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Abstract. Beta-attenuation monitors are used worldwide to
monitor PM mass concentration with high temporal resolu-
tion. Hourly PM¢ and PM; 5 dry mass concentrations are
publicly available with the tacit assumption that water is ef-
fectively removed prior to the measurement. However, as
both the filter material of the monitor and the aerosol par-
ticles are capable of retaining a significant amount of water
even at low relative humidities, the basic assumption may
not be valid, resulting in significant bias in reported PMg
and PM; 5 concentrations. Here we show that in PM;¢ mea-
surement, particle-free air can produce apparent hourly aver-
age PM concentrations in the range of —13—-21 ugm™ un-
der conditions of fluctuating relative humidity. Positive and
negative apparent readings are observed with increasing and
decreasing relative humidities, respectively. Similar phenom-
ena have been observed when the instrument filter was previ-
ously loaded with atmospheric aerosol. As a result the poten-
tial measurement biases in hourly readings arising from the
interaction with water may be in the range of —53...4-69 %.

1 Introduction

Air pollution has a considerable impact on quality of life
and is a permanent problem in cities, leading to considerable
health risk. The respirable fraction of atmospheric aerosol
(particulate matter with aerodynamic diameter < 10 um,
PMj) is one of the most hazardous air pollutants. Epidemi-
ological studies have shown that these atmospheric particles,
particularly those of very small size (ultrafine particles), en-
danger human health by causing respiratory and cardiovas-
cular illnesses (Natusch and Wallace, 1974; Donaldson et al.,
2002; Hoek et al., 2013). In addition to their adverse health
effects particulate pollution has significant impact on visibil-

ity, which is an important issue for road transport, aviation,
tourism and landscape protection (Hand et al., 2011; Malm
etal., 2013).

The environmental legislation on ambient air quality is
based on the monitoring of the mass concentration of aerosol
particles sized below a specified limit (PMjy or PMys).
According to the regulation of the European Commission
operative at present (Directive 2008/50/EC) the daily aver-
age concentration of PMjo should not exceed 50 ugm=3,
while the upper limit for the annual average is 40 ugm—>.
In case the measured concentrations exceed the alert thresh-
old (100 uygm~3) special measures are implemented in order
to reduce the level of pollution (smog alert), which affects
the life and economic activities in the city and its surround-
ings. Hence knowledge on the reliability and environmental
sensitivity of the measurement method used for monitoring
and reporting PMj¢ mass concentrations is of great impor-
tance from the viewpoint of air quality legislation, health
issues and the economy. As a result of multiple efforts the
PMjo mass concentration has been reduced in many devel-
oped countries in the past 2 decades (Report on the Environ-
ment; European Environment Agency; Bigi and Ghermandi,
2014). However, as the PMg mass concentrations are de-
creasing, the potential relative bias caused by water interac-
tions is likely becoming more significant. This is simply due
to the fact that the bias caused by adsorption or desorption of
water on and from the filter medium becomes proportionally
more significant relative to the aerosol mass deposited on the
filter.

Water vapour is the most significant condensable species
in the atmosphere that may considerably distort standard
PM measurements. Adsorbed water may be partly retained
on the filter and particulates even at low relative humidi-
ties (called hysteresis). The magnitude of water retention
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strongly depends on the filter material, as known for decades
(Chow, 1995; Perrino et al., 2013). Tierney and Conner
(1967) concluded that the effect of relative humidity (RH)
on glass fibre filters was insignificant, but at RH > 55 % the
effect on collected particulates was significant. Demuynck
(1975) demonstrated that during 1h high volume sampling
in an urban area on a foggy day the amount of water irre-
versibly retained by cellulose filters is comparable to or even
higher than the mass of particulate matter collected. Brown
et al. (2006) compared the behaviour of quartz fibre, glass
fibre and PTFE-bonded glass fibre under different RH con-
ditions and found that the deviation in mass of certain un-
exposed 47 mm filters exceeded 450 ug while the RH ranged
between 30 and 81 %. They concluded that in terms of wa-
ter uptake and mass stability, glass fibre was a more suitable
filter material than quartz but the best results were obtained
with PTFE-bonded glass fibre.

Although regulation is based on daily and annual aver-
age PM values, there is often need for PM data with higher
temporal resolution, e.g. during air pollution episodes with
high PM mass concentrations. For this reason, particulate
monitors, such as the tapered element oscillating microbal-
ance (TEOM; Patashnick and Rupprecht, 1980; Allen et al.,
1997), or instruments working on the beta-attenuation princi-
ple (BAM; Macias and Husar, 1976) were developed for the
continuous measurement of atmospheric particulate mass.
Today these monitors have been standardized and recom-
mended by several organizations (e.g. EPA, EMEP) and used
worldwide. In many countries hourly PM data and air qual-
ity indices (AQI) are also publicly available (Air Pollution
in World; Air Quality in Europe). These instruments also
use filters for particle collection and are therefore subject
to the same artefacts as other filter-based methods such as
positive artefacts from adsorption of gaseous components
on deposited particles and/or the filter media (Solomon and
Sioutas, 2008). Obviously, the particulate mass collected in
1h is small thus the bias caused by water may be exces-
sive. Furthermore, the sensitivity of the particulate moni-
tors may also limit the reliability of hourly PM data espe-
cially in less polluted environments. This may be one rea-
son why in some countries hourly AQI are derived by the
combination of hourly or 8-hourly trace gas concentrations
and daily PM values (IRCELINE, DEFRA, MEP, AIRKO-
REA). The equivalence of the daily and annual PM data
obtained with continuous particulate monitors and the 24 h
gravimetric reference method (GRM) has been investigated
in numerous studies. Chang et al. (2001) found good agree-
ment for samples collected under moderate environmental
relative humidity (RH < 70 %). The ratio of the mass con-
centrations determined by the BAM and GRM methods was
found to be 1.08 £ 0.06. However, with increasing RH — es-
pecially if the deliquescence RH of the dominant inorganic
component was exceeded — the deviation between the two
methods also increased, reaching 1.22+0.22 (BAM/GRM).
Salminen and Karlsson (2003) found similar results: ambient
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temperature below 0 °C associated with high RH resulted in
a BAM/GRM ratio of up to 1.3. On the basis of data col-
lected for 7 years, Takahashi et al. (2008) found that in win-
tertime the gravimetric method yielded higher values than the
BAM while in summertime the relationship was the opposite.
They suggested that the differences were likely related to the
chemical composition of the aerosol particles, both inorganic
salts and organic compounds. This is in agreement with other
studies concluding that organic aerosol constituents affect the
hygroscopicity of the aerosol particles (Gysel et al., 2004). In
addition to the composition of the particulate matter the filter
material may also be the reason for the discrepancy observed.
In a recent study Triantafyllou et al. (2016) compared PM
and PM, 5 data obtained with BAM and GRM using differ-
ent filter materials (glass fibre, quartz fibre and Teflon) and
found the best correlation when glass fibre filter was used in
both measurements (glass fibre was the material of the filter
tape of the beta-attenuation monitor).

PM monitors are used in long-term air quality monitor-
ing networks as well as intensive air quality studies (e.g. the
Pittsburgh air quality study, PAQS; Wittig et al., 2004). Thus,
the equivalence of the monitors is also of great importance.
Solomon and Sioutas (2008) summarized the continuous and
semi-continuous monitoring techniques for PM mass of the
US EPA PM Supersites program including standard (origi-
nal) TEOM, D-TEOM and FDMS (the latter two designed
to measure PM including semivolatile compounds as well)
and beta-attenuation methods. In the case of the original ver-
sion of the TEOMs (filters are intentionally heated to 30 or
50°C), they found enhanced losses of semivolatile material
from the collected particles. Grover et al. (2005) showed that
in the case of 50 °C almost all semivolatile matter was lost
in the TEOM, while with D-TEOM and FDMS total PM; 5
including semivolatile compounds was measured. In beta-
attenuation monitors the filter is not heated directly, lead-
ing to minor loss of semivolatile compounds (Solomon and
Sioutas, 2008). The study of Chung et al. (2001) provided
similar results. Measurements made with a TEOM resulted
in lower values than the filter-based reference measurements,
while the BAM appeared to be suitable for real-time contin-
uous PMj 5 monitoring during their study.

Hauck et al. (2004) also studied the equivalence of the
gravimetric reference method (EN 12341) with the TEOM
and beta-attenuation measurements at four Austrian sites
and concluded that PM values measured with the TEOM
and beta-attenuation monitors were not significantly differ-
ent from each other. In summer the PM data measured by the
monitors agreed reasonably well with those derived from the
gravimetric method but in winter the monitors gave signifi-
cantly lower results. In order to harmonize daily and annual
PM data obtained by the TEOM, BAM and GRM, Gehrig
et al. (2005) suggested a correction procedure that led to
more coherent values.

The above results all indicate that under unfavourable con-
ditions daily PM measurements can be biased significantly
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by the interaction of water with the filter material and/or the
aerosol particles collected. This applies especially to hourly
PM data obtained with aerosol particulate monitors, although
such studies are rare (Huang and Tai, 2008) probably due
to the lack of a reliable reference method to compare to.
The objective of this study is to quantify potential biases in
hourly readings of PM¢ of standard beta-attenuation moni-
tors caused by interaction with water.

2 Experimental

The investigations were carried out in a temperature con-
trolled (at 20 °C) air monitoring container located at the Mar-
czell Gyorgy Observatory of the Hungarian Meteorological
Service in the south-eastern part of Budapest, Hungary (GPS
coordinates: 47°25'52.9” N, 19°10'56.4” E), in July, Septem-
ber and November 2015. The observatory is a standard syn-
optic weather station where meteorological parameters, tem-
perature and relative humidity are measured on an hourly ba-
sis. In the observatory, an urban background air pollution
monitoring site is operated by the Hungarian Air Quality
Network (www.levegominoseg.hu) that reports hourly PMjq
mass concentration values.

A Thermo Scientific FH62C14 continuous ambient par-
ticulate monitor was used for the experiments. The instru-
ment uses the radiometric principle of beta attenuation. Beta
rays are attenuated according to an approximate exponential
function of aerosol mass, while passing through deposited
aerosol particles on a glass fibre filter tape. First the atten-
uation through the unexposed part of the filter tape is mea-
sured to correct for blank attenuation. The tape is then ex-
posed to a constant ambient air flow maintained by a vari-
able controlled rotary vane pump and aerosol particles are
accumulated. The beta attenuation is measured again and
the blank corrected attenuation is converted to mass concen-
trations. Additionally, the monitor measures alpha particle
emissions directly from the ambient aerosol being sampled
and excludes negative mass artefacts from the daughter nu-
clides of radon gas decay to achieve a refined mass measure-
ment. Finally, PMj(p concentration is obtained by using the
corrected mass and the exact volume of sampled air.

The monitor was operated at a flow rate of 1 m>h~!. In or-
der to study the water uptake of the filter material of the PM
monitor, particles were removed by replacing the PM inlet
with a HEPA filter. Thus, only gas-phase components includ-
ing water vapour were allowed to be collected on the glass
fibre filter band of the instrument. Contrary to the present
FH62C14 instruments the model used in this study does not
incorporate a dynamic heating system designed to maintain
the relative humidity of the air passing through the filter tape
below a preset threshold value. Instead, this model of the
monitor was equipped with a regulated sample tube heater
by the manufacturer to avoid condensation of water vapour at
critical sampling conditions when warm, humid air is being
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sampled in a cooler air-conditioned cabin. As a consequence
of the inlet heating, the temperature of the air is somewhat
higher in the short pathway from the entrance point of the in-
strument to the filter holder than it would be without heating
and this results in slightly lower RH above the filter band.
In winter the effect of inlet or internal heater is negligible
as internal temperature is significantly higher than outside
resulting in very low RH over the filter band anyway. The
effect of heating the sampling inlet on water vapour adsorp-
tion/desorption was also studied by sampling with a heated
(at 40 °C) and non-heated inlet tube.

The experiment was also repeated with a pre-loaded glass
fibre filter. From 19 to 25 September 2015 the filter was
first exposed to ambient air and a total of 327 ug particles
were collected with the ambient particulate monitor; then the
PM;g inlet was replaced with a HEPA filter and sampling
was continued with particle-free air and with the inlet heated
at 40 °C. During the experiment the automatic filter change
function was switched off.

3 Results and discussion

In July 2015 a sampling campaign was carried out to study
the effect of inlet heating on water vapour adsorption of the
filter used in the PM monitor. In this study aerosol particles
were removed from the ambient air by a HEPA filter. Be-
tween 9 and 15 July the sampling system was operated with-
out heating, while from 15 to 19 July inlet heating was set to
40°C.

The temporal variation of the apparent PM mass concen-
trations (measured as PM mass concentrations by the mon-
itor) showed considerable fluctuation in the hourly average
values (Fig. 1) since the incremental mass change was ob-
viously close to the lower limit of concentration determi-
nation of the monitor. The term “the apparent PM” is used
here since zero mass concentration would have been ex-
pected as particle-free air was sampled. Despite this fluctu-
ation apparent PM mass concentrations showed a periodic
diurnal variation which was even more pronounced in the 6 h
moving averages: positive bias in the evening and at night
while negative bias during daytime was observed irrespec-
tive of whether the inlet heating was on or off. Without in-
let heating the magnitude of the apparent hourly average
PM concentration ranged from —13 to +21 uygm~> and even
the 6 h moving average concentration values varied between
—7 and 4+7 uygm~3 (average: 0.7 uygm—3; SD: 3.6 uygm=3). In
the case of a heated sampling inlet the measured 6 h mov-
ing average apparent PM mass concentrations were gener-
ally smaller (—4 and +6 ugm™>; average: 0.7 uygm—3; SD:
2.2 ugm™3) than when a non-heated inlet was applied. This
clearly indicates that a heated inlet can considerably lower
this fluctuation although the temperature should be kept as
low as possible in order to avoid losses of semivolatile com-
pounds (as discussed below).
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Figure 1. Temporal variation in the apparent PM mass concentration measured with particle-free air under ambient conditions in July 2015

with heated (red) and non-heated (blue) sampling inlet.

| @

Apparent PM concentration [ug m?]
o

——Non-heated inlet

——Heated inlet

Hours

50 1 r 70
(®)
40 65
30 . I
60 g
20 1 T =
= ‘ r 55 5
2 10 A £
Z l Ranl o
S 0 T = T i Z
= 2 % 4 5 6 ; ]h 18 19 20 22.28 45 =
-10 | [ &
20 | —Non-heated inlet ]L 40
—— Heated inlet
-30 Ambient RH — non-heated inlet M35
40 Ambient RH — heated inlet

Hours - 30

Figure 2. Daily variation of the average apparent PM mass concentration (a) and apparent net mass (b) measured by sampling particle-free
air on a blank glass fibre filter in July 2015 with heated (red) and non-heated (blue) sampling inlet. The diurnal variation of ambient relative

humidity is also shown (b).

In order to demonstrate diurnal variations the apparent
mass concentrations measured at each hour of the days were
averaged over the entire sampling period. In Fig. 2a negative
apparent PM concentrations appear in the morning, while the
largest positive values are found in the evening and at night.
This diurnal variation of the apparent PM concentration can
be explained by the operating principle of the instrument
combined with interactions of water and the filter material.
In Fig. 2b it can be seen that the apparent net mass varied sig-
nificantly during the day with a maximum around 05:00 and
a minimum between 11:00 and 17:00. The measured appar-
ent net mass is largely in phase with the daily variation of am-
bient RH (Fig. 2b). However, the apparent mass concentra-
tion is shifted as compared to the apparent net mass and RH
since the instrument determines PM mass concentration as
the incremental change of apparent net mass per unit air vol-
ume passed through the filter. Given the fact that particle-free
air was sampled and the apparent net mass correlates with
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ambient relative humidity, water vapour must be the main
condensable species causing positive and negative apparent
PM concentrations. Additionally, water vapour is by far the
most abundant condensable gas in the atmosphere (present
in absolute mass concentrations of 5-17 gm™3 at 20°C). It
should not be ruled out that other semivolatile species (e.g.
ammonium nitrate) co-condense with water and contribute to
the observed apparent mass up to a few percent. The adsorp-
tion of nitric acid could also contribute to the mass change;
however, at 40 °C this compound is rather volatile (e.g. Stel-
son et al., 1979; Harrison and Msibi, 1994). In addition to
water vapour and gaseous inorganic species volatile organic
compounds may also adsorb on the filter of the PM monitor.
Vecchi et al. (2009) reported as high gas-phase OC artefacts
in polluted urban air of Milan, Italy, during filter sampling in
summer and winter as 2.4 and 3.8 ugm™>, respectively. Sig-
nificantly lower values were obtained in other studies. Viana
et al. (2006, 2007) investigated the OC artefact in European
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Figure 3. Temporal variation in the apparent PM mass concentration measured by sampling particle-free air on a pre-loaded glass fibre filter
with the heated sampling inlet in September 2015 (a). Diurnal variation of the average apparent PM mass concentration and apparent net

mass (b).

cities both in winter and summer and found it in the 0.16—
0.7 ugm™3 range. However, as revealed by OC/EC analy-
sis, the organic compounds causing the abovementioned OC
artefacts evaporate from the filter only above 150 °C (Kirch-
stetter at al., 2001) or even above > 310°C (Vecchi et al.,
2009). Consequently, the fraction composed of strongly re-
tained organic compounds cannot be the reason for the peri-
odic mass change observed at 20 °C. It must be added that in
organic artefact studies related to PM measurements the fil-
ters are analysed subsequent to the sampling and thus there
is no information about potential mass change in the course
of sampling.

The experiment with the blank filter and particle-free air
was repeated with a heated sampling inlet in November 2015
and similar results were obtained: the 1 h apparent PM con-
centrations ranged from —11 to +13 ugm™3 and even the
6 h moving average PM concentration values varied between
—4 and +4pgm~3 (average: 0.6ugm~>; SD: 1.8 ugm™)
with similar periodicity as shown above. These results clearly
show that water vapour significantly biases 1 h PM measure-
ments in all seasons.

It should be noted, however, that the coincidence of the
change in ambient RH and apparent net mass gives only an
indirect evidence for the adsorption and desorption of wa-
ter vapour. In order to confirm the role of water vapour an
additional experiment was carried out. First, the ambient air
was sucked through a dryer filled with CaSO4, then a HEPA
filter and finally entered the monitor. This way both water
vapour and particles were removed from the air stream and,
as a consequence, the periodicity of the 6 h moving average
disappeared and only the noise of the instrument was mea-
sured in the ca. £2 pgm~3 range.

In addition to sampling on blank filter the effect of wa-
ter uptake was also studied with a filter band previously ex-
posed to ambient aerosol. Similarly to the results of the ex-
periments with blank filters the temporal variation of the ap-
parent mass concentration showed considerable fluctuations
but diurnal variations were also observed. The magnitude of
the 1 h average apparent PM concentration ranged from —13
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to +17 ugm™ and even the 6h moving average concentra-
tion values varied between —5 and +5 ugm™3 (Fig. 3a). The
mass of the filter spot varied between 287 and 363 pg (re-
member the filter spot was pre-loaded with 327 ug aerosol)
during the sampling period as a consequence of adsorption
and desorption of water vapour. The daily variation of ap-
parent mass concentrations averaged over the measurement
period is presented in Fig. 3b. The data show that the daily
variations of both the mass concentration and the apparent
net mass were similar to those measured with the blank filter
(Fig. 2a and b). In the morning hours the gradual evaporation
of water caused a decrease in the mass of the filter, resulting
in considerable negative apparent mass concentrations (down
to —7 ugm—3), while in the evening the gradual condensation
of water led to positive artefacts of similar magnitude.

As shown above the adsorption and desorption of at-
mospheric water vapour may increase and decrease, re-
spectively, the mass of the filter, thus leading to erroneous
readings of 1h PM concentrations. Our experiments with
particle-free air in July 2015 were run simultaneously at the
same site with the monitoring of ambient PMjo concentra-
tions by using another BAM monitor as part of the Hungarian
Air Quality Network.

In the first half of the July sampling period the standard
PM concentrations ranged from 7 to 31 ugm™ with higher
values measured during the night, at dawn or in the morning.
In the second half of the period elevated PM concentrations
(up to 50 uygm~3) were recorded, reaching the maximum on
17 July. On these days, the highest values were obtained dur-
ing the night.

Large relative errors — both positive and negative — were
revealed when the ratio of apparent PM and ambient PMg
concentrations was calculated as shown in Fig. 4. Each day
of the campaign the magnitude of the relative error exceeded
38 % during late evening/night when the inlet heating was
switched off. In 4 out of the 6 days the relative error ap-
proached or exceeded 50 % in this period of the day and the
two highest values were 64 and 67 %. The reasons for such
high relative errors are the relatively high apparent PM con-
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Figure 4. Relative errors in ambient hourly PM g measurements due to the condensation or evaporation of water onto or from the glass
fibre filter of the monitor. The hourly PM( concentrations shown in this figure are the official values reported by the Hungarian Air Quality

Network and measured also by a BAM monitor.

centration resulting from the condensation of water vapour
and the low ambient PM 1 concentrations at this time of day
(often between 9 and 15 pgm™3). Heating of the inlet tube to
40 °C decreased the magnitude of the error considerably but
still relative errors exceeding 35 % were observed occasion-
ally. It should also be noted that the decrease of relative error
experienced with a heated sampling inlet can be attributed
partly to higher ambient PMg concentrations that occurred
during the second half of the campaign.

In contrast to the above observations negative relative er-
rors were found during the morning hours although their
magnitude (21-53 %) was somewhat lower than during the
night. The highest negative values were observed around
10:00 as a consequence of fast evaporation of previously con-
densed water vapour. The lower relative errors can be ex-
plained by the higher ambient PMjg concentrations in this
period of the day (15-22ugm™3). Similarly to the positive
relative errors observed during the night the heating of the
inlet tube decreased the magnitude of the negative relative
errors as well but this can be partially attributed to the ele-
vated ambient PM concentrations in the second half of the
campaign.

4 Conclusions

Adsorption and desorption of water vapour under periodi-
cally changing ambient relative humidities cause consider-
able diurnal variation in the mass of the filter band of the
beta-attenuation monitor. This leads to positive and nega-
tive apparent PM concentrations even if particle-free air is
sampled. In the evening hours — when adsorption of water
vapour occurs due to the increasing ambient RH even inside
the monitor — the increased apparent net mass resulted in pos-
itive apparent concentrations, while in the morning — when
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water is desorbed due to decreasing ambient RH — negative
apparent concentrations were measured. This phenomenon
was observed with an empty glass fibre filter but deviations
of similar magnitude were also found with a filter previously
loaded with ambient aerosol. Heating of the sampling inlet
at 40 °C reduces but cannot completely eliminate this arte-
fact related to water vapour adsorption/desorption. This arte-
fact can severely bias 1 h ambient PM( measurements in ei-
ther direction. This was studied by comparing apparent PM
concentrations to ambient PM o concentrations measured si-
multaneously. Positive relative errors of 38—69 % were ob-
served during the night when ambient PM|o concentrations
were low (9—15ugm™3). In contrast, in the morning nega-
tive relative errors of 21-53 % were measured. The smaller
negative relative errors can be explained by the gradual re-
lease of water from the filter material as well as the generally
higher PM|o concentrations in this period of the day (15—
22 ugm=3).

These results clearly show that 1 h PMjg concentrations
should be used with extreme caution since significant mea-
surement bias may occur at low ambient PMjg concentra-
tions as a consequence of water vapour adsorption on or des-
orption from the filter material of the beta-attenuation mon-
itor. In contrast, at high ambient PM|o concentrations water
vapour uptake and release by the collected aerosol particles
may also bias the reported 1 h PM( data. The effect of water
vapour adsorption/desorption is even more pronounced when
PM, 5 or PM; concentrations are to be determined. In addi-
tion to water vapour, organic and inorganic trace gases might
also contribute to the mass change of the filter and thus in-
crease the magnitude of the bias. Measurements with lower
time resolution (e.g. 24 h) are likely much less affected since
much larger particle mass is collected and the change in am-
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G. Kiss et al.: Bias caused by water adsorption in hourly PM measurements 2483

bient relative humidity is generally much less pronounced at
the very same hour of the day from one day to another.
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