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72  Short summary: A high-sensitivity balance, controlled temperature and relative humidity

73  chamber, and filter samples collected around the world were used to develop a mass as a

74  function of relative humidity relationship. We subsequently measured the chemical composition
75 of these same samples. A relationship between the chemical composition and water mass was
76 created and used to calculate aerosol water content showing how composition and water

77  content varies worldwide.

78
79
80  Abstract

81  Accurate measurements of the composition of fine particulate matter (PM.s) are important for
82  understanding its sources and health impacts. Water, a portion of PM.s mass, is difficult to

83 measure. We describe developments to the Surface PARTiculate mAtter Network (SPARTAN) to
84  better characterize the chemical composition of PM2s on polytetrafluoroethylene filters. A robotic
85  weighing facility is used to estimate water content of PM2s sampled at three sites (Fajardo,

86  Puerto Rico; Bujumbura, Burundi; Abu Dhabi, United Arab Emirates), and the chemical

87  composition is used to attribute water content to three hygroscopic categories: high growth

88  (sodium chloride), medium growth (ammonium-nitrate-sulfate-potassium), and low growth

89  (organics). The growth rates are tested using two additional sites (Beijing, China; Halifax,

90 Canada). The water content at 35% relative humidity (RH) is estimated to be 16.5% (11.6%-

91  26.5%, 95% confidence) for the high growth category, 3.9% (3.0%-4.2%, 95% confidence) for
92  medium growth, and 1.0% (0.6-1.3%, 95% confidence) for low growth. We calculate the

93  average water content at 35% RH for 2442 filters from 24 globally distributed sites from

94  December 2019 to September 2024 to be 2.06% (0.85%-5.47%, range), where 58% of the

95  aerosol water is associated with the medium growth category (22% low growth, 19% high

96  growth).

97
98 1. Introduction

99 Exposure to fine particulate matter with an aerodynamic diameter less than 2.5 ym
100  (PM2s) is associated with increased mortality (Dockery et al., 1993; Pope et al., 1995) and
101 morbidity (Pope et al., 2004; Brook et al., 2010; Abbey et al., 1998; Abbey et al., 1999). Filter-
102  based measurements of PM are widely utilized for epidemiological studies (Kazemiparkouhi et
103  al., 2022; Wolf et al., 2021), for air quality characterization by regulatory networks (Spengler and
104  Thurston, 1983; Lipfert et al., 1988), to evaluate air quality models (Van Donkelaar et al., 2010;
105 Van Donkelaar et al., 2024), and as a reference for other PM2 s measurement techniques (Noble
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106 et al., 2001). Filter samples of PM2s and PM1o (particulate matter with an aerodynamic diameter
107  less than 10 ym) include the chemical components of mineral dust, black carbon, organic

108  matter, water-soluble ionic species, transition metals, and water (Chow et al., 2015). Methods to
109  measure ionic components (Chow and Watson, 1999), trace elements (Watson et al., 1999),
110  black carbon (White et al., 2016; Chow et al., 1993a), and organic matter (Daellenbach et al.,
111 2016; Ruthenburg et al., 2014; Surratt et al., 2008) are relatively well developed. Measurements

112  of water mass, however, remain absent from filter-based PM.s measurements.

113 Water mass on filters depends on both the relative humidity (RH) of the surrounding gas
114  and the composition of the deposited mass. lonic components, metals, elemental carbon, and
115  organic matter have different affinities for water mass (Mcmurry et al., 1996), and fractional

116  differences in these components alter that total water mass. Additionally, standard protocols to
117  measure PM.s mass on polytetrafluoroethylene (PTFE) filters vary, with the US EPA using 30-
118  40% RH (Register, 2020), Canada using 35-45% (Dabek-Zlotorzynska et al., 2011), and Europe
119  using 45-50% (Standardization, 2023). Air quality models used for PM2 s prediction and to relate
120  satellite observations of aerosol optical depth with ground-level PM. s require information on the
121 water content of PM. s to reconcile calculated PM. s concentration with observations (Van

122 Donkelaar et al., 2010; Van Donkelaar et al., 2024). Knowledge of the relationship of water

123  content on PM_s filters as a function of RH and composition is needed to rigorously evaluate air

124  quality models and understand differences across monitoring networks.

125 Most measurements of water mass in PM. s filter samples have either applied

126  destructive techniques prohibiting further composition measurements, had weak statistical

127  resolution, required additional instrumentation, or required assumptions about the particle

128  properties. Karl Fisher titration quantifies water mass through a sulfur dioxide-iodide redox

129  reaction (Fischer, 1935). Canepari et al. (2013); (Canepari et al., 2017) applied this method to
130  measure water mass on filters at 50% RH from Rome (3-4%), Ferrara (>10%), Tel Aviv (>10%),
131  Cassana (10-33%), and the Po Valley (2-11%); however, the required heating process

132  irreversibly destroyed all samples. Mikhailov et al. (2013) tried differential katharometry to

133  estimate water in PM,s samples from the Amazonian Aerosol Characterization Experiment

134  (AMAZE) and from a boreal forest near St. Petersburg, but the method lacked mass resolution
135 atlow RH (Tang et al., 2019a). Rees et al. (2004) used the integrated response from a Tandem
136  Differential Mobility Analyzer to estimate water content of aerosols at 35% RH in Pittsburg,

137  finding that water mass fraction was 16% in summer and near 0% in winter; this method

138  required assumptions about both particle shape and density as well as the deployment of a real
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139 time instrument. Speer et al. (2003) used a beta attenuation monitor to estimate the water

140  content of PM2s sampled in North Carolina, finding a water mass fraction of less than 10% at
141 35% RH. Mcinnes et al. (1996) used gravimetric mass on several marine samples, finding that
142  coastal samples at Cheeka Peak increased 9% by mass when RH increased from 9% to 35%,
143  and samples from an ocean cruise increased 29% by mass when RH increased from 19% to
144 47%; unlike some of the methods above, gravimetric weighing did not harm the sample,

145  allowing further compositional analysis.

146 The Surface PARTiculate mAtter Network (SPARTAN) is a globally distributed network of
147  PMas and PM1o samplers (Snider et al., 2016). In 2019, SPARTAN relocated its laboratory to
148  Washington University in St. Louis and upgraded its instrumentation with an environmentally
149  controlled robotic weighing facility, a dedicated X-ray fluorescence instrument (Liu et al., 2024),
150 and two dedicated ion chromatography instruments. In this study, we relate water content of

151  deposited aerosol mass using the robotic weighing facility to the chemical constituents

152  measured by the laboratory instruments. We use samples from Bujumbura, Burundi; Fajardo,
153 Puerto Rico; and Abu Dhabi, United Arab Emirates to build this relationship, and samples from
154  Beijing, China and Halifax, Canada to evaluate the relationship. We then use the developed

155  relationship to predict water content for the network.

156

157 2. Materials and Methods

158 2.1. SPARTAN sampling operations

159 SPARTAN measures the mass concentration and chemical composition of ambient PM; s

160  and PMyo across globally-distributed sites. Chemical composition measurements include black
161 carbon (BC) (Ren et al., 2025), trace elements (Liu et al., 2022; Liu et al., 2024; Mcneill et al.,
162  2020), water-soluble ions (Weagle et al., 2018; Snider et al., 2016), and organic carbon (OC)
163  (Diliner and Takahama, 2015). Site locations prioritize under-sampled, high population density
164  locations for public health relevance (Snider et al., 2015; Snider et al., 2016). Sampling stations
165  are positioned on rooftops away from primary aerosol sources to obtain background aerosol
166  samples, and where possible, are co-located with Aerosol Robotic Network (AERONET) sun
167  photometers (Holben et al., 1998) that measure aerosol optical depth (AOD). Table S1 contains

168  the geo-locations and host institutes of the 24 sites in this study.

169 An Air Photon SS5 sampling station collected aerosols at each of the 24 sites. Site
170  operators installed each filter cartridge, which contained 8 filters — 7 sample filters plus

171 traveling field blank. The sampling stations operated at two independent flow rates, 5 liters per

5
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172 minute (LPM) and 1.5 LPM, which, when combined with the Mesa Labs SCC1.829 cyclone,

173  enabled the aerodynamic cut diameters (dps0) to be 2.5 pm and 10 ym, respectively. The

174  penetrating aerosol was deposited on a Measurement Technology Laboratories PT25DMCAN-
175 PFO03A 25 mm PTFE filter. See Supplemental Text S1 for a description of PTFE filter acceptance
176  requirements prior to use. After filtration of the aerosol, the clean air passed through the

177  sampling station mass flow meter. The station recorded the flow rate in Standard Liters Per

178  Minute (SLPM), pressure drop in kPa, and temperature in °C every 15 seconds, even when the
179  vacuum pump was inactive. If power loss occurred during sampling, the station recorded the

180  date and time of power loss and power recovery.

181 Sampling protocols were site specific; Table S2 documents the sampling duration and
182  protocol used at each site. The goal of each protocol was to deposit 100 — 200 ug of aerosol on
183  each PTFE filter at the selected flow rate by changing sampling duration. Sampling duration

184  varied from 12 — 48 hours per filter depending upon the expected aerosol mass concentration at
185 the site. Sites associated with the National Aeronautics and Space Administration (NASA)-Italian
186  Space Agency (ASI) Multi-Angle Imager for Aerosols (MAIA) satellite mission (Diner et al., 2018)
187  sampled one 24-hour PM_ filter every 3 days (MAIA protocol). Other SPARTAN sites sampled
188  one PM:s filter every 9 days (SPARTAN protocol) with the sampling hours evenly distributed
189  throughout the sampling period. An example 24-hour SPARTAN protocol is shown in

190  Supplemental Fig. S1.

191 Once sampling completed, the site operator measured post sampling flow rates using an
192  Omega FL-2040 flow meter and packed the cartridge for shipment. All samples were shipped in
193  sealed containers when returned to the central laboratory at Washington University. Once at the
194  laboratory, the cartridge was disassembled inside an Air Clean 600 (HEPA filtered) workstation,
195  and filters were placed into individual Petri dishes. A group photograph was taken of all 8 filters
196  after disassembly and archived. The Petri dishes were then placed inside an environmental

197  chamber set to 21.5 °C and 35% RH to await weighing.

198 2.2. SPARTAN laboratory operations

199 A Measurement Technology Laboratories (MTL) AH500 system weighed the PTFE filters
200 both before and after sampling. The system resides inside an environmental chamber that is
201 also operated at 21.5 °C and 35% RH for an additional tier of environmental control. The

202  balance inside the AH500 system is Mettler-Toledo XPR6UDS5 with a resolution of 0.5 ug. To
203  weigh a group of filters, we recorded the date and time each filter entered the AH500
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204  environment. The group of filters then equilibrated inside the AH500 system for 24 hours. The
205 system then performed a quality control procedure consisting of a 3-point calibration of the

206  balance, measuring 3 standard masses (100 mg, 200 mg, and 400 mg National Institute of

207  Standards and Technology (NIST) traceable standard weights), and measuring 3 lot-specific lab
208 blank filters. Each sample filter was then weighed three times, and an average weight, standard
209 deviation, system temperature, and system RH were recorded. Subsequently, the quality control
210 procedure was repeated to ensure system stability throughout the weighing routine. All filters
211 were removed within 48 hours of weighing. We recorded the time and date the filters were

212 removed from the AH500 system and returned to the Petri dishes. Repeated measures of lab

213  blank filters show a precision of 0.5%.

214 The Petri dishes containing filters were then packaged in sealed containers and shipped
215  to the University of California Davis (UC Davis) for measurement with Hybrid Integrating Plate
216  Sphere (HIPS) (White et al., 2016), as recently summarized (Ren et al., 2025) and Fourier

217  Transform Infrared Spectroscopy (FT-IR) (Debus et al., 2022). HIPS measures the integrated
218  transmittance through and reflectance from a sampled filter (filter + deposit) illuminated by a He-
219  Ne laser (633 ym). This transmittance and reflectance were then converted to a filter absorption
220 measurement (Tass). Absorption was related to the mass of equivalent BC using a Mass

221  Absorbance Cross-section (MAC) of 10 m?/g (White et al., 2016). This MAC value empirically
222  relates the absorbance on PTFE filters to the mass of Elemental Carbon (EC) measured using
223  the Thermal Optical Reflectance (TOR) method (Chow et al., 1993b). Fourier Transfer Infrared
224  spectroscopy measurements (Debus et al., 2022; Diliner and Takahama, 2015; Reggente et al.,
225 2016) measurements of organic carbon were made using a Bruker Tensor 2 mid-IR instrument
226  (Bruker Optics, Billerica, MA). The FT-IR spectra were calibrated to TOR OC measurements
227  using IMPROVE spectra and co-located TOR OC data as described in Supplemental Text S2.

228 After return to the central laboratory at Washington University, all filters were measured
229  using a Malvern PANalytical Epsilon 4 X-Ray Fluorescence (XRF) instrument as described in
230 Liu et al. (2024). This measurement provided masses of individual elements of sodium,

231 aluminum, silicon, sulfur, chlorine, potassium, calcium, titanium, vanadium, iron, zinc, cesium,
232 lead, arsenic, cobalt, chromium, copper, magnesium, manganese, nickel, antimony, rubidium,
233  strontium, cadmium, selenium, and tin. Annual calibrations used a total of 62 standards from
234  Micromatter (Surrey, Canada), NIST, and UC Davis, with the latter of particular value to

235  represent filter material and mass loadings of common ambient PM, s samples (Yatkin et al.,
236  2018). Monthly calibration checks used UC Davis and NIST standards with representative



https://doi.org/10.5194/egusphere-2026-3224
Preprint. Discussion started: 22 June 2026 EG U
sphere

(© Author(s) 2026. CC BY 4.0 License.

237  SPARTAN samples to confirm existing calibration produces measurements within expected
238 error, and measurement of each cartridge included a lab blank filter, which measured within
239  expected error (Liu et al., 2024).

240 After XRF, each filter, including the field blank, was individually photographed. The lid of
241  the Petri dish was temporarily removed, and the filter and Petri dish bottom were placed on a
242  background template. Light (5000 K) from strips of Light Emitting Diodes illuminated the

243  template, Petri dish bottom, and filter. A photograph of the filter, Petri dish, and template was
244  taken using a digital Single Lens Reflex (SLR) camera. The resulting photograph was used to
245  provide an additional exploratory estimate of the effective BC (Jeronimo et al., 2020), but all BC
246  data in this study used HIPS. Additionally, this photograph provides a visual record of all filter
247  samples (e.g., Supplemental Fig. S2). After photography, measurements using UV-Visible

248  spectrophotometer (UV-Vis) were conducted for additional information on spectrally resolved
249  absorption (Pandey et al., 2019; Zhong and Jang, 2011) as described in Supplemental Text S3.

250 After UV-Vis, the filters underwent a water-based extraction. Each filter was placed,

251 aerosol side up, into a 20 ml scintillation vial. The filter was covered with 0.2 ml of High

252  Performance Liquid Chromatography (HPLC) grade methanol (Sigma-Aldrich 646377) and then
253  covered with 5.8 ml of 18 MQ deionized water. The vial was sealed with a sheet of aluminum
254  foil, a plastic cap, and then sonicated for 30 minutes. Sonication destroyed the filter, and the
255  aerosol was dissolved or suspended in the extractant. The vials were then removed from the
256  sonicator, and the extractant solution was withdrawn by glass syringe. The solution was filtered
257  through a polypropylene syringe filter with a pore size of 0.2 ym. The particle-free extractant
258  was placed in an opaque Nalgene sample vial and stored at 2 °C to await lon Chromatography
259 analysis. All vials, syringes, and syringe filters were rigorously cleaned as described in

260  Supplemental Text S4.

261 Two Dionex Integrion ion chromatography systems, one dedicated to anions and one to
262 cations, analyzed the extractant. The cation system used a methane sulfonic acid eluent

263  generation system with a Dionex CS12A column and CG12A guard column. The anion system
264  used either a potassium hydroxide eluent generation system with a Dionex AS18 column and
265 AG18 guard column or used a 2.7 mM sodium carbonate—0.3 mM sodium bicarbonate eluent
266  with a Dionex AS12A column and AG12A guard column. The measured cations included lithium,
267  sodium, ammonium, potassium, magnesium, and calcium; and the measured anions include
268 fluoride, chloride, nitrite, bromide, sulfate, nitrate, and phosphate. The lab blank was used for
269  blank subtraction, which removes solvent peaks. For both systems, calibrations were performed

8
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270  at the beginning of every measurement procedure, and the calibration standards were made bi-
271 weekly from NIST traceable stock solutions (cation—Dionex 056933; anion—Dionex 046070).
272  Calibration correlations were flagged if they did not exceed 0.995. Water and quality check

273  solutions were dispersed throughout the measurement run to confirm stability throughout. The
274  sample was flagged if (a) the water samples measured more than 10 times method detection
275 limit of any of the 13 measured species or (b) if the quality check solutions deviated more than

276 10% of mixed concentration.

277
278 2.3. SPARTAN mass reconstruction
279 Table 1 summarizes the mass reconstruction formulas to determine PM mass

280 concentrations, chemical composition, and the associated mass. A global mineral dust equation
281  was used to infer dust mass from measured elements (Liu et al., 2022). Remaining trace

282  elements were treated as oxidized (Liu et al., 2024) and summed into a single category called
283  Trace Element Oxides (TEO). Residual matter was calculated by subtracting from the

284  gravimetric mass all other measured components (including water described below). This

285  residual matter was treated as organic as confirmed by the correlation (R = 0.89, n = 2442, p <
286  0.004) between FT-IR organic carbon (OC) and the residual. We adopt the residual as the

287  measure of organic matter below to implicitly account for both OC and associated oxygen,

288  hydrogen, and other elements in organic compounds to ensure mass closure.
289

290 Table 1. Summary of measurements, equipment, and methods.

Measurement/ Calculation
component Method Equipment Notes:
] method
(symbol) [unit]
Volume of Station recorded uptime/ AirPhoton SS5
sampled air (Va)  rotameter volumetric flow sampling station/ Qavg * time
[m?3] rate Omega FL2040
Mass of MTL AH500 with Tsp=215C
deposited Gravimetric balance with Metler Toledo Moo M RHsp=35%
aerosol (Mnet) environmental control XPR6UD5 post= Hpre Environmental set
[bg] microbalance point adjustable
PMz.5 or PM1o . 5 LPM flow rate
concentration Dig?ﬁ'ﬁ:ﬂ T;E;Zer Mf;gé‘ ibzlfnic Mhet/Va for PMz2s. 1.5 LPM
[ug/m3] P ) Y flow rate for PM1o
. A =633 nm
%f:ggf(%ﬁg)k Filter transmittance and Hybrid Integrated Aes *Tars / 0 (White et al.,
[ug] reflectance Plate Sphere e tabs 2016)
Hg (Ren et al., 2025)
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Dust [ug]

Energy Dispersive X-ray
Fluorescence

Malvern PANalytical
Epsilon 4

[1.89A1 * (1+MAL) +
2.4Si +1.40Ca +
1.36Fe + 1.67Ti] *CF

EGUsphere\

MAL=mineral-to-
aluminum ratio.
CF is a correction
factor. These
values vary by

region.
(Liu et al., 2022)

1.79V + 1.69Cr +

1.63Mn + 1.34Co
Trace Element . . . *+L27Ni+1.25Cu +
Oxides (TEO) Energy Dispersive X-ray Malvern F_’ANaIytlcaI 1.247n + 1.434s +
Fluorescence Epsilon 4 1.41Se + 1.09Rb +

[ug] 1.18Sr + 1.14Cd +
1.205n + 1.26Sb +

1.20Ce +1.12Pb

(Liu et al., 2024)

Water soluble Thermo Scientific [Na*[*Vext
cations—Sodium, Cation lon . . ) [NH#*]* Vext Eluent is methane
A : Integrion with Dionex % o
mmonium, Chromatography CS-12A column [K*]* Vext sulfonic acid.
Potassium [ug]
The columns,
Water soluble Thermo Scientific [S042]*V, either AS-12A or
anions—Sulfate, Anion lon Integrion with AS-12A [N(; _]*Ve“ AS-18, used
Nitrate, Chloride Chromatography column or AS-18 [CI-3]*V ext Na2C03/NaHCOs
[ug] column ext or KOH eluent
respectively
Treated as

Mhet- EBC-Dust-TEO-
Na*-NH4*-K*-5042-
NO3-CI—H:0

organic based on
high correlation
with OC

Residual (R) [ug] Mass balance

291 Qavg is the average of the beginning and ending sampling flow rates. Time is the duration of sampling recorded by the
292 sampler. Mpr. is the mass of a PTFE filter before sampling. Myost is the mass of a sampled PTFE filter after sampling.
293 Acs is the deposition area of the PTFE filter. o is the absorption coefficient (10 m2/g). The volume of the

294  water/methanol extract (Vex) is 6 ml. Tansis the absorption optical depth.

295

296 2.4. Determination of water mass in PM; filters

297 We used the MTL system which includes a controlled RH chamber and the Mettler-
298 Toledo XPR6UDS balance to repeatedly weigh filters at multiple RHs. Table 2 shows the

299  sampling dates, sampling protocol, and aggregate mass of the PM,s samples used in the

300 gravimetric mass versus RH (hygroscopicity) experiment. In this work, we aggregate the net
301 filter masses to reduce noise associated with the low aerosol mass on individual filters. Most
302  sites used the SPARTAN 24-hour sampling protocol (Fig. S1). The Halifax site sampled

303  continuously between the listed dates using two co-located stations. All samples went through
304 the analysis procedures described in Sect. 2.2 until the extraction step. Before extraction, the
305 gravimetric mass measurements as a function of RH were performed as documented below.
306  After the gravimetric mass measurements, the filters were extracted as documented in Sect.
307 2.2.

10
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308
309  Table 2. Samples used in the experiments.
Site City Description Sample Sample end N2 Aggregate® Sampling
start PMzs mass Protocol (hours)
(n9)
Abu Dhabi med. growth 3/20/2024 7/21/2024 12 3399 SPARTAN (24)
Beijing test 2/21/2022 4/10/2022 6 1187 SPARTAN (24)
Bujumbura low growth 1/27/2023 6/26/2023 12 2261 SPARTAN (24)
Fajardo high growth 11/5/2022 3/21/2023 12 342 SPARTAN (24)
Halifax test 8/26/2022 9/9/2022 12 655 Continuous (48)

310 a N is the number of PM2s sample filters. ® The aggregate PM2.s mass is the sum of the mass of deposited aerosol
311 (Mnet) on all filters at 35% RH.

312

313 Before describing the weighing measurements, we first define two weighing terms. The
314 weighing of all filters from a site is called a weighing subgroup. Each weighing subgroup is

315  reported as the aggregate net mass of all filters from the site as shown by a blue x on Figure 1.
316  Table 3 shows the number of times all filters from a given site were reweighed (weighing

317  subgroups per weighing group) at a given RH setpoint, and this set of weighing subgroups is
318 called a weighing group. Weighing subgroups within a given weighing group lie temporally close

319  to one another as shown in Fig. 1.

320 Each filter from a site was repeatedly weighed 3 or 5 times by the AH500 gravimetric
321  system (Sect. 2.2), and from these repeated weighings, we calculated the average filter mass.

322  The aggregate net mass is the sum of all average net masses from the weighing subgroup.

323 The number of repeat measurements increased during the study to reduce variance,
324  thus samples using 3 repeat mass measurements had larger variations in average net mass
325 (and aggregate net mass) than samples using 5 repeat measurements. We use the three sites

326  with 5 repeat measurements to develop the relationship and the remaining two sites for testing.

327 The procedure for each weighing group began with setting the RH in the weighing

328 system and waiting for it to reach the desired RH. Once at setpoint, the filters equilibrated for at
329 least 24 hours before weighing all weighing subgroups. For each weighing subgroup, the

330 system calibrated the balance, weighed the references weights, and performed the subgroup
331 weighing. The group weighing was completed when the determined number of subgroup re-
332  weighings, either 7 or 8, finished. For consistency, the equilibration period was used even when
333 the relative humidity was kept constant as in multiple group weighings at 35% RH for Abu Dhabi
334  samples (see Fig. 1 right panel).
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335

336  Table 3. The settings and filters used in the experiments.

Weighing ) Total
Repeat Relative .
a subgroups Buoyancy L Evaporation measurements
N measurements per weighing  correction® humidity method® per weighing
per sample setpoints
group group
7 (1% . o . 126
Beijing 6 3 8 (all others) Partial 35-50% Bridged 144
Halifax 12 3 8 Partial 35-55% Bridged 288
Bujumbura 12 5 8 Full 35-55% Individual 480
Fajardo 12 5 8 Partial 35-55% Individual 480
AbuDhabi 12 5 8 Full 20-55% Individual 480
337 a N is the number of PM2.s samples measured. ® Partial buoyancy correction uses atmospheric pressure at Lambert
338 International Airport while Full buoyancy correction uses the measured atmospheric pressure at time of mass

339 measurement. ¢ The bridged evaporation method is shown in Fig. 1 left panel, and the Individual evaporation method
340 s shown in Fig. 1 right panel.
341

342 We began each site’s hygroscopicity experiment at an RH setpoint of either 20% or 35%
343  relative humidity then increased (ascending) to a maximum setpoint of either 50% or 55% and
344  then decreased (descending) the relative humidity to the original starting setpoint. Any error
345 introduced by balance calibration impacts the weighing subgroup aggregate net mass while any
346  deviation from the relative humidity setpoint impacts the entire weighing group. For the high,
347  low, and medium growth samples, there were a total of 480 measurements in each weighing
348  group. Each site’s experiment (all weighing groups) was performed without removing filters from
349  the AH500 environment.

350 The changes in net filter mass were quite small and often within the influence of

351  buoyancy, which is driven by changes in system temperature, pressure, and RH. Temperature
352 and RH were measured by the AH500 system during each weighing and every minute

353  throughout the study. A Vaisala PTB330 barometer was added to the system partway through
354  the study, enabling full buoyancy correction. Prior to this addition, system pressure was

355  estimated as the atmospheric pressure recorded at Lambert International Airport, 11 km away.
356  Calculations using atmospheric pressure from the airport were called partially corrected as they
357  were corrected for atmospheric pressure but not for the influence of other factors like the

358 ambient conditioning unit. In all cases, to calculate buoyancy, the density of air is calculated
359  using the equations from Devres (1994).

360 The total AH500 measurement duration (weeks) for each sample was long enough to
361  require estimation of aerosol evaporation in conjunction with hygroscopic measurements. Figure
362 1 shows the two methods used to estimate evaporation of the aerosol sample: a bridging

363  method suitable for shorter durations and an individual method that achieves independence of

12
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364  ascending and descending sections but requires a longer analysis period. The Beijing and
365  Halifax samples used the bridging technique shown in the left panel. A linear evaporation line
366  was drawn between the initial 35% RH weighing group and the final two 35% RH weighing
367  groups. The difference between any weighing subgroup and the evaporation line represented
368 the additional water mass resulting from an increase in RH. The filters from Abu Dhabi,
369  Bujumbura, and Fajardo used separate evaporation lines: one for the ascending and one for the
370 descending RH sections of the experiment as shown in the right panel of Fig. 1. Five or six 35%
371 RH weighing groups are used to establish aerosol evaporation in both the ascending and
372  descending branches. The fifth (temporally) 35% RH weighing group of the ascending
373  evaporation line is used in conjunction with the 45% and 55% weighing groups to establish the
374  ascending RH-gravimetric relationship in Figs. 2 and 3 below. The descending RH-gravimetric
375 relationship used the first (temporally) of the last 6 35% RH weighing groups in Figs. 2 and 3
376  below. The Abu Dhabi samples were also weighed at 20% RH; thus, the difference between the
377  evaporation line and the 20% weighing subgroups represented the water mass lost at the lower
378 RH. We use the three sites with the more robust individual method to develop the water mass
379 relationships, and the remaining two sites with bridging techniques for testing.
380
1220 34801 | -
S — Subgroup Beijing 5 % Abu Dhabi
= 1200} * = 3460¢ |
» % 35% 0 : :
38 8},5 % evaporation line I3 o ascending RH | descending RH
= = |
‘S 1190 bS] | additional water
8 8 3420 % | % mass
g 1160 additional water mass g |
2 | )%( S 2 = ‘ lost water
8, 1140rascending > | mass
g Groups O 33801 |
| (o))
& 1120 i .. %k “xw%&\&
o X o 3360/% :
o)) | : BER LS o A
g ool descending \“I % ol \‘355fy\<> I 0
4>: > o~ | N % 3 ey 1 & L 20%
O SOl 45% RH=35% S RH=35% < &  RH=35% %
1080 ’ L : ' - : 3320 ; ; : J ; : :
0 100 200 300 400 500 600 0 200 400 600 800 1000 1200 1400
381 Elapsed time from initial measurement (hours) Elapsed time from initial measurement (hours)
382 Figure 1. The RH-gravimetric methods used to estimate the evaporation of the aerosol. The left panel uses a bridging
383 technique to determine the evaporation rate of the aerosol. The red evaporation line connects measurements at 35%
384 RH (red x’s). The change in water mass due to increases in RH is equivalent to the difference between the aggregate
385 mass (blue x’s) and the evaporation line. The right panel uses two individual evaporation lines, one for ascending RH
386 and one for descending RH. In both panels, the shading represents the different RH’s in the experiments.
387
388 In both methods, we assumed that evaporation could be modeled linearly over the
389  experimental period. This linear assumption is justified by the short duration of the experiment
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390 compared to the total time required to evaporate all particles (Supplemental Text S5 contains an

391  explanation and a visual representation).

392 Activity models were fit to the discrete RH-gravimetric data. Three activity models were
393  used to extrapolate each hygroscopicity experiment (ascending or descending): Henry’s law
394  (Tester and Modell, 1997) (Eq. 1), kappa-hygroscopicity (Mikhailov et al., 2013) (Eq. 2), and the
395  Wilson equation (Wilson, 1964) (Eq 3).

396

397 RH = x,H,, (1)

398

399 RH = — v 2)

My, +kMg
400
Awa Aaw

401 RH = xwexp[_ln[xw+xaAwa]+xa{xw+xaAwa XwAaw+Xa]} (3)

402

403 xw is the mass fraction of water, Hy, is the Henry’s law coefficient, M,, is the mass of

404  water, k is the hygroscopicity coefficient, M, is the mass of aerosol, x, is the mass fraction of
405 aerosol, 4., is the first Wilson constant, and 4. is the second Wilson constant. The mass
406 fraction of water is M../(M.+M,). To fit the three models to the discrete data, we minimized the
407  square difference in aggregate PM.s mass between the model and data. The activity models

408 were then extrapolated to 0% RH to determine dry mass and percent water at each RH.

409 We apportioned the water mass response to three categories: high growth, medium

410  growth, and one low growth. This methodology is conceptually similar to the reproduction of

411  Cloud Condensation Nucleus activation data using multiple growth categories (Hong et al.,

412  2014; Martin et al., 2011). In the high growth category, we sum the measured mass of the

413  sodium ion and the chloride ion since sodium chloride is a high growth atmospheric salt. In the
414  medium growth category, we sum the masses of ammonium, nitrate, sulfate, and potassium
415  ions since ammonium nitrate, ammonium sulfate, potassium nitrate, and potassium sulfate have
416  mass growth factors that are half of sodium chloride (Tang, 1997). The low growth category is

417  the residual, which is treated as organic.

418 The three other components from the chemical speciation measurements (black carbon,
419  dust, and trace element oxides) are treated as hydrophobic (no growth). Although there are
420 instances where both black carbon and dust adsorb water (Su et al., 2024; Tang et al., 2019b),
421  the components responsible for water adsorption are the inorganic ions (e.g., sulfate, nitrate,
422  sodium, ammonium, chloride) and organic constituents within the black carbon and dust. Black
423  carbon or dust without additional ions is generally hydrophobic (Weingartner et al., 1997; Chen
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424 et al.,, 2020). Trace element oxides are also treated as hydrophobic (Babela and Lamorena,
425  2020).

426 To attribute water to these categories, we estimated the water fraction of sampled

427  atmospheric aerosol from three proxy sites. Each of the three sites is dominated by one of the
428  categories above. The Fajardo site located on the Northeast coast of Puerto Rico has the

429 largest sodium chloride fraction in SPARTAN and is the high growth proxy. The Abu Dhabi site
430 located in Masdar city, United Arab Emirates has the largest sulfate fraction in SPARTAN and is
431  the medium growth proxy. The Bujumbura site located in eastern Bujumbura, Burundi has the
432  largest residual in SPARTAN and is the low growth proxy. These proxies also contain mass from
433  other categories. Thus the simultaneous solution attributing water to the categories considers
434  the entire aerosol mixture. The two sites used to test the effectiveness of the resulting

435 relationship have different characteristics. The Beijing site located at Tsinghua University has
436 the largest nitrate fraction in SPARTAN. The Halifax site located at Dalhousie University has the
437  smallest no-growth fraction of all the samples.

438

439

440 3. Results and Discussion

441 3.1. Gravimetric response of proxy site sample

442 Figure 2 displays the PM.s mass as a function of RH for each proxy sample after

443  correcting for evaporation and bouyancy as described in Sect. 2.3. The original data for Abu
444  Dhabi is found in Fig. 1 while Fajardo is found in Supplemental Fig. S4 and Bujumbura in

445  Supplemental Fig. S5. The normalized aggregate PM,s mass monotonically increases as a

446  function of RH for all three proxy samples. The Fajardo samples contain the greatest fraction of
447  sodium and chloride ions (29.3% of the total mass), which drives its mass growth, with a mass
448  at 55% RH of 1.09-1.12 times the mass at 35% RH. In contrast, the Abu Dhabi samples are
449  mostly comprised of the medium growth component (58.5%, mostly ammonium and sulfate

450 ions) with a corresponding growth of 1.03. The Bujumbura samples are predominantly

451  comprised of low growth component (71.2%, treated as organic) with a corresponding growth of
452  1.011to 1.012.

453
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455 Figure 2. PM2s mass as a function of ascending and descending RH with measured composition. Blue crosses
456 indicate normalized PM2s aggregate mass at elevated RH'’s beginning temporally at 20% or 35% (left panels) and
457 53% (right panels). Normalization uses the average mass at 35% RH. All normalization is done after calculations for
458 graphing purposes only. Solid lines indicate the three fitted activity models. The normalized root mean square
459 difference of each activity fit is shown in the tables. The inner pie charts display the measured aggregate composition
460 of the filters measured. The outer ring of the pie charts displays which growth category the composition is assigned to
461 high, medium, low, or no growth categories. The number in the center of the pie chart records the PM2.s mass
462  concentration in ug/m? at 35% RH.
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463
464 We fit the normalized mass with three activity models: Wilson equation, kappa-

465  hygroscopicity, and Henry’s law. Of the three activity models, the two-parameter Wilson

466  equation generally best represents the growth in normalized aggregate mass as a function of
467  RH, with the lowest normalized root mean square difference for both ascending and descending
468  branches for all three proxy samples. We use the Wilson equation in the remainder of the study
469  to extrapolate the gravimetric response to 0% RH. The disparity between samples in

470  hygroscopic growth is apparent in the extrapolation too. The Fajardo PM.s sample contains 6%
471  to 7.5% water at 35% RH (1 - y-intercept). This water mass is 2 to 3 times the estimated water
472  mass of the Abu Dhabi sample and 5 to 6 times the estimated water mass of the Bujumbura

473  sample.
474 3.2. Water mass response of chemical categories
475 We use the Wilson activity models in Fig. 2, along with the composition, to attribute the

476  water mass to the three growth categories. We assume that each of the growth categories

477  independently absorbs water and is subject to its own Wilson equation. The Wilson equations
478  for each category define the category’s mass growth as a function of RH, and the sum of these
479  three growth categories equals the fitted Wilson equation models in Fig. 2.

480

481 Table 4. The solved water fraction for the growth categories at three RH’s. The numbers in parentheses are the 95%
482  confidence interval (Cl) at 35% RH. A-N-S-K represents Ammonium-Nitrate-Sulfate-Potassium.

Water content (fraction)

Category
35% (95% ClI) 45% 55%
High growth (NaCl) 0.165 (0.116-0.265) 0.248 0.361
Medium growth (A-N-S-K) 0.039 (0.03-0.042) 0.057 0.08
Low growth (Residual as Organic) 0.0103 (0.006-0.013) 0.015 0.022
483
484 Table 4 shows the fraction of water for the growth categories at three RH’s. The high

485  growth category absorbs/adsorbs significantly more water (3.7 times) than the medium growth
486  category and 16.2 times the low growth category. The 95% confidence interval for the high

487  growth category is also significantly larger reflecting the spread of the data in the top panel of
488 Fig. 2. Table 2 shows that the Fajardo samples have a much lower net mass than the other two
489  samples which is the root cause of the increased variation. Supplemental text S6 explains how

490 the confidence interval is calculated for each category. Equation 4 describes application of the
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491 fractional of water f,,(RH) from Table 4 to calculate the water mass (My) at a specified RH from

492  the summed high growth (Muc), medium growth (Mug), and low growth (M) masses.

493 My = Myg * fw(RH) g + Myg * fw(RH) Mg + Mg * f (RH) 16 (4)

494

495 3.3. Predicting two test cases and pure aerosol measurements

496 We now apply Equation 4 to predict the hygroscopic response for two test sites: Beijing

497  and Halifax. The two test cases are compositionally different than the proxies. The Beijing

498  sample (left panel in Figure 3) contains much more nitrate (12%) than the other sites. The

499  Halifax sample (right panel) is primarily organic, similar to Bujumbura, but with the smallest
500 amount of no-growth category (10%) in the study. The larger measurement variation at the test
501 sites reflects a reduced number of measurements contributing to the aggregate (Table 3), and
502 that the Halifax sample has a lower aggregate mass (Table 2). The Halifax data only includes

503 the descending data as equipment failure compromised the ascending data.

504
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506 Figure 3. PM2.s mass as a function of ascending (red x’s) and descending RH (blue x’s) with measured composition.
507 The dotted orange line is the predicted response from the solution in Table 3. The left panel shows the gravimetric
508 response of PMz.s sampled in Beijing while Halifax is shown on the right. The inner pie charts display the measured
509 aggregate composition. The outer ring of the pie chart displays which category the composition is assigned: high,
510 medium, low, or no growth. The number in the center of the pie chart displays the PM25 concentration in ug/m3 at
511 35% RH. No ascending measurements are available for the Halifax sample.

513 The prediction (orange dotted line) generally represents the measurements with a
514  normalized mean bias of 0.24% over both sites. The Beijing prediction is 0.45% below the

515  average of the measurements at 50% RH but within 2 standard deviations. The effectiveness of
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516  the Beijing prediction reflects the similar hygroscopic growth between nitrate and sulfate species
517  (Petters and Kreidenweis, 2007). The Halifax prediction is also low by 0.40% at 50% RH.

518 We compared our results to prior measurements of water fraction in lab generated sea
519  salt and ammonium sulfate on PTFE filters (Mcinnes et al., 1996) (Supplemental Table S3). The
520 predictions of water associated with sea salt at 40% RH were low compared to the

521  measurements but the two distributions overlap. The predictions of water associated with

522 ammonium sulfate at 40% RH were consistent with the measurements.

523

524

525 3.4. Uncertainties

526

527 The extrapolation of the water activity to an RH of 0% may be subject to error due to

528 diffusion limitations in the particles. If true, this diffusion limitation would create a higher

529 apparent dry fraction for the descending experiment due to diffusivity decreasing with each

530 decrease in RH (Koop et al., 2011). This trend is the opposite of what is observed in Fig. 2. The
531  y-intercepts for the right panels (Wilson equation-descending) in Fig. 2 are usually lower than
532  the y-intercepts in the left panel (Wilson equation-ascending). Thus, it appears unlikely that the
533  measurements are subject to significant diffusional limitations for the 24 hour equilibration time
534  used here.

535 We assume the water fraction to be zero when the RH is zero. Water could be

536 incorporated into the crystalline structure of the salts themselves (hydrates) (Tobon et al., 2021).
537  Water of crystallization may be stable over the range of RH (Kelly and Wexler, 2005). Thus, if
538 there is stable water of crystallization over the investigated RH range, it will add to the water
539 fraction estimated by this method.

540 Any ionic species (e.g. nitrate) that evaporates during the hygroscopicity experiment
541  cannot be measured later by ion chromatography, which occurred after the hygroscopicity

542  experiment. Over the course of the experiment, 2.9% of the total mass evaporated from the
543 Fajardo filters, 1.2% from the Abu Dhabi filters, and 0.7% from the Bujumbura filters. These are
544  total masses that could include other species besides volatile ionic species. Additionally, these
545  percentages are on the order of (Abu Dhabi and Bujumbura) or smaller than (Fajardo) the

546  confidence intervals shown in Table 4. It is infeasible to isolate the impact of that small mass on

547  our results given the uncertainty in Table 4.

548
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549
550 3.5. Application of the model to SPARTAN
551 Figure 4 shows the average composition of the 24 sites in this study. A tabulated version

552  of these compositions is in Supplemental Table S4. The low growth category, treated as

553  organic, on average comprises the largest fraction (37%) across the network. Bujumbura,

554  Burundi, the low growth proxy, contains the largest fraction of low growth category (70%). Five
555  (Bujumbura, Sherbrooke, Norman, Bandung, and Halifax) of the 24 sites have a low growth
556  category fraction of over 50%. The medium growth category is the second largest (29%)

557  reflecting the abundance of ammonium, nitrate, sulfate, and potassium. Abu Dhabi, the medium
558  growth proxy, has the largest fraction of medium growth component (51%). The no-growth

559  category is also approximately 29% by mass. The largest no-growth category sites (llorin, Abu
560 Dhabi, Addis Ababa, Dhaka, and Fajardo) are heavily influenced by mineral dust. The Dhaka
561 site is also significantly influenced by TEO (Liu et al., 2024). The high growth category (NaCl) is
562 the smallest fraction (3.2%). Fajardo, the high growth proxy, has the largest fraction of sodium
563 chloride. Other coastal sites (Melbourne, Halifax, Taipei) contain a significant fraction of the high
564  growth category. An exception is Delhi, which has significant chloride content without sodium
565 (Manchanda et al., 2022).

566 The outer pie charts in Fig. 4 show the water content at 35% RH predicted using the
567 categories in Table 4. A tabulated form is in Table S6. The average inferred water content for
568 the 24 sites in SPARTAN is 2.1%. This water content varies from 0.9% in llorin, Nigeria (the site
569  with the largest no growth category) to 5.5% in Fajardo, Puerto Rico (the site with the largest
570  high growth category). The medium growth category dominates, contributing 58% of the water
571 across the entire network. Organics (low growth) follow at 22% with the high growth category
572  contributing just 19% of the total water mass. Samples with the highest water content are

573  coastal.

574
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57 Figure 4. Water content and composition for SPARTAN over December 2019 through September 2024. The inside
577 ring of pie charts documents the mass concentration and PM2.s composition. The PM2.s concentrations are the inner
578 circle (ug/mq), and the chemical composition (filled colors) surround the mass concentration. The outside ring of pie
579 charts documents the water content. The water content is in the inner circle (%), and the contributions of the three
580  categories surround the water content.

581
582 This water content prediction may contain some error when applied to specific sites. For

583  example, the chloride in Delhi may not be best represented by the chloride content from the
584  coastal Puerto Rico proxy. Additionally, the trace element oxide content in Dhaka is treated as
585 hydrophobic (no growth). There is little published evidence on the hygroscopicity of trace

586  element oxides.

587 Nitrate is known to evaporate from PTFE filters such as those used in this study (Hering
588 and Cass, 1999; Chow et al., 2015; Ashbaugh and Eldred, 2004; Shaw et al., 1982). SPARTAN
589  sampling station inlets were retrofitted with an MgO denuder, and a nylon filter placed after the
590 PTFE filter to address this issue, beginning on 1/1/2025. This development will be described
591 elsewhere. The additional nitrate associated with the nylon filter does not affect absolute water
592  content on PTFE filters.

593
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594 4. Conclusions

595 Overall, this study determined the composition dependent water content on PTFE filters
596 at low relative humidity for a globally-dispersed network of sites as a part of SPARTAN. An

597  empirical relationship was developed to predict the water mass due to PM2s composition at RH
598 below 55% as a function of three chemical categories. The Wilson equation (Wilson, 1964) was
599 the activity model that best represented measured water mass. The high growth category

600 containing the sum of the mass of sodium and chloride had a water fraction at 35% RH of 0.165
601  (0.116 — 0.265, 95% confidence). The medium growth category containing the sum of the mass
602 of ammonium, nitrate, sulfate, and potassium had a water fraction at 35% RH of 0.039 (0.03 —
603  0.042, 95% confidence). The low growth category contained organics and had a water fraciton
604 at 35% RH of 0.0103 (0.006 — 0.013, 95% confidence). The water fraction at 45% was 1.5 times
605 that at 35% RH, indicating sensitivity to other network protocols. The created relationship

606 predicted the water content of both pure component aerosols and two independent test sites:
607  Beijing, China (within 0.16%) and Halifax, Canada (within 0.40%). Thus, the relationship

608  successfully predicted the water mass/RH relationship of 5 globally distributed sites, each with

609 disparate composition.

610 Application of the relationship to SPARTAN over the period of December 2019 through
611  September 2024 yielded an estimated average water content at 35% RH for the entire network
612  of 2.1%, ranging from 0.9% at lllorin, Nigeria to 5.5% Fajardo, Puerto Rico. The medium growth
613  category contributed 58% of the water content on average while the low and high growth

614  category contributed 22% and 19% respectively. The empirical relationship developed in this
615  study offer a straight-forward method to accurately calculate PM. s water content on PTFE filters
616  below 55% RH which is useful for both mass reconstruction algorithms and chemical transport
617  models.

618 Code/Data availability: Hygroscopicity experimental data and scripts are available upon request.
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620 posted on the website are available upon request.
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