuations (spikes) in 
 PM2.5 readings. In principle, the negative concentra-
tions should be treated as valid, because invalidating 
them or simply correcting them to zero would lead to 
artificial positive bias when calculating data averages 
(Dennis, 2013; Met One, 2021). Of note is that, prac-
tically, positive artefact readings are often of less con-
cern in data reporting, since  PM2.5 concentrations are 
generally above zero level in most urban cities in the 
world, particularly at those locations selected by gov-
ernment agencies for monitoring population exposure 
to air pollution.

Some (limited) guidance is given in Austral-
ian standards, for example, AS/NZS 3580.9.13, the 
standard for “Determination of suspended particulate 
matter  PM2.5 continuous direct mass method using a 
tapered element oscillating microbalance monitor” 
(Standards Australia, 2022b). For TEOM, it is rea-
sonable to expect some small hourly negative values 
when the true mass concentration is very low, for 
example, during rain events. As general guidance, 
small negative values (if within instrumental uncer-
tainty) should be considered clean air conditions, 
i.e. being treated as valid for data reporting. When 
used to produce daily averages, all valid hourly val-
ues (both positive and negative) should be averaged 
using equal weighting, and the daily averages calcu-
lated from hourly averages should be non-negative in 
general, at most slightly negative but within manufac-
turer’s specified tolerance.

In air quality data management, a common prac-
tice is to set a threshold of negative value, under 
which negative data are invalidated and excluded in 
further calculations but with minimal risk of causing 
significant bias for data reporting. PM monitor man-
ufactures usually specify allowable negative read-
ings in their instrument user manuals with reference 
to the instrument detection limit (Dennis, 2013). It 
is not uncommon for the field zero (clean) air test to 
result in a value which is several micrograms differ-
ent from the factory-set value (positive or negative), 
because the factory zero air test may be run without 
an inlet heater. Probably associated with this consid-
eration, Met One (2021) noted that you should not 
see (in field monitoring) multi-hour periods of con-
tinuing negative concentrations, or concentration data 
clipped at the lower range limit of −15μg/m3. In con-
trast, some instruments, particularly those employing 

optical counters, pre-emptively and incorrectly trun-
cate negative results to zero to avoid uninformed user 
complaints.

The US EPA has had a long-standing convention 
of retaining short-term (hourly) averaged negative 
data in its air quality databases, such as Air Qual-
ity System (AQS) and AirNow (USEPA, 2014). The 
AQS database treats negative data from  PM2.5 contin-
uous monitors as valid if the values are not below the 
threshold of −10.0 μg/m3. The AirNow  PM2.5 data-
base flags the readings invalid when the values are 
below the threshold of −4.99 μg/m3.

The UK Automatic Urban and Rural Monitoring 
Network applies ongoing data validation as part of its 
normal process to “clean-up” the initial provisional 
data (DEFRA, 2016). Corrections to data made dur-
ing the validation process are automatically uploaded 
online for end users to access. In relation to  PM2.5 
data, it was noted that isolated or occasional negative 
values are permitted to remain in the dataset so long 
as they are not below the lower bound of the detection 
limit or measurement uncertainty of the method.

Ministry for the Environment (MfE), New Zea-
land, recommended that unless there is good evidence 
to remove a positive or negative value, it should be 
treated as valid, and comment made in the metadata 
(MfE, 2009). There are two treatments worth high-
lighting. Firstly, where negative values are within 
the expected error of the instrument, they should be 
retained within the dataset to avoid creating a positive 
bias in data reporting. Secondly, where large nega-
tive spikes are observed in the data record, there is 
a need to check whether a large positive spike is also 
present—if both a large positive and a large negative 
spike are present, both spikes should be treated inva-
lid and removed. Such large spikes are noted as arte-
facts in techniques which use oscillating components, 
such as TEOMs. However, there is no information on 
the choice of threshold values used to control hourly 
negative  PM2.5 data in that process. There is ongo-
ing discussion in Aotearoa, New Zealand, on how to 
manage negative values from BAMs, with no defini-
tive or agreed method used by operators (Coulson 
et al., 2021).

In Australia, the threshold values adopted for 
validating negative  PM2.5 data vary across jurisdic-
tions. For example, (prior to this study) the NSW 
AQMN data system applied a threshold of −2.5 μg/
m3, under which negative hourly  PM2.5 readings were 
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automatically (provisionally) invalidated (flagged) 
in an initial quality control process designed for 
near real-time online data reporting. In contrast, the 
Queensland Government (2022) air quality report-
ing has adopted methods varying among instrument 
types, with the lowest validation threshold being -5.0 
μg/m3 set for TEOM-FDMS instruments.

In summary, it is a consensus that the negative 
 PM2.5 readings, if unrelated to instrument faults or 
procedural errors, should be treated as valid in data 
calculations, however need to be controlled for the 
purpose of public reporting. The threshold value 
used for controlling negative measurements varies 
across data systems, but there is little or no published 
research on how such validation thresholds are deter-
mined by the agencies. Drawing upon these findings, 
next we present analytic results from our study to 
demonstrate how a threshold value has been chosen 
for validating negative hourly  PM2.5 measurements 
from the BAM instruments in the NSW AQMN.

Measurement uncertainty estimates

Measurement uncertainties were calculated for  PM2.5 
data collection with BAM instruments in the NSW 
AQMN, following the GUM procedure outlined in 
JCGM (2008). The uncertainty estimates included 
impacts from the major quantifiable uncertainty 
component items, such as sampling head efficiency, 

instrument precision and accuracy, temperature and 
pressure. The estimates are multiplied by a factor of 
2 to arrive at the expanded uncertainties (i.e. 95% 
confidence limit), approximating the t-value associ-
ated with a normal population at p=0.05, as shown 
in Fig. 3.

It is notable that the expanded uncertainty esti-
mates increase with measured  PM2.5 concentrations 
(Fig. 3a). The expanded uncertainty range is around 
±5 μg/m3 for a reading of near zero concentration 
from relatively clean air samples, with the estimates 
increasing to around ±10 μg/m3 for a reading of 100 
μg/m3 from (more) polluted air samples. When the 
true  PM2.5 level is slightly positive, it is possible that 
the instrument may report either small negative or 
positive readings, as is illustrated by the 95% confi-
dence intervals at lower end of  PM2.5 concentrations 
(Fig.  3b). For instance, if the true  PM2.5 concentra-
tion is 2.5 μg/m3, the instrument may report a meas-
urement in the range of (−2.5, 7.5) μg/m3 with 95% 
confidence.

Properties of the zero (clean) air stability test data

An examination of the zero air stability test data helps 
to investigate  PM2.5 measurement fluctuations and 
how negative they can be for (near) clean air sam-
ples. Table  1 shows the summary statistics for the 
hourly zero air stability test data by year and for all 

Fig. 3  Expanded uncertainty (a) and 95% confidence interval (b) for hourly  PM2.5 measurements
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years combined, with data pooled for all stations in 
2013–2017. The annual mean hourly readings across 
years tended to be slightly positive, around 0.9 μg/m3 
on average. The standard deviation is 4.3 μg/m3 for 
the combined data, but varying from 2.2 to 5.1 μg/
m3 for datasets across years. Of note is that maximum 
and minimum hourly averages could occasionally be 
significantly deviated from zero concentration level, 
reaching as high as 26.4 μg/m3 (maxima in 2014) and 
as low as −21.1 μg/m3 (minima in 2015). Figure  4 
illustrates the overall distribution of hourly zero air 
test data, pooled for all sites and all years. The major-
ity of hourly data fall within the range of −5.0 to 5.0 
μg/m3, with 95% of hourly data falling into the range 
of −7.6, 9.4 μg/m3.

Of note is that the summary statistics show some 
degree of variability across regions, with slightly 
higher mean and larger range in zero air readings for 

the Sydney stations if compared to stations in other 
regions. This could be due to impacts of factors such 
as variability in meteorological conditions across 
monitoring sites. USEPA (2016b) examined the rela-
tionship between ambient dewpoint and zero test 
results for Met One BAM 1020 applied in the USA, 
showing that the magnitude of the zero response is 
somewhat variable but has an overall reverse relation-
ship with dewpoint. This aspect will be further exam-
ined in our future work for identifying potential envi-
ronmental and procedural causes of negative  PM2.5 
data and thereby methods to reduce the number of 
negative readings in the NSW AQMN.

The deviation of measurements from zero air is 
essentially related to experimental and measurement 
uncertainties or limitations. These include instru-
ment noise, detection limit, deposition or volatilisa-
tion of semi-volatile components (between aerosol 

Table 1  Summary statistics 
for hourly zero (clean) air 
stability test data pooled 
for all sites by year and 
for all years combined in 
2013–2017

Year Number 
of hours

Mean (μg/m3) Standard 
deviation 
(μg/m3)

Maximum 
hourly average 
(μg/m3)

Minimum 
hourly average 
(μg/m3)

2013 25 −0.7 2.2 2.8 −7.1
2014 216 1.2 4.8 26.4 −13.4
2015 305 0.5 5.1 18.4 −21.1
2016 418 1.3 3.9 20.0 −10.9
2017 368 0.7 3.7 17.9 −11.1
All years com-

bined
1332 0.9 4.3 26.4 −21.1

Fig. 4  Histogram of hourly 
zero (clean) air stability test 
data, pooled for all sites and 
all years



Environ Monit Assess (2023) 195:1187 

1 3

Page 9 of 14 1187

Vol.: (0123456789)

and gas phases depending on heating cycle), and bias 
due to small particles passing through the filters used 
to generate zero air and hence leading to slightly posi-
tive results. The deviation is consistent with the GUM 
uncertainty estimates described in the “Measurement 
uncertainty estimates” section, with the zero air test 
data showing larger range of fluctuations between neg-
ative and positive readings. The difference is expected 
since the GUM calculation method covers only some 
(rather than all) of the quantifiable impacts for selected 
uncertainty elements, with influences from factors such 
as volatile partitioning not being considered.

The amplitude of negative readings from BAM instru-
ments in the NSW AQMN appears consistent with over-
seas results. For example, the manufacturer of the Met 
One BAM monitors suggests allowable hourly averaged 
negatives as low as −15.0 μg/m3 (Met One, 2021). In 
conclusion, the BAM  PM2.5 readings for zero air samples 
fluctuated around zero concentration, with good chance 
for going negative significantly below the threshold of 
−2.5 μg/m3 that was previously set in the NSW AQMN 
data system for controlling negative hourly data.

Impact on key compliance reporting statistics

The “Measurement uncertainty estimates” and “Prop-
erties of the zero (clean) air stability test data” sec-
tions have demonstrated that BAM instruments 
reported negative hourly  PM2.5 measurements as low 
as −21.1 μg/m3 for zero air samples. Hence, a set of 
thresholds, i.e. −2.5 μg/m3, −5.0 μg/m3, −10.0 μg/
m3, −15.0 μg/m3 and −20.0 μg/m3, was chosen as 
candidates for validating hourly  PM2.5 data from the 
NSW AQMN for the purpose of air quality reporting. 
The existing threshold of −2.5 μg/m3 was included in 
the analysis as benchmark for comparison of results. 
The following subsections compare the impacts 
of different threshold options on three key NEPM 
compliance reporting statistics, i.e. availability rate, 
annual average concentration and number of exceed-
ance days (DPIE, 2021; NEPM, 2021).

Impact on data availability

When a candidate threshold is applied to the dataset for 
a monitoring station, the hourly data availability rate 
changes, as do the statistics derived from hourly aver-
ages. Under the Australian NEPM monitoring and 
reporting protocols (DPIE, 2021; NEPM, 2021), for a 

daily average  PM2.5 measurement to be valid at a moni-
toring station, at least 75% of the underlying hourly data 
must be valid (note: the data availability requirement is 
equivalent to similar standards applied in North America, 
Europe and China). Application of a threshold can poten-
tially invalidate too many hours of records which are 
within the range of experimental noise or detection limit 
and hence in fact valid measurements.

Figure  5 shows the box plot of the data loss rates 
(“PM2.5 data” section) by different threshold options 
for all sites from 2013 to 2017. The data loss rate is 
expressed as percentage of negative hourly readings 
invalidated due to application of the chosen threshold 
for each site and year. The higher the data loss rate, the 
higher the reduction in data availability rate, due to the 
choice of validation threshold. As expected, the data loss 
rates show a decreasing trend when the threshold applied 
becomes more negative, where the inference can be made 
in a way analogous to application of a scree-test. The data 
loss rates are the largest on thresholds −2.5 μg/m3 (inter-
quartile range: around 2.6–6.0%), deceasing quickly 
through threshold −5.0 μg/m3 (inter-quartile range: 
around 1.2–2.4%) till threshold −10.0 μg/m3 (inter-quar-
tile range: located below 1.0%). The change in data loss 
rate flattens from threshold −10.0 μg/m3 towards more 
negative values. In other words, the choice of −2.5 μg/m3 
or −5.0 μg/m3 as validation threshold has more signifi-
cant impacts on data availability rates, if compared to the 
choice of −10.0 μg/m3 or lower values. With an intention 
of keeping data loss rates as low as possible (e.g. under 

Fig. 5  Box plot of annual data loss rates (%) for individual 
stations and years by threshold option. Bold line inside box: 
median; box bottom and top sides: 25th and 75th percentiles; 
circle: outliers; lines outside the box: 9th and 91st percentiles
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1%), the threshold of −10.0 μg/m3 appears to be a good 
compromise for controlling the release of negative hourly 
readings in public reporting.

Impact on calculated annual averages

From the previous section, the data availability rate 
changes with the choice of validation threshold, and 
therefore, the annual  PM2.5 averages are expected also to 
decrease if a more negative hourly threshold is applied. 
Figure 6 shows that the box plot of annual averages for 
individual sites in 2013–2017 by threshold options. In 
general, the smaller the amplitude of validation thresh-
olds, the larger the site annual averages and subsequently 
the higher chance for exceeding the NEPM national 
standard of 8.0 μg/m3.

In particular, the candidate thresholds of −2.5 μg/
m3 and −5.0 μg/m3 are associated with slightly larger 
median values and higher box locations, if compared to 
the threshold of −10.0 μg/m3 or lower (which show gen-
erally similar data distributions). In particular, the inter-
quartile ranges for the former tend to overlap over the 
national standard, implying a potential for positive bias 
in reporting annual  PM2.5 data due to control for nega-
tive readings. In contrast, the threshold of −10.0 μg/m3 

appears to a middle-way choice with reduced chance for 
biased reporting of annual exceedance.

Impact on the number of exceedance days

The NEPM standard for daily average  PM2.5 is cur-
rently 25.0 μg/m3. The number of exceedances was 
calculated from daily averages. The greater the nega-
tive thresholds, the high number of negative hourly 
values included in the dataset and subsequently the 
lower the daily average concentrations. The num-
ber of exceedance days was examined by threshold 
option, at every site and year in 2013–2017.

It is found that the exceedance days are identical 
across different validation thresholds, for each specific 
site and year (not shown). In other words, the choice 
of different thresholds does not affect the reporting of 
annual exceedance days for monitoring stations in this 
network for the examined dataset. This lack of change in 
the number of exceedance days is not surprising. Days on 
which the daily average  PM2.5 is approaching or exceed-
ing 25.0 μg/m3 have very little chance with hours when 
there are negative values, because the experimental 
noise is not sufficiently large to drop below the exist-
ing threshold due to higher measured (actual) pollution 

Fig. 6  The box plot of 
annual averages for indi-
vidual stations and years by 
threshold option. Bold line 
inside box: median; box 
bottom and top sides: 25th 
and 75th percentiles; circle: 
outliers; lines outside the 
box: 9th and 91st percen-
tiles
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levels. Hence, the main priority in choosing the valida-
tion threshold is to ensure that bias for data availability 
rate and annual average reporting is kept minimal, since 
the impact on the number of annual exceedance days is 
generally negligible in the NSW AQMN.

Summary and conclusion

This paper reports on an investigation on the choice 
of validation threshold for controlling negative hourly 
 PM2.5 readings in the NSW air quality data system, 
for the purpose of public (compliance) reporting. It 
involves a brief literature review on the validation 
methods and thresholds used in different government 
data systems, followed by an assessment of the instru-
ment measurement uncertainties, zero (clean) air test 
data distribution and impact of applying alternative 
thresholds on three key compliance reporting statis-
tics (data availability rate, annual average concentra-
tion and annual number of exceedance days) for NSW 
AQMN. The main findings are summarised below:

• It is generally agreeable that valid negative num-
bers should be included in air quality databases 
but excluded in public reporting. The choice of 
threshold values for validating negative hourly 
 PM2.5 data varies across data systems, with little 
research reported in the literature on how these 
thresholds are determined by the agencies.

• The theoretical estimates of measurement uncer-
tainty increase with the level of  PM2.5 concentra-
tions, with the uncertainty for (near) zero concen-
tration reading being in the range of (−5, 5) μg/m3 
at the 95% confidence.

• The NSW AQMN zero air stability test data have 
revealed that the hourly  PM2.5 readings for (near) 
clean air samples can go below zero, as negative as 
−21.1 μg/m3 in 2013–2017, with 95% hourly zero 
air  PM2.5 measurements falling in the range of (−7.6, 
9.4) μg/m3.

• The choice of thresholds has distinguishable impacts 
on data availability rates and annual average con-
centrations. Of the threshold options examined, the 
impact is more significant for thresholds of smaller 
amplitude, such as −2.5 μg/m3 and −5.0 μg/m3. In 
contrast, the choice of thresholds makes no difference 
in calculating the annual number of exceedance days 
for individual stations for the years examined.

• The threshold of (near) −10.0 μg/m3 appears to be 
the optimal value for controlling negative  PM2.5 data 
release in public reporting. This threshold is con-
sistent with the measurement uncertainty estimates 
and zero air test data statistics calculated for NSW 
AQMN, and also is expected not to have significant 
impacts on key compliance reporting statistics such 
as data availability rates and annual averages.

Prior this study, the validation threshold was set 
to −2.5 μg/m3 in the NSW AQMN, below which the 
negative readings were invalided or flagged for fur-
ther investigation. This study has indicated that the 
use of such a threshold could potentially result in dis-
tinguishable bias in reporting statistics such as data 
availability rates and annual averages. Hence, we 
have made the following recommendations:

A) The validation threshold is set to −10.0 μg/
m3 to control the negative hourly  PM2.5 data in 
the NSW AQMN data system, under which the 
hourly negative readings are invalidated/flagged 
for further investigation.

B) Those negative readings due to instrument faults 
or procedural errors can be simply invalided 
(flagged) and excluded from subsequent calcula-
tions for data reporting.

C) Other negative values should be reviewed dur-
ing the data validation process to assess whether 
they are real or spurious. Unless there is good 
evidence to remove a value, it should be left as a 
valid reading.

D) When large negative spikes are observed, check 
also to see whether a large positive spike is present. 
If both a large positive and a large negative spike are 
present and sequential, both spikes should be treated 
as invalid data and the cause be investigated.

This work has facilitated a variation in control of neg-
ative data in the NSW AQMN data system. It also served 
to be part of local evidence for formulating of the pub-
lished Australian Standard for data validation and report-
ing (Standards Australia, 2020). The results are expected 
to be useful for air quality data management and report-
ing in other jurisdictions in Australia or wider contexts. 
An investigation of the cause for negative data or how to 
reduce the number of negative values is to be discussed 
elsewhere.
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Table 2  BAM instrument model and data periods by monitoring site

Region and site Year with 1-min zero air sta-
bility test data

Time period with hourly ambient 
 PM2.5 data

BAM model applied

Sydney region (14 sites)
 Camden 2014–2017 1/01/2013 to 31/12/2017 BAM 5014i
    Chullora 2013–2016 1/01/2013 to 31/12/2017 BAM 5014i
 Earlwood 2014–2016 1/01/2013 to 31/12/2017 BAM 5014i
 Liverpool 2014–2017 1/01/2013 to 31/12/2017 BAM 5014i
 Richmond 2014–2017 1/01/2013 to 31/12/2017 BAM 5014i
 Rozelle 2015, 2016 16/02/2015 to 31/12/2017 BAM 5014i
 Prospect 2015, 2016 16/10/2015 to 31/12/2017 BAM 5014i
 Campbelltown West 2016, 2017 16/09/3015 to 31/12/2017 BAM 5014i
 St Marys 2016 14/03/2016 to 31/12/2017 BAM 5014i
 Bringelly 2016 27/06/2016 to 31/12/2017 BAM 5014i
 Oakdale 2016, 2017 1/01/2013 to 31/12/2017 BAM 5014i
 Bargo 2017 2/12/2016 to 31/12/2017 BAM 5014i
 Macquarie Park 2017 1/08/2017 to 31/12/2017 BAM 5014i
 Randwick 2016, 2017 23/03/2017 to 31/12/2017 BAM 5014i
Illawarra region (3 sites)
 Albion Park South 2016 26/02/2015 to 31/12/2017 BAM 5014i
 Kembla Grange 2015–2017 25/02/2015 to 31/12/2017 BAM 5014i
 Wollongong 2015, 2016 1/01/2013 to 31/12/2017 BAM 5014i
Lower Hunter region (6 sites)
 Beresfield 2013–2017 1/01/2013 to 31/12/2017 BAM 5014i
 Wallsend 2014–2017 1/01/2013 to 31/12/2017 BAM 5014i
 Newcastle 2014–2016 18/08/2014 to 31/12/2017 BAM 5014i
 Mayfield 2014–2017 15/07/2014 to 31/12/2017 BAM 5014i
 Carrington 2015–2017 31/07/2014 to 31/12/2017 BAM 5014i
 Stockton 2014–2017 15/10/2014 to 31/12/2017 BAM 5014i
Central coast region (1 site)
 Wyong 2014–2017 1/01/2013 to 31/12/2017 BAM 5014i
Upper Hunter region (3 sites)
 Camberwell 2014–2017 1/01/2013 to 31/12/2017 Sharp 5030
 Singleton 2015–2017 1/01/2013 to 31/12/2017 Sharp 5030
 Muswellbrook 2014–2017 1/01/2013 to 31/12/2017 Sharp 5030
Rural NSW (4 sites)
 Albury 2017 14/09/2016 to 31/12/2017 BAM 5014i
 Bathurst 2016 23/04/2016 to 31/12/2017 BAM 5014i
 Tamworth 2015, 2016 13/08/2015 to 31/12/2017 BAM 5014i
 Wagga Wagga North 2014–2017 1/01/2013 to 31/12/2017 BAM 5014i
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