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Beijing
> 70 μg m-3

Rehovot
15-150 μg m-3Hanoi

> 40 μg m-3

Dhaka
> 50 μg m-3

• WHO target of PM2.5 = 10 μg m-3

• Adverse lung, cardiovascular effects
• 3 million* annual deaths worldwide 

(3% of all deaths) 

*Forouzanfar et al.: Lancet, 2015.

GLOBAL SIGNIFICANCE OF PM2.5
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NEED TO EVALUATE SATELLITE-DERIVED PM2.5

AOD

van Donkelaar, et al ES&T. 2016, 50, 3762
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some cities especially in South America and western North
America.
Figure 5 (middle) shows the combined impact of all

predictors on the annual mean geophysically based satellite-
derived PM2.5 for 2010. Changes associated with mineral dust
remained prevalent, overlaid with regional changes associated
with other composition components. Fine scale variability
(Supporting Information Figure S5) is associated with
Elevation and Urban Distance. Agreement between the
GWR-Predicted and Observed bias was weaker when including
PM10-based values (R2 = 0.44) versus those sites directly
measuring PM2.5 (R

2 = 0.54). A slope of 0.6 suggests that the
net bias may be underestimated.
Figure 5 also shows comparisons of ground monitors with

initial, annual mean geophysically based satellite-derived PM2.5
(top) and GWR-adjusted satellite-derived PM2.5 (bottom).
Addition of the predicted bias significantly improves agreement
with both the entire in situ data set (R2 = 0.74 vs R2 = 0.58) and
with the direct PM2.5 observations (R2 = 0.85 vs R2 = 0.67).
Agreement of the GWR-adjusted estimates at cross valida-
tion sites was similar when including PM10-based monitors
(R2 = 0.73) and at the direct PM2.5 locations (R2 = 0.81),
suggesting the impact of overfitting is small. Comparison
between these annual mean values include any residual impact
of sampling. The weaker overall relationship with PM2.5

inferred from PM10 may suggest caution in the use of PM10
for PM2.5 exposure estimates, or alternatively the higher density
of PM10 monitors in more uncertain regions, such as India.
Table 1 gives mean population-weighted PM2.5 concentra-

tion for the socioeconomic-geographic regions of GBD. The
larger global population-weighted mean PM2.5 concentration
(32.6 μg/m3) compared with that at PM2.5 monitor locations
(25.1 μg/m3) highlights the need for additional monitoring.
Regional differences between the GWR-adjusted and prior
GBD2013 estimates are apparent, with a root-mean-square
difference of regional mean GWR-adjusted values at PM2.5-
monitor locations of 7.0 μg/m3 versus 12.8 μg/m3 for the
GBD2013 estimates. North America, Central Europe and
Eastern Europe have low levels of within-region uncertainty
compared to PM2.5 monitors (bias: −0.7 to 0.4 μg/m3,
variance: 2.1−5.7 μg/m3), benefiting from well-characterized
emission inventories that drive AOD to PM2.5 relationships as
well as numerous ground-based monitors for GWR adjustment.
Parts of Asia and Latin America, by contrast, have relatively
high levels of regional uncertainty (bias: up to 11.6 μg/m3,
variance: up to 33.9 μg/m3). This increased absolute
uncertainty results in part from the higher PM2.5 concentrations
in many Asian regions. Lower in situ monitor density may also
play a role, suggesting increased uncertainty in GWR-adjusted
values for sparsely observed regions.

Figure 5. Satellite-derived PM2.5 (top), predicted bias (middle), and adjusted satellite-derived PM2.5 (bottom) for 2010. In situ values are for the year
of observation of each monitor, with years between 2008 and 2013. Point locations correspond to individual monitors, with black dots representing
direct PM2.5 observations and gray dots representing PM2.5 approximated from PM10. Colored outlines of point locations provide observed value.
Gray space denotes water. The right column plots coincident annual mean in situ and satellite values. Annotations include the coefficient of variation
at all points and at cross-validation points (R2 = All points (CV points)), normal distribution of uncertainty (N(bias,variance)), line of best fit (y)
and number of comparison points (N). Black dots/text correspond to direct PM2.5 monitors alone. Gray dots and text additionally include PM2.5
estimated from PM10 monitors.
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PM2.5,surface = f(AOD)

AOD = aerosol 
optical depth 

⇣
= f(AOD, RH, mixing, 
composition, diurnal,…)



SPARTAN = 
SURFACE PARTICULATE MATTER NETWORK

Urban Areas:
-Beijing
-Kanpur
-Hanoi
-Buenos Aires
-Dhaka
-Manila
-Rehovot 

Sun Photometer:
AOD at 550 nm 

SPARTAN Headquarters: 
Dalhousie U, Halifax NS

*G. Snider, C Weagle,  et al.: AMT 8(1), 2015.

Ongoing measurements of ground-level PM2.5
collocated with AOD measurements (sun photometer)

Ø Each site collocated with sun photometer 
(AERONET)
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SPARTAN INSTRUMENTS

Optical sampling: NephelometerPhysical sampling: aerosol filters

Each SPARTAN station includes two instruments*:

Multi-day measurements per filter

*AirPhoton.com
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Bandung IlorinHanoi

Manila

Continuous 
scatter: bsp



SPARTAN: DATA PROCESSING SEQUENCE
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FILTER WEIGHING

• Cleanroom facility (< 100 particles/cm3)

• Follows USEPA protocols:

• T-range: 20 – 25 °C

• RH-range = 30 – 40 %

• Daily mass calibrations

7



DECONSTRUCTING FILTER MASS               .

Species Rel. Composition

• Soil = {Mg, Al, Ti, Fe} 8 – 23%

• Sea Salt = {Na} 1 – 10%

• Trace Element Oxides = {V, Zn, As, Cd, Ba, Pb} < 1 %

• Ammonium nitrate = {NO3} 2 – 10%

• Ammonium sulfate = {SO4, NH4} 5 – 26%

• Effective Black Carbon = {Reflectance} 2 – 13% 8

ICP-MS 
(acid-digested metals)

IC
(water-soluble ions)

Surface reflectance 
(Black Carbon)



AEROSOL COMPONENTS
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Residue Matter (RM*) = 
Total Mass – [Inorg.] – [PBW] ASO4

ANO3

Crustal 
Materials

*RM and PBW are 
indirectly measured

Salt Effective BC

Trace Metals: Al, Mg, Ti, Fe, V, Cr, Mn, 
Zn, As, Ba, Pb

Particle-bound water 
(PBW*)= f(RH)



GLOBAL PM2.5 COMPOSITION

G. Snider, C. Weagle et al.: ACPD, 2016.

10High in BC

High PM, ANO3

High 
Sea Salt

Low PM Low RM

Site Zn:Al

Hanoi 2.7

Singapore 1.6
Dhaka 2.6

M. Cave 0.1



SPECIATION TRENDS
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Date (mm-yy)

Beijing Winter



ESTIMATING PARTICLE-BOUND WATER (PBW)
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1158 J. Duplissy et al.: Relating hygroscopicity and composition of organic aerosol particulate matter

2.4 Aerosol mass spectrometer

An Aerodyne quadrupole AMS was used during type 1
chamber studies and at the Jungfraujoch to provide on-
line, quantitative measurements of the size distributed non-
refractory chemical composition of the submicron ambient
aerosol at a high temporal resolution. An HR-ToF-AMS (De-
Carlo et al., 2006) was deployed on the NCAR C-130 air-
craft and type 2 chamber studies. More detailed descriptions
of the AMS measurement principles and various calibrations
(Canagaratna et al., 2007), its modes of operation (DeCarlo
et al., 2006) and data processing and analysis are available
elsewhere. The AMS provides the concentrations of inor-
ganic ions, i.e. sulfate, nitrate, ammonium, and fragment ions
associated with OA. In addition, the OAmass spectra provide
further information on the aerosol. Several mass-to-charge
ratios, specifically, m/z 44, m/z 57, and m/z 60 have been pro-
posed as markers for oxygenated species, hydrocarbon-like
(mostly urban combustion), and wood burning OA, respec-
tively (Canagaratna et al., 2007; Alfarra et al., 2007). For the
correlation analysis with particle hygroscopicity we use in
the following the ratio of specific AMS OA mass fragments
to total OA mass (f

x

, with x being any integer m/z). As an
example, for m/z 44 this abundance is defined as

f44 = m/z44
Total organic mass

(2)

3 Theory and data analysis

3.1 The growth factor GF

As shown in Eq. (1), the GF is associated with a certain RH.
The water activity, aw, of a solution is defined as the equi-
librium RH over a flat surface of this solution (i.e., in the ab-
sence of the Kelvin effect). The Köhler equation, RH= awSk,
describes the equilibrium RH for a solution droplet, where Sk
is the Kelvin factor defined as follows:

Sk= exp
✓
4Mw�sol
RT⇢wDp

◆
(3)

where Mw is the molar mass of water, ⇢w is the density of
water, �sol is the surface tension of the solution, R is the
ideal gas constant, T is the temperature and Dp is the wet
diameter. In this study we used the surface tension of water
for �sol. To compare GF values measured at different aw, we
used the semi-empirical model described in Petters and Krei-
denweis (2007), where GF and aw of a particle are related as
follows:

GF(aw)=
✓
1+

aw
1�aw

◆1/3
(4)

where the hygroscopicity parameter  captures all solute
properties (such as the number of dissociated ions per
molecule and the molal osmotic coefficient). Figure 1 shows

Fig. 1. Influence of the hygroscopicity parameter  on the rela-
tionship between the hygroscopic growth factor (GF) and the water
activity (aw).

the influence of  on the relationship between the growth
factor (GF) and the water activity (aw). More details about
the theoretical background of the functionality of Eq. (4) are
given in Kreidenweis et al. (2005) and Petters and Kreiden-
weis (2007).

3.2 Retrieval of organic GF (GForg) from an internally
and externally mixed aerosol

The hygroscopic growth factor of OA was directly measured
in the pure SOA smog chamber experiments. However, the
hygroscopicity of the organic fraction in ambient aerosol has
to be deduced from the GF of the mixture (GFmixed). The
GFmixed can be estimated from the growth factors of the indi-
vidual components of the aerosol and their respective volume
fractions, ", with the ZSR relation (Meyer et al., 2009):

GFmixed=

 
X

i

"

i

GF3
i

!1/3
(5)

with the summation performed over all compounds present
in the particles. Solute-solute interactions are neglected in
this model and volume additivity is also assumed. The con-
centrations of ammonium (NH+

4 ), sulfate (SO2�4 ), nitrate
(NO�

3 ), and OA during these two field campaigns were ob-
tained from the AMS measurements. In both campaigns, the
aerosol was mostly neutralized with ammonium (DeCarlo et
al., 2008; Cozic et al., 2008). The pairing of the inorganic
ions, which is required for the ZSR relation, is unambiguous
for aerosols neutralized by a single cation. However, occa-
sionally the measured ammonium concentration was insuffi-
cient to fully neutralize the sulfate, thus indicating an acidic
aerosol. In such cases the ion-pairing becomes ambiguous

Atmos. Chem. Phys., 11, 1155–1165, 2011 www.atmos-chem-phys.net/11/1155/2011/

Duplissy et al. ACP, 11, 1155-65, 2011  

Hygroscopicity parameter (κ-Kohler theory):
:

Compound 
X

κ
Crustal, BC, 

TEO 0

RM/OM 0.10

ASO4 0.56

ANO3 0.67

NaCl 1.12

1. Average κ over 
PM components

2. Set RH to 35%

3. Add to water 
total mass

Increasing 
hygroscopicity
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WATER-MASS CONTRIBUTION
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PBW
(35% RH)

PBW



HOURLY PM2.5 ESTIMATES

G. Snider, C. Weagle et al.: ACPD, 2016.
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PM2.5,dry =
PM2.5,dry

+,-(RH)/34(RH)
	 ∙ +,-(RH)34(RH)

 + = PM2.5,hourly,dry



TRACE ELEMENTS: CRUSTAL ENRICHMENT 
FACTORS

-Crustal Average via Taylor and McLennan, Rev. Geophys., 33(2), 1995.
-Snider et al, ACP in prep, 2016

15

En
ri

ch
m

en
t

EF(X)=
[X]

[Al] PM2.5
[X]

[Al] Crust.

	

	

Element (X)



CORRELATIONS OF SPECIES
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SUMMARY

• Ongoing PM2.5 and AOD measurements in urban areas:
- hourly, seasonal, and multi-year time spans

• Characterizing PM2.5 mass, composition at a single facility, 
using standardized methods

• Aerosol components show multi-site correlations, trends

• We encourage ideas for new partnerships. For more 
information, please visit spartan-network.org

SPARTAN is an IGAC-
endorsed activity
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SPARTAN is Funded 
by NSERC
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Myself:
Graydon Snider 
graydon.snider
@dal.ca



EXTRAS: SPARTAN DATA ONLINE

www.SPARTAN-network.org/interactive
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EXTRAS
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