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[1] High concentrations of ultrafine particles (UFP, i.e., particles with diameter< 100 nm)
impact both human health and Earth’s climate. Recent innovations in remote sensing
technologies and data retrievals offer the potential for predicting UFP concentrations based on
data from satellite-borne instrumentation. Herein we present a physically based statistical
algorithm to estimate UFP concentrations across eastern North America using remotely
sensed aerosol optical depth, Ångstrom exponent, ultraviolet solar radiation flux, and
ammonia and sulfur dioxide concentrations. The proposed algorithm is built and
independently evaluated using an array of in situ observations. The algorithm is able to
capture up to 60% of the variability in daily measured UFP number concentrations at a
regionally representative reference site and is thus applied to generate seasonal UFP
concentration estimates across eastern North America. The resulting UFP concentrations are
cross-evaluated with simulations from a global aerosol microphysics model. There is a
negative bias in the model output relative to the satellite-driven proxy, which is largest (up to
76%) in summer and may be due to overestimation of UFP from the satellite-based algorithm
derived herein, due to the higher availability of remote sensing data in clear-sky conditions or
uncertainty in the model simulation of new particle formation. Nevertheless, the model and
algorithm indicate similar spatial and seasonal variability (spatial correlation coefficients of
0.10 to 0.56), indicating the value of the satellite-based UFP proxy in global and regional
model evaluation exercises and in efforts to identify regions where future in situ data
collection should be prioritized.
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1. Introduction and Objectives

[2] High ultrafine aerosol particle (UFP) concentrations are
associated with increased human morbidity and mortality
[e.g., Knol et al., 2009] and contribute to indirect climate
forcing [e.g., Bauer and Menon, 2012]. UFP (defined here as
particles having diameters (Dp)< 100 nm) have been observed
at very high concentrations across an array of data sets
collected at or near the Earth’s surface and in more limited data
sets collected in the free troposphere [e.g., Kulmala et al.,
2004]. These particles may play a critical role in determin-
ing the abundance of cloud condensation nuclei and hence
indirect climate forcing [Kuang et al., 2009; Spracklen
et al., 2008] and ultimately contribute to the concentration

of particles responsible for direct climate forcing (via
enhanced backscattering) [Spracklen et al., 2006]. Hence,
accurate temporally and spatially resolved UFP concentrations
are needed at the global scale to enhance understanding of
the physiochemical controls on their concentrations and the
climate impacts of aerosol particles and ultimately to design
effective policies to regulate climate forcing and protect
human health. However, the relative paucity of surface observ-
ing networks prohibits quantification of the aerosol particle cli-
mate forcing [Kulmala et al., 2011] and severely constrains our
ability to evaluate numerical models [Spracklen et al., 2010].
Thus, there is a clear need for new approaches to quantify
particle size distributions (PSDs) (including the abundance of
UFP) at both the regional and global scales.
[3] Recent technological advances in satellite-borne instru-

mentation and data retrieval protocols mean satellite-derived
aerosol particle and gas concentrations now represent a unique
and mature tool for investigating the spatial and temporal
variabilities of aerosol particle concentrations with almost
global, homogeneous, and near-real-time spatial coverage.
Prior studies have reported analyses of satellite-derived aero-
sol particle properties in terms of their ability to represent
parameters regulated by national and international air quality
standards such as the mass concentration of PM2.5 (i.e., the
concentration of particles Dp< 2.5μm) [e.g., Gupta and
Christopher, 2008; van Donkelaar et al., 2010; Koelemeijer
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et al., 2006] and to undertake analyses of local versus distant
sources of those aerosol particles [e.g., Yu et al., 2012].
These studies exploit the correlation between aerosol optical
depth (AOD) (i.e., the integral of the extinction coefficient
due to light scattering and absorption, which scales with
particle cross-sectional area) and the particle volume (and
mass), which is maximized for particle diameters of ~ 1μm.
However, UFP are by definition not of a diameter that
strongly interacts with radiation in the visible and infrared
wavelengths and thus cannot be directly observed by instru-
ments currently deployed on satellites. The current research
is motivated by a recent first attempt to estimate nucleation
mode particle concentrations (defined as Dp< 25 nm) over
the entire globe using a proxy algorithm based on satellite
data [Kulmala et al., 2011]. The work by Kulmala et al.
[2011] was highly innovative but exhibits several limita-
tions such as the absence of a driving gas-phase mechanism
and incomplete evaluation of the proxy and related assump-
tions (e.g., in the description of the nucleation rate and in the
approximation of the condensational sink (CS)). Herein we
propose and evaluate a new algorithm to estimate UFP
number concentrations using data from satellite-borne radi-
ometers. Our specific research objectives are to
[4] 1. Formulate a new proxy algorithm for UFP number

concentrations based on satellite-derived properties that is
more statistically robust and physically interpretable.
[5] 2. Evaluate the new UFP proxy algorithm using in

situ measurements.
[6] 3. Apply the new algorithm to analyze the seasonality

and spatial variability of UFP concentrations over eastern
North America and cross-evaluate those results with output
from a detailed global climate-chemistry model.

2. Data Used: Particle Size Distribution
Measurements, Satellite Retrievals, and
Model Simulations

2.1. Ground-Based PSD Measurements

[7] The algorithm used to describe and predict UFP num-
ber concentrations is developed and evaluated primarily
using ground-based particle size distribution (PSD)
measurements collected above the canopy of a deciduous
forest in southern Indiana (at Morgan Monroe State Forest
(MMSF), 39.317°N, 86.417°W) and at the Center for
Atmospheric Research Experiments in Egbert, Canada
(44.23°N, 79.78°W) (Figure 1). We focus most of the model
development and evaluation on data from MMSF because
that site is more regionally representative than Egbert and
thus new particle formation (NPF) and the total UFP num-
ber concentrations are less affected by local emissions
[Crippa and Pryor, 2013]. Additionally, the instrumenta-
tion deployed at MMSF has a lower size cut-point for
particle detection and thus better characterizes the products
of recent NPF and the total UFP burden. PSD measurements
at MMSF derive from a Scanning Mobility Particle Sizer
(SMPS) system (TSI SMPS3936: Electrostatic Classifier (EC)
model 3080, nano-DMA model 3085, and a Condensation
Particle Counter (CPC) model 3786). This system measures
in the diameter rangeDp=3.22–105.5 nm in 80 logarithmically
spaced size channels. Data are also presented from a Fast
Mobility Particle Sizer (TSI FMPS 3091) operated at MMSF

which measures PSD in 32 logarithmically spaced size chan-
nels Dp=6.04–523.3 nm (for further details of the site and
instrumentation, see Pryor et al. [2010]). PSD from Egbert
were also measured using a TSI SMPS (EC 3071 and CPC
3010) and cover the diameter range Dp = 10.75–392.42 nm
in 26 logarithmically spaced size channels (for further
details of the site and instrumentation, see Riipinen et al.
[2011]). Simultaneous measurements collected at the two
sites during May 2007 to May 2008 are used for the UFP
proxy development, and an independent evaluation of the
resulting UFP proxy algorithm is undertaken using observa-
tions at MMSF during December 2006 to April 2007 and
June 2008 to August 2009.
[8] The lack of other comparable data sets to those from

Egbert and MMSF (i.e., ground-based ultrafine PSD mea-
surements) over eastern North America limits our ability
to undertake a rigorous evaluation of the proxy; thus, we
also employ data collected during 2006–2008 at five rural
Aerosol Robotic Network (AERONET) sites (Figure 1)
and output from a global model. The AERONET Sun-
scanning spectral radiometers measure direct Sun and dif-
fuse-sky radiances at eight wavelengths between 340 and
1020 nm (usually 340, 380, 440, 500, 670, 870, 940, and
1020 nm) at known angular distances from the Sun.
After applying an inversion algorithm to these data, the
columnar values of PSD can be derived and discretized
into 22 logarithmically spaced size bins (Dp = 100 nm to
30 μm) [Holben et al., 1998]. The accuracy of the retrieval
algorithm for the AERONET volume size distribution has
been assessed in several theoretical studies [Dubovik
et al., 2002; Dubovik et al., 2000; Dubovik and King,
2000; O’Neill et al., 2001a; O’Neill et al., 2001b]. The
average retrieval error for the volume size distribution in
the size range 0.1 μm ≤ r ≤ 7 μm under cloud-free condi-
tions is estimated to be ~15%. However, the accuracy of
the retrieval depends on many factors including particle
size, and for particles smaller than 0.1μm and larger than
7 μm it is estimated to vary between 15 and 100% for
water-soluble aerosols because of the small volumes
usually associated with those particles [Dubovik et al.,
2000; Dubovik and King, 2000]. More recently, several
experimental studies have shown the applicability of
AERONET-retrieved variables for providing size-resolved
characteristics of particles in terms of composition, absorption,
and scattering properties [Costabile et al., 2013; Gobbi et al.,
2007; Russell et al., 2010; Sinyuk et al., 2012]. Despite the
uncertainty of the retrieved PSD in the smallest diameters
and in the absence of other sources of measurements, in this
analysis we use the total number concentration of aerosol par-
ticles summed over the three smallest diameter sections (i.e.,
Dp= 100–200 nm) retrieved from the AERONET radiometers
to assess the dependence of fine particle concentrations as de-
rived fromAERONETmeasurements and the satellite-derived
estimates using the UFP proxy.

2.2. Satellite-Derived Observations

[9] In this study we focus on number concentrations of
particles with Dp< 100 nm. The concentrations of these
UFP are, in non-urban environments, highly dependent on
NPF [Pirjola et al., 2004] which, in turn, is causally linked
to the availability of semivolatile and low volatility vapors
and competition for the vapors between condensation to
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existing aerosol particles (often described in terms of the CS)
versus development of critical clusters that can undergo a
phase change and generate new aerosol particles. In many en-
vironments over eastern North America, ammonium sulfate
significantly contributes to the composition of freshly nucle-
ated particles, which indicates that ternary nucleation may be
responsible for NPF, and thus ammonia (NH3), sulfuric acid
(H2SO4), and water may play a role in forming the critical
clusters [Jung et al., 2010; Pryor et al., 2011; Smith et al.,
2005]. H2SO4 is largely produced from sulfur dioxide
(SO2) via photochemical reactions, and CS is a product of
the in situ PSD which can be described using the AOD and
Ångström exponent (Å). Thus, the following parameters as
measured from satellite-borne instrumentation were selected
a priori for inclusion in the UFP proxy development: AOD
and Å, ultraviolet (UV) solar radiation flux, and NH3 and
SO2 concentrations. In the following subsections we describe
the sources of these data and summarize evaluations relative
to ground-based observations and model output.
[10] Prior to describing the remote sensing data products

used herein it is important to mention that the accuracy of
satellite retrievals is dependent on several factors such as the
surface type over which measurements are taken and specifi-
cally accurate characterization of the surface reflectance, be-
cause the basic principle of aerosol particle and gases
detection is the difference between the amount of light reflected
by the surface and the compounds of interest. Oceans, which
are detected by satellites as dark targets, allow for maximum
contrast and thus most accurate data retrievals [e.g., Remer
et al., 2005], whereas land surfaces are brighter and more
heterogeneous, thus making data retrieval more difficult.
Nevertheless, as discussed below, the observations we use have

been subject to evaluation, and the results imply some degree
of skill. For example, over the United States where the emis-
sions are well characterized, Ozone Monitoring Instrument
(OMI)-retrieved SO2 values exhibit high agreement with obser-
vations (r = 0.94) [Lee et al., 2011].
2.2.1. Aerosol Optical Properties: Aerosol Optical
Depth and Ångström Exponent
[11] The first attempt to quantify global nucleation mode

aerosol concentrations from satellite-derived quantities used
only AOD as a proxy of the CS [Kulmala et al., 2011].
Here we extend that initial work by including the cross prod-
uct of AOD and Å as measured by the Moderate Resolution
Imaging Spectrometer (MODIS) on the Terra satellite as a
proxy of the CS. AOD is a measure of the total columnar
absorption and scattering of solar radiation and thus reflects
the integrated aerosol burden, while Å expresses the spectral
dependence of aerosol optical depth on the wavelength of the
incident light; thus, high values of Å are associated with a
larger abundance of small particles. We postulate that the
combination of these two parameters allows for a more com-
plete description of the CS and thus likelihood of NPF (see
supporting information for detailed justification of use of
both AOD and Å).
[12] MODIS retrievals of AOD and Å have been exten-

sively validated relative to ground-based observations over
eastern North America [Engel-Cox et al., 2004; Hyer et al.,
2011; Levy et al., 2010]. In this work we use level-3
(1° × 1°) MODIS daily values of AOD (at λ = 550 nm) and
Å (at 470–660 nm) as obtained from the GIOVANNI
(Goddard Earth Sciences Data and Information Services
Center Interactive Online Visualization and Analysis
Infrastructure) website. The Terra satellite operates in a
Sun-synchronous, near-polar, circular orbit with local equa-
torial crossing time in the descending mode of approximately
10:30 A.M. (LST). Thus, the resulting MODIS measure-
ments are a good surrogate of conditions just prior to the time
(10:00–12:00 LST) at which highest UFP concentrations are
typically observed at MMSF [Pryor et al., 2010].
[13] The frequency of NPF and high UFP concentrations at

MMSF exhibit high seasonality, as do both AOD and Å. An
overview of the relationship between MODIS-derived AOD
and Å and the occurrence of NPF and elevated UFP concentra-
tions is shown in Figure 2 using daily seasonal anomaly values.
Negative AOD anomalies are representative of lower total
aerosol burdens, while positive Å anomaly values indicate a
higher fraction of fine mode particles. Thus, the four quadrants
in Figure 2 can be treated as a contingency table and used to test
the distribution of NPF events and non-event days (and thus
high and low UFP concentrations) at MMSF (where the occur-
rence of NPF is defined as described in Crippa and Pryor
[2013]) using a chi-square analysis ( χ2 test) as follows:

χ2 ¼ ∑
4

i¼1

Oi � Eið Þ2
Ei

¼ 90:42 (1)

where Oi is the number of events (i.e., 17, 50, 18, 14), and Ei

(i.e., 18, 21, 4, 19) is the number of non-events in each quad-
rant i. The critical value at 5% significance level is 7.815 for 3
degrees of freedom; thus, the null hypothesis of equal distribu-
tion of events among the four quadrants can be rejected. We
also tested if the proportion of events and non-events is differ-
ent in each quadrant. Quadrants associated with negative AOD

Figure 1. Location of the stations from which in situ or
AERONET observations are analyzed (shown by the dots).
The shading denotes annual SO2 emissions (tons) by state
or Canadian province, averaged over the years 2006–2009.
US data were obtained from the EPA Air Markets Program
Data (AMPD) website (U.S. EPA, Air Markets Program Data
(AMPD), 2013, http://ampd.epa.gov/ampd/), whereas Canadian
data are from the National Pollutant Release Inventory (NPRI)
website (National Pollutant Release Inventory (NPRI), 2013,
http://www.ec.gc.ca/inrp-npri/default.asp?lang=En&n=0EC58-
C98-1#Emission_Summaries).
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anomalies are characterized by a high occurrence of NPF
events (and high UFP concentrations) implying low aerosol
burdens (and thus CS) favors NPF (Figure 2). The Ångström
exponent appears to exert a weaker control on nucleation oc-
currence, but given the proof offered in the supporting infor-
mation and the analysis described in section 3.2, we explore
the possibility of predicting UFP concentrations using both
satellite products.
2.2.2. Trace Gases Concentrations
[14] Given the importance of H2SO4 (and its precursor

SO2) and NH3 to NPF over eastern North America, satellite
retrievals of these gases and the UV flux were also included
in the variable suite for construction of the proxy algorithm.
[15] Herein we use level-3 (quality assured) daily average

column planetary boundary layer [SO2] in Dobson Units
(1DU=2.69× 1016 molecules cm�2) at a spatial resolution
of 0.25° × 25° from the Ozone Monitoring Instrument (OMI)
OMSO2e product on the GIOVANNI interface [Krotkov
et al., 2006; Lee et al., 2009]. OMI is deployed onboard
NASA’s Aura satellite, and evaluation studies have shown
that OMI-retrieved [SO2] correlate well with ground-based
and aircraft measurements, as well as with simulated values
over the United States, although the measurement uncertainty
is largest when small spatial and temporal scales are consid-
ered [Lee et al., 2009; Lee et al., 2011].
[16] Ammonia concentrations are taken from the Tropo-

spheric Emission Spectrometer (TES) observations. TES is
a high-resolution (0.06 cm�1) Fourier transform spectrometer
that measures infrared radiation onboard the Aura satellite
[Bowman et al., 2006; Clough et al., 2006; Shephard
et al., 2009]. Herein we use level-2 NH3 representative
volume mixing ratios at a horizontal resolution of 5 × 8 km
in the layer where TES exhibits highest sensitivity (700–
900 hPa, i.e., ~1–3 km above sea level). The level of

detectability has been estimated to be approximately
0.4 ppbv for a profile with peak concentration of 1 ppbv
[Shephard et al., 2011]. Ammonia concentrations derived
from TES have also been subject to evaluation at both the
local and global scales relative to in situ measurements
and model output [Pinder et al., 2011; Shephard et al.,
2011]. The measurements are relatively sparsely distributed
in both space and time; thus, in the following analyses the
observations were used to calculate seasonal average
[NH3] in each grid cell over eastern North America using
an inverse squared distance weighted (i.e., ISDW) interpo-
lation technique. The resulting seasonal pattern computed
using data collected in May 2007 to May 2008, indicate
peak NH3 concentrations during spring and summer sea-
sons, which is consistent with other observations and simu-
lations over eastern North America [Heald et al., 2012;
Mathur and Dennis, 2003] and measurements at MMSF
[Pryor et al., 2001]. The seasonal mean values of NH3 at
700–900 hPa from TES for the MMSF location in winter,
spring, and summer are 0.1, 0.53, and 0.45 ppb, while in situ
observations above the forest canopy (at 40m) indicate sim-
ilar seasonal variability but higher values of 0.3, 1.4 and
0.5 ppb, consistent with the importance of surface NH3

sources [Pryor et al., 2001].
2.2.3. Solar Radiation
[17] Local noontime surface UV irradiance at 310nm (UV-B)

was selected for possible inclusion in the predictive algo-
rithm for UFP concentrations because of the key role played
by photochemistry in producing nucleation precursors
[Kulmala, 2003; Zhang et al., 2011]. The level-3 OMI local
noontime surface UV irradiances at a spatial resolution of
1° × 1° were evaluated relative to data from a Kipp and
Zonen UV-S-A-T radiometer deployed at MMSF which
measures in the wavelength range 280–400 nm (and thus
includes UV-A, UV-B, and part of UV-C), and the results
indicated a strong positive association. For a regression
equation with zero intercept, UVOMI = 1.565 ×UVmeas, with
r2 = 0.732 for a sample size (n) of 240.

2.3. GLOMAP Simulations

[18] In this work we evaluate the satellite-derived esti-
mates of UFP concentrations relative to in situ observations
and also cross-evaluate the seasonal patterns of UFP con-
centrations derived from our proxy based on satellite obser-
vations with simulations conducted with the Global Model
of Aerosol Processes (GLOMAP) [Spracklen et al., 2010].
GLOMAP is an aerosol microphysics model applied with
a horizontal resolution of 2.8° × 2.8° and 31 vertical levels
from the surface to 10 hPa. Meteorological fields are speci-
fied from the six hourly analyses of the European Centre for
Medium-Range Weather Forecasts for 2000. The PSD is de-
scribed using a sectional scheme with 20 size sections in the
dry diameter range 3 nm to 20 μm. Total particle number
concentrations are computed as the sum of a hydrophobic
distribution, including freshly emitted carbonaceous parti-
cles (elemental carbon (EC) and organic carbon (OC)),
and a hydrophilic distribution comprising sulfate, sea salt,
EC, and OC particles. In this work we analyze several dif-
ferent GLOMAP experiments which vary in terms of the
treatment of NPF (i.e., ACT1, ACT2, ACT3, KIN1, and
KIN2) as described in Spracklen et al. [2010]. Each of these
experiments includes primary particle emissions (from

Figure 2. Seasonal anomaly of aerosol optical depth (AOD)
and Ångström exponent (Å) values for NPF event and non-
event days during 1 May 2007 to 31 May 2008 at MMSF
(n=161). The seasonal anomaly values of AOD and Å are
computed as a difference between each daily value and the sea-
sonal mean. χ2 values for the test of proportions of NPF event
and non-event days in each quadrant are reported (underlined
values show the quadrants in which the null hypothesis of
equal distribution of event classification is rejected).
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anthropogenic and natural sources), binary homogeneous
nucleation, and an empirical nucleation mechanism (either
activation (ACT) or kinetic (KIN)).

3. Development and Evaluation of a Proxy for
Ultrafine Particle Concentrations Over Eastern
North America

3.1. Formulation of the Proxy

[19] Direct in situ observations and modeling studies have
shown that NPF and resulting high UFP number concentra-
tions are a function of the photochemical production of
nucleation precursors and concentration of preexisting aero-
sols in the atmosphere. However, since the precise nature of
the functional dependence between these variables is uncertain
[Zhang et al., 2011], we employed a multivariate linear regres-
sion (MLR) approach to determine the appropriate form of our
proxy algorithm, using log-transformed values of the candi-
date variables (described in section 2) as follows:

LogN6�100 ¼ α1LogSO2 þ α2LogUVþ α3LogNH3

þ α4LogAODþ α5LogÅþ β (2)

where N6–100 is the daily mean number concentration of
particles for Dp = 6–100 nm, and the independent variables
are satellite-retrieved daily values of AOD and Å from
MODIS, UV, and [SO2] values from OMI-OMSO2e, and
seasonally averaged [NH3] from TES computed for each site
using ISDW interpolation. The parameter space sampled in
constructing the proxy for MMSF is shown in Table 1 and
spans at least a factor of 5 for all predictors. The estimated
proxy describes 36% of the variability in observed daily
mean UFP number concentrations at MMSF (i.e., the r2 for
equation (2) is 0.359 for n = 63). A proxy equation was also
developed independently for data from Egbert, but the proxy
predictive skill is much lower than atMMSF (r2 for equation (2)
is 0.172 for n =53) (see Table 2). Proxy algorithms derived
using alternative diameter cut-points (e.g., Dp< 30nm) were
evaluated, but using a definition of UFP with Dp = 6–
100 nm provided slightly better proxy performance, and

using this size range allows us to integrate the total number
concentration over both the nucleation and Aitken mode
and thus to capture both formation and initial growth.
[20] Given the difficulty of retrieving accurate [SO2] from

OMI when SO2 is present at low concentrations, we
analyzed the sensitivity of the model fit to different thresh-
old values of [SO2] using a bootstrapping technique
(Table 2), although this procedure might induce a bias
toward representing more NPF than non-events since higher
[SO2] are more likely to be associated with nucleation oc-
currence. We assumed a reference sample size (nref) of 35
and of 32 for MMSF and Egbert, respectively, based on
the number of observations associated with SO2 ≥ 0.6 DU.
A bootstrapping technique was then applied to randomly
sample nref days from the entire data set (i.e., 63 and 53 days
for MMSF and Egbert, respectively), to determine the [SO2]
threshold value (i.e., [SO2]min) that maximized the mean
coefficient of determination (r2) from 10,000 iterations
(Table 2). Setting [SO2]min = 0.5 DU increases the mean r2

Table 1. Multivariate Linear Regression Fit Parameters (and Standard Errors Computed Using QR Decomposition or Orthogonal Matrix
Triangularization in Which a Matrix A is Decomposed Into an Orthogonal Matrix (Q) and an Upper Triangular Matrix (R)) in the Original Fit to
the Data From MMSF (i.e., Equation (2)) and for MMSF and Egbert After a Threshold Was Applied to the Satellite-Derived [SO2] (>0.5DU)a

MMSF Original Fit
MMSF Fit Using a Threshold

of [SO2] >0.5DU
Egbert Fit Using a Threshold

of [SO2] >0.5DU
Test for Whether the

Regression Coefficients
Derived From MMSF

Differ From Those From
Egbert

r2 0.359 0.588 0.149

# Obs (n) 63 36 34

Parameter Estimate Std. Error Range Estimate Std. Error Estimate Std. Error H0 p value

α(SO2) �0.011 0.056 0.02-2.89 0.039 0.189 0.640 0.438 α(SO2) = 0.04 0.107
α (UV) 0.452 0.163 21.97-127.58 0.535 0.143 �0.777 0.932 α(UV) = 0.54 0.084
α (NH3) 0.088 0.079 0.02-1.80 0.188 0.080 �0.090 0.121 α(NH3) = 0.19 0.030
α(AOD) �0.246 0.058 0-1.04 �0.198 0.057 �0.114 0.136 α(AOD) =�0.20 0.284
α(Å) �0.588 0.248 0.59-1.78 �0.834 0.226 �0.101 1.388 α(Å) =�0.83 0.302
β 2.948 0.324 - 2.938 0.281 4.832 1.898 β= 2.94 0.164

aThe range of values used to develop the proxy at MMSF is also reported in column 4. Estimated values of the regression coefficients are shown in bold and
underlined if they are significantly different from 0 at the 95% confidence level, while values shown only in bold are significantly different from 0 at the 80%
confidence level. Based on an analysis to determine whether the estimated coefficients from independent fitting of the two sites (shown in the last two columns
of the table), it appears that the model parameters fromMMSF are not statistically different from those for Egbert based on a confidence level of 95% with the
exception of the coefficient for NH3.

Table 2. Mean Coefficient of Determination (r2) for Regression
Equation (2) as a Function of the Threshold Value for [SO2]
Applied (i.e., [SO2]min)

a

MMSF Egbert

[SO2] Threshold in DU Sample Size r2 Sample Size r2

0 63 0.394 53 0.172
0.05 59 0.413 53 0.171
0.1 56 0.415 51 0.157
0.15 55 0.441 50 0.169
0.2 52 0.452 49 0.169
0.25 49 0.492 45 0.154
0.3 47 0.477 43 0.129
0.35 46 0.509 42 0.121
0.4 42 0.471 38 0.158
0.45 37 0.539 35 0.150
0.5 36 0.589 34 0.158
0.55 35 0.588 33 0.117
0.6 35 0.588 32 0.114

aThe analysis was undertaken setting a sample size of 35 and 32 for
MMSF and Egbert, respectively, and using 10,000 iterations in the
bootstrapping. The sample size of the original data set after setting [SO2]
lower bounds (column 1) is also reported.
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from 0.39 to 0.59 at MMSF, and the result equation for UFP
concentration as a function of the satellite-derived data has
the following form:

N6�100 ¼ 868� SO2
0:04 � UV0:54 � NH3

0:19

AOD0:20 � α0:83
(3)

[21] The form of, and coefficients in, the proxy algorithm
shown in Table 1 and Equation (3) can be physically
interpreted. The numerator contains variables that play a role
in the formation of nucleation precursors (i.e., UV, SO2, and
NH3), whereas the denominator contains terms associated
with suppression of NPF due to reduction of the concentra-
tion of semivolatile gases by condensation on existing aero-
sols (i.e., AOD and Å as representative of CS). Further, as
expected from the complex system of chemical reactions in-
volving SO2 and NH3 in the atmosphere, the exponents asso-
ciated with these trace gases are lower than 1. Similarly, the
quantum yield for photochemical production of OH which
is involved in the formation of H2SO4 is less than unity,
which is consistent with the estimated coefficient for UV
[Fountoukis and Nenes, 2007; Gerhard and Johnstone,
1955]. To quantify the importance of the predictors in
explaining the variability in UFP number concentrations,
we applied an analysis of variance (ANOVA) test adding
the variables presented in equation (2) one at a time.
Comparing the sum of squares of the regression model with
that associated with the unexplained variance, we tested if
adding more variables reduced the unexplained variance
and thus increased r2. Further, in order to assess if adding
new variables significantly improves the estimates, we ap-
plied an F test. As shown by Table 3, adding each variable
improves the predictive skill of the model (i.e., constantly in-
creasing r2) and all the variables, except for SO2, signifi-
cantly improve the model skill at a 5% confidence level.
Although the estimated coefficient for SO2 is not statistically
different from 0 and does not improve significantly the fit
(see Tables 1 and 3), we maintain this variable in our proxy
formulation for physical reasons; H2SO4 and its precursor

SO2 have shown a strong correlation with the nucleation rate
and thus with NPF events at several locations worldwide
including the United States [Kuang et al., 2008]. Further,
ammonium sulfate ((NH4)2SO4) was the main constituent
of aerosol particle mass for Dp< 50 nm at MMSF [Pryor
et al., 2011], and SO2 has been demonstrated to be an essen-
tial control on nucleation at this site [Crippa et al., 2012;
Pryor et al., 2011]. The prefactor (i.e., β), which derives from
the logarithm of the intercept, may be interpreted as the back-
ground UFP concentration (the minimum daily mean UFP
concentration at MMSF was 857 cm�3 during the days used
to fit the regression model).
[22] To provide an independent evaluation of the regres-

sion fit to number concentration data for Dp< 100 nm from
MMSF, equation (3) was independently applied to data from
December 2006 to April 2007 and June 2008 to August 2009.
The mean absolute error (MAE ¼ Log10obsi � Log10satij j )
between the base-10 logarithm of observed (obs) and esti-
mated (sat) UFP number concentrations in the training data
sets from MMSF and Egbert (i.e., from May 2007 to May
2008) and in the independent evaluation data from MMSF
are similar (i.e., 0.12, 0.23, and 0.24, respectively). Thus,
the fit described in (3) exhibits predictive skill for the inde-
pendent data sample from MMSF, and the general form of
the equation appears to be similar (though not identical) at
MMSF and Egbert, implying some degree of generalizability
(see Figure 3 and Table 1). The coefficient values (α) in a fit
to the independent data (data from December 2006 to April
2007 and June 2008 to August 2009) from MMSF differ
from those in Table 1 for UV, Å, and the intercept, but when
data from the entire period December 2006 to August 2009
are used to determine the coefficients, the values are not
different from those shown in equation (3). This indicates
that the form of equation (3) is relatively robust but that the
daily variability in emissions and meteorological conditions
may affect the functional form of the proxy, and thus equa-
tion (3) may not always provide optimal estimates for
short-term predictions.
[23] Although the proxy predictive skill in data from Egbert

is much lower than at MMSF for all ranges of [SO2]min

Table 3. Results From the ANOVA at MMSF When a Threshold of 0.5DU is Applied to [SO2]

Model r2 Variables Df Sum of Squares F Value p Value

Model 1 0.1599 Log10UV 1 0.3631 6.4698 0.01569
residuals 34 1.90817

Model 2 0.3356 Log10UV 1 0.3631 7.9408 0.008104
Log10AOD 1 0.39921 8.7304 0.005735
residuals 33 1.50896

Model 3 0.5117 Log10UV 1 0.3631 10.476 0.002812
Log10AOD 1 0.39921 11.518 0.001853
Log10 Å 1 0.39987 11.537 0.001839
residuals 32 1.10909

Model 4 0.5120 Log10UV 1 0.3631 10.156 0.003274
Log10AOD 1 0.39921 11.166 0.002184
Log10 Å 1 0.39987 11.185 0.002168
Log10 SO2 1 0.00082 0.023 0.880518
residuals 31 1.10827

Model 5 0.5878 Log10UV 1 0.3631 11.635 0.001869
Log10AOD 1 0.39921 12.7921 0.001204
Log10 Å 1 0.39987 12.8132 0.001195
Log10 SO2 1 0.00082 0.0263 0.872224
Log10 NH3 1 0.17205 5.513 0.025662
residuals 30 0.93622
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(see Table 2), the estimated coefficients when [SO2]> 0.5DU
is used as a threshold are not statistically significantly different
from those derived at for MMSF (Table 1). This may
indicate that a similar mechanism is responsible for NPF
at both sites, although more definitive conclusions might
be drawn if more data were available. The lack of sen-
sitivity to [SO2]min at Egbert may be indicative of a major
role played by local emission sources [Riipinen et al.,
2011], and it is also observed in data from the Egbert
AERONET site as discussed below.

3.2. Evaluation of the Proxy Relative to Prior Research

[24] The previously developed proxy for NPF (i.e., aero-
sol particle number concentrations for Dp< 25 nm) using
satellite-derived observations is based on an assumption
that NPF may be described using an activation mechanism
(i.e., with a linear relationship between the nucleation rate
and H2SO4 concentration) and has the following form
[Kulmala et al., 2011]:

N<25nm ¼ k � SO2
1 � UV1

AOD2 (4)

[25] To test the generalizability of that model (equation
(4)) and assess its performance relative to the formulation

proposed herein (equation (3)), we applied the following
multivariate regression to data from MMSF:

LogN6�100 ¼ α1LogSO2 þ α2LogUVþ α3LogAODþ β (5)

[26] The parameter fits from multiple linear regression
(i.e., α coefficients and β) differ substantially from those
in equation (4), and the variance explanation for equation
(5) is lower than the proxy algorithm proposed here (equa-
tion (3)) (Table 4). Thus, we assert that the proxy formu-
lation shown in equation (3) is an improvement relative

Figure 3. Comparison between the base-10 logarithm of
the daily average UFP number concentration and fitted
values computed from equation (3) using data from MMSF
(r2 = 0.588 and n = 36) and Egbert (r2 = 0.149 and n = 34) dur-
ing May 2007 to May 2008. The blue dots show the proxy
evaluation based on independent data collected at MMSF
during December 2006 to April 2007 and June 2008 to
August 2009. For a regression equation with forced-zero
intercept, this proxy evaluation with the independent data
set (n = 48) has an r2 = 0.985 (see Eisenhauer [2003] for a
discussion of calculating r2 values for regression through

the origin; here we use R2¼∑ Y i
2

^

∑Y i
2 ).

Table 4. Regression Coefficient Estimates and Standard Errors for
the Multivariate Regression Analysis (See Equation (5)) Based on
UFP Concentration Data for MMSF and Using Only the Parameters
Considered by Kulmala et al. [2011] Without Applying a Threshold
on [SO2]

a

Parameter Estimate Std. Error H0
b p Value

α(SO2) 0.006 0.058 α(SO2) = 1 <10�16

α(UV) 0.350 0.123 α(UV) = 1 <0.001
α(AOD) �0.251 0.060 α(AOD) = 2 <10�16

β 3.005 0.251 - -

aEstimated values shown in bold and underlined are significantly different
from 0 at the 95% confidence level. The last two columns indicate that a null
hypothesis that the regression coefficients are equal to those set a priori by
Kulmala et al. [2011] is rejected at a confidence level> 99% (we do not
report the intercept since it is not directly comparable with least-squares fit
approach of Kulmala et al. [2011]).

bValues are as in Kulmala.

Figure 4. Comparison between AOD×Å and condensa-
tional sink (CS) for Dp=6nm to 10μm estimated using data
from the FMPS operated atMMSF. Data were collected during
1 November 2007 to 31 May 2008. The CS was estimated by
applying multiple lognormal distributions to the average PSD
measured during 10 A.M. TO 12 P.M. (LST) by the FMPS.
The regression through the origin is shown by the solid line:
y= 0.44× x(n= 69, and the r2 for a forced-zero intercept

regression line is computed from R2¼∑Yi
2

^

∑Yi
2 ¼0:6357

[Eisenhauer, 2003]). For comparison, the 1:1 line is also
reported (dotted line).
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to that postulated by Kulmala et al. [2011] for the follow-
ing reasons:
[27] 1. The formulation appears statistically robust. The

predictive skill of our proxy is higher than the results
presented for the Hyytiälä forest site. Kulmala et al.
[2011] report r = 0.25 for equation (4) relative to observed
particle concentrations for Dp< 25 nm at Hyytiälä, which
equates to an r2 = 0.06. For all variables, our estimated
exponents from equation (5) are significantly different
from those in equation (4) (Table 4), indicating the model
proposed in equation (4) is not optimal to describe the
variability of UFP concentrations measured at MMSF.
Further, including the gas-phase NH3 concentration and
the Ångström exponent significantly improves the model
fit (i.e., r2 for the model shown in equation (3) = 0.588 if
the SO2 threshold is applied and 0.359 otherwise;
see Table 1).

[28] 2. Derivation of the proxy presented herein is not
based on as many a priori assumptions. Further, the formu-
lation given in equation (3) is consistent with physical
reasoning. We investigated the relationship between
(AOD×Å) and CS as derived from a lognormal fit to the
FMPS data at MMSF, measuring the PSD in the size range
of 25–523.3 nm and extrapolating it up to 10 μm. This
analysis showed that (AOD×Å) is a good proxy for the
CS of 6 nm to 10 μm particles (Figure 4, r2 = 0.636 when
using AOD×Å and r2 = 0.503 when using AOD only).
Although the variance explained by using AOD×Å is only
slightly higher than using AOD only, the experimental data
provide consistent results with our mathematical proof
showing that AOD×Å provides a better approximation for
CS than AOD alone (see supporting information).
[29] 3. We develop and apply a proxy to estimate time-

averaged UFP concentrations since temporal variability in

Table 5. Variance Explanation (r2) and Sample Size (n) for Each of the AERONET Sitesa

Parameter Bondville Sioux Falls Walker Branch Egbert Harvard Forest

2006–2008 2006–2008 2006–2008 2006–2008 2007–2008

r2 0.616 0.585 0.497 0.327 0.405
n 63 72 77 80 39
α(SO2) �0.077 0.011 0.253 �0.007 0.266
α (UV) 0.793 0.269 0.410 1.078 0.211
α (NH3) 0.392 0.080 0.246 �0.770 0.033
α(AOD) 0.303 0.306 0.369 0.362 0.293
α(Å) 0.105 0.172 0.149 0.199 0.451
β 4.961 0.133 0.202 3.833 0.160

aAlso shown are the coefficient estimates frommultivariate linear regression applied to AERONET-derived total number concentrations Dp= 100–200 nm.
Estimated values shown in bold and underlined in column 2 (i.e., for the fit from Bondville) are significantly different from 0 at the 95% confidence level,
while values shown only in bold are significantly different from 0 at the 80% confidence level. In the other columns values shown in bold and underlined
are significantly different from coefficient derived for Bondville again at the 95% confidence level. Values in italics indicate variables contributing signifi-
cantly to the regression fit at 95% confidence level as tested by ANOVA.

Figure 5. Seasonally average UFP number concentrations (cm�3) for 2006–2009 in (a) winter, (b)
spring, (c) summer, and (d) fall derived using the satellite-based proxy shown in equation (3) (i.e.,

N ¼ 868� SO2½ �0:04�UV 0:54� NH3½ �0:19
AOD½ �0:20� α½ �0:83 ).
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number concentrations at high resolution (e.g., 30min
averages are used in Kulmala et al. [2011]) cannot be
captured using once daily satellite observations.

3.3. Evaluation of the Relationship Between Satellite
Retrievals and Data From AERONET Sites

[30] Daily average observations from five AERONET
sites were used to further investigate the relationship be-
tween the satellite-derived properties used to build the
UFP proxy and properties of aerosol particles of climate rel-
evant sizes over eastern North America. In this analysis the
number concentrations for Dp = 100–200 nm (i.e., for parti-
cles that significantly contribute to cloud condensation nu-
clei (CCN)) were used to derive a fit similar to that shown
in equation (3), and we use the Bondville site as a reference
location for the statistical intercomparison given it is the
closest AERONET site to MMSF. Although we do not
expect the proxy developed for the AERONET data to
maintain the same mathematical and physical structure of
equation (3) given different aerosol dynamics dictate the
concentration of larger particles, the purpose of this analysis
is to test the spatial variability of the relationship between
aerosol particle concentrations and the link to physical pa-
rameters used in the UFP proxy. The a priori hypothesis is
that at least some UFP will grow to Dp = 100–200 nm, thus
that there will be a positive association between particle
concentrations in the diameter space 100–200 nm and the
UFP proxy predictors, and that the form of the relationship
will show some spatial consistency, allowing the inference
to be drawn that we can spatially extrapolate from the proxy
algorithm as conditioned on data from MMSF. Moreover,
since both satellite-derived variables and AERONET mea-
surements are columnar values, we anticipate covariability.
The results of this analysis support these hypotheses since
they indicate that (i) the satellite-derived predictors (AOD,
Å, UV, NH3, and SO2) are able to capture at least some of

the day-to-day variability in number concentrations for
Dp = 100–200 nm (i.e., r2 values for the regression fits to
data from the five AERONET sites range from 0.33 to
0.62), and that (ii) there is some consistency between the
coefficients derived for the MLR fits to independent data
from all sites (i.e., coefficient estimates from the regression
equation fitted at Bondville are not significantly different at
95% confidence level from those estimated at the other sites
for most variables) (Table 5). In order to assess the relative
contribution of each variable to the regression fit, an
ANOVA test was conducted (Table 5). ANOVA results
indicate that AOD and UV are the most significant variables
for explaining the daily variability in CCN at all sites,
whereas only at Sioux Falls, SO2 and Å also appear to play
a major role. These results indicate that the Ångstrom expo-
nent and NH3, identified as significant players in describing
UFP concentrations at MMSF, become less relevant as par-
ticles grow to a larger size. The positive association between
MODIS AOD and AERONET number concentrations fur-
ther supports that these particles have already grown to a
size where they are part of the mode that determines AOD
and the Ångstrom exponent.

4. Application of the Proxy to ‘Predict’ Seasonal
Average Ultrafine Particle Concentrations Over
Eastern North America

[31] The evaluation exercises presented above indicate
some level of skill in the proxy presented in equation (3) in
reproducing the temporal and spatial variability of NPF and
resulting UFP concentrations at a range of stations across
eastern North America. Thus, we applied equation (3) across
the entire eastern North America region using the mean
during 2006–2009 of the 3month averaged satellite retrievals
interpolated to a common 1° × 1° grid. Use of seasonally
averaged satellite retrievals is constrained by the format in

Table 6. Seasonal Normalized Mean Bias (NMB) and Pearson’s Correlation Coefficient (r) of UFP Concentrations as Simulated by
GLOMAP for Different Experiments (ACT1, ACT2, ACT3, KIN1, KIN2) Relative to Our Proxy Estimatesa

Experiment (Nucleation Coefficient) Season NMB r 95% CI

ACT1 (A= 2 × 10�7 s�1) Winter �0.776 0.567 [0.537, 0.596]
Spring �0.802 0.177 [0.135, 0.219]
Summer �0.882 0.091 [0.047, 0.134]
Fall �0.840 0.449 [0.413, 0.483]

ACT2 (A= 2 × 10�6 s�1) Winter �0.643 0.533 [0.501, 0.564]
Spring �0.770 0.129 [0.086, 0.172]
Summer �0.827 0.156 [0.112, 0.198]
Fall �0.740 0.556 [0.525, 0.586]

ACT3 (A= 2 × 10�5 s�1) Winter �0.441 0.516 [0.483, 0.547]
Spring �0.345 0.044 [0.001, 0.088]
Summer �0.744 0.270 [0.229, 0.310 ]
Fall �0.579 0.557 [0.526, 0.586]

KIN1 (K= 2 × 10�13 cm3 s�1) Winter �0.675 0.552 [0.521, 0.582]
Spring �0.788 0.167 [0.124, 0.209]
Summer �0.830 0.168 [0.125, 0.210]
Fall �0.747 0.525 [0.493, 0.556]

KIN2 (K= 2 × 10�12 cm3 s�1) Winter �0.512 0.540 [0.508, 0.570]
Spring �0.689 0.105 [0.061, 0.148]
Summer �0.762 0.254 [0.213, 0.295]
Fall �0.613 0.560 [0.529, 0.589]

aEach experiment simulates primary emissions, binary homogeneous nucleation, and an empirical particle formation mechanism where the nucleation co-
efficients for either the activation (A) or the kinetic (K) approach are reported in column 1. The highest agreement between satellite-derived and GLOMAP-
simulated values occurs for experiment KIN2; thus, spatial patterns for that numerical experiment are shown in Figure 6. Bold r values indicate correlations
significantly different from 0 at a confidence level of 95%. The 95% confidence interval (CI) for r is also reported.
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which data for large domains are available on the
GIOVANNI interface. To evaluate the uncertainty induced
by applying the proxy that was developed on daily values
to seasonally averaged values, a sensitivity analysis was
conducted on data from MMSF during May 2007 to May
2008. The results showed UFP concentrations computed
applying the proxy in equation (3) to seasonally averaged
satellite retrievals are underestimated by approximately
16%, 24%, 7%, and 28% for winter, spring, summer, and fall,
respectively, relative to the observed number concentrations.
Although the sample size on which this sensitivity analysis
was conducted is not very large (ntotal = 63), we thus expect
our seasonal estimates (shown in Figure 5) to be low biased
relative to observations.
[32] Application of the proxy generates results which

indicate high UFP concentrations over large areas in eastern
North America during spring and summer (Figure 5b and
5c), with peak concentrations during the spring over central
Indiana and western Ohio. This is consistent with long-term
observations at MMSF that show NPF is most frequently
observed during spring (when NPF is observed on about
1 day in 5) and least frequent during winter (when NPF was
observed on less than 1 day in 20) [Pryor et al., 2010]. Our
proxy estimates do not exhibit pronounced interannual vari-
ability over the 4 year period, and a similar seasonal pattern
is observed during each year. The fall peak in NPF over east-
ern North America predicted by the proxy formulated by
Kulmala et al. [2011] is not supported by observations from
MMSF and Egbert and is not replicated in results from the
proxy developed in this current work (Figure 5).
[33] Analysis of the importance of each of the variables

in equation (3) in determining the resulting seasonality in

UFP concentrations indicates that summer maxima in
UV over the entire domain explain the high predicted
UFP concentrations, whereas the lack of spatial variability
appears to reflect the spatially homogeneous values of
both UV and Å. The seasonal variability of NH3 is most
pronounced in states to the west of Indiana and is partially
responsible for the higher spatial variability during the spring
and fall seasons. Satellite-derived estimates of SO2 peak dur-
ing winter, but the relatively small weighting coefficient, and
offsetting effect of the other parameters, means SO2 does not
appear to be responsible for much of the observed seasonality
in the UFP proxy.
[34] We also cross-evaluated the predicted seasonal pattern

of UFP from our satellite-based proxy with total particle con-
centrations from a range of simulations conducted using
GLOMAP for the year 2000. In this analysis the normalized
mean bias (NMB) is used to quantify the bias between
GLOMAP-simulated values (sim) and our satellite-based
estimates (sat) for each 1° × 1° grid cell i over the analyzed
domain (where GLOMAP values have been regridded to a
common 1° × 1° grid using ISDW interpolation):

NMB ¼
∑
n

i¼1
simi � satið Þ

∑
n

i¼1
sati

(6)

[35] NMB, computed for each season, indicates a system-
atic underprediction of total particle number concentrations
from GLOMAP relative to those from the satellite proxy
(Table 6), which is consistent with previous comparisons of

Figure 6. Seasonally average total number concentrations (Dp> 3 nm) (cm�3) as simulated by GLOMAP
(KIN2 experiment) including primary emissions, binary homogeneous, and kinetic (K= 2× 10�12 cm�3 s�1)
nucleation mechanisms above and within the boundary layer, respectively, in (a) winter, (b) spring, (c) sum-
mer, and (d) fall during 2000 [Spracklen et al., 2010]. Note that in this depiction the data have been regridded
from the native grid of 2.8° × 2.8° to a resolution of 1° × 1° using ISDW interpolation.
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GLOMAP relative to in situ observations [Spracklen et al.,
2010]. This is true for all GLOMAP treatments of NPF in
which the boundary-layer nucleation rate is controlled by ei-
ther a linear or a squared dependence on [H2SO4] (as repre-
sented by the activation and kinetic approach, respectively)
and is true for the range of nucleation coefficients applied.
Causes of the positive bias in the satellite-based proxy rela-
tive to GLOMAP include (i) the proxy might be biased
toward representing more nucleation events and thus higher
UFP concentrations since the satellite data are available only
for cloud-free pixels; (ii) the proxy implicitly represents NPF
from a ternary nucleation mechanism, which may lead to
higher UFP number concentrations in response to the role
played by NH3 in the formation of a charged cluster and in
increasing the nucleation rate and thus the subsequent
particle growth; (iii) NPF and subsequent growth may be
affected by the presence of VOCs and other condensable
species which are implicitly included in the proxy but
may be underestimated in GLOMAP simulations given
the only secondary organic aerosol source is from mono-
terpenes; and (iv) the global annual mean background
surface concentration associated with primary emissions from
GLOMAP is 640 cm�3 over the continents [Spracklen et al.,
2010], and thus a systematic positive bias of at least 35% is
expected from primary emissions (our proxy intercept is
868 cm�3). We should also point out that although our
proxy is tuned relative to near-surface observations, it is based
on satellite total column values, and thus spatial variability in

NPF (or primary emissions) not captured by the proxy may
also result in a positive bias. Further, given the effect
of applying different nucleation coefficients does not
reduce significantly the bias (Table 6), it is possible that
this bias arises from errors in the estimated condensation
and coagulation sinks (e.g., due to incorrect specification
of aerosol particle density). In the following intercom-
parison we primarily focus on simulated patterns including
primary emissions, binary homogeneous nucleation, and a
kinetic approach for nucleation (experiment KIN2, with
K=2× 10�12 cm3 s�1), which is the GLOMAP experiment
with greatest agreement with our proxy (highest Pearson’s
coefficients and lowest NMB) (Table 6). Despite the bias
in absolute UFP concentrations from GLOMAP relative to
the satellite proxy, a similar seasonal cycle is observed in the
two data sets, with highest concentrations over the entire
domain during spring (Figures 5b and 6b). The spatial patterns
shown in Figures 5 and 6 exhibit relatively high Pearson’s
correlation coefficients particularly in winter and fall and low-
est values in spring and summer (Table 6), which is consistent
with comparison of GLOMAP with in situ observations
[Spracklen et al., 2010]. The overall spatial variability as
measured by the spatial standard deviation of UFP concentra-
tions in Figures 5 and 6 normalized by the seasonal mean is
higher for GLOMAP simulations than our proxy ranging from
about 9% during winter to 77% in spring, thus indicating
a possible role of local emissions in affecting the spatial
variability of UFP.

Figure 7. Seasonal spatial bias of standardized particle number concentrations (cm�3) computed as the
difference between proxy values from equation (3) (shown in Figure 5) and GLOMAP simulations (shown
in Figure 6) during (a) winter, (b) spring, (c) summer, and (d) fall. Values xi have been standardized using
xi�x
σx
, where xi is the seasonal average particle number concentration in the grid cell i, and x and σx are the

seasonal spatial mean and standard deviation, respectively. For a specific grid cell, a value of the bias equal
to 0 indicates the two data sets exhibit the same departure from the mean. The 95% confidence interval is
approximately [�2

ffiffiffi

2
p

;þ2
ffiffiffi

2
p

] (the distribution of the difference is ≈N(0, 2)) and includes almost all the
spatial bias values calculated across the entire eastern North America.
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[36] Although our predicted values based on the satellite
observations show a systematic positive bias when compared
to GLOMAP results, a more complex spatial and seasonal
pattern is observed for the bias computed using values stan-
dardized to a distribution with mean 0 and variance 1 (this
allows for a proper comparison of data sets with different
means) (Figure 7). Our proxy estimates higher concentra-
tions over Iowa, Illinois, Indiana, and Ohio than GLOMAP
during all seasons. During the summer, use of the proxy
results in an almost homogeneous overprediction over the
entire domain relative to GLOMAP (Figure 7c), whereas
the spatial pattern in winter is dominated by a negative bias.
However, it is worthy of note that these biases are within the
95% confidence interval [�2

ffiffiffi

2
p

;þ2
ffiffiffi

2
p

] over almost the
entire domain, thus implying that the actual spatial variability
as described by our proxy and GLOMAP is similar and that
the systematic bias may be due to other factors, such as dif-
ferences in background concentrations, vertical emission
profiles, and the nucleation mechanism.

5. Concluding Remarks

[37] In this work we explore the possibility of using data
from satellite-borne radiometers to estimate UFP number
concentrations. We applied a multivariate linear regression
approach to develop our proxy for total number concentra-
tion of particles with diameters below 100 nm using as pre-
dictors a range of satellite-observed properties (ultraviolet
solar radiation, sulfur dioxide and ammonia concentrations,
aerosol optical depth, and Ångström exponent) that were
selected to represent the major physical and chemical con-
trols on new particle formation. The functional dependencies
expressed in the resulting statistical model are both physi-
cally interpretable and capable of representing aspects of
both the temporal and spatial variabilities of UFP concentra-
tions over eastern North America.
[38] Major findings from this work include the following:
[39] 1. UFP number concentrations can be predicted at

remote locations using data from satellite-borne instrumenta-
tion. The accuracy of prediction is maximized for remote
locations since they are less affected by local sources which
cannot be captured by the relatively coarse resolution of
satellite retrievals.
[40] 2. Consistent with prior research [Crippa and Pryor,

2013], there is evidence that UFP concentrations, and by as-
sociation NPF events, are relatively coherent across large
spatial scales over eastern North America.
[41] 3. NPF intensity peaks during spring and summer

months when the photochemical production of nucleation
precursors is maximized. These findings are consistent with
long-term ground-based observations [Pryor et al., 2010].
[42] 4. Satellite-derived estimates of UFP concentrations

exhibit a high degree of coherence with GLOMAP simula-
tions in terms of seasonality and spatial patterns. The system-
atic positive bias in our proxy estimates might be related to
differences in the nucleation mechanism applied, in back-
ground concentrations associated with primary emissions,
and errors in the condensation and coagulation sinks. Part
of the bias may be also dictated by differences in sampling
periods (only cloud-free for the satellite-derived estimates).
[43] This work thus represents an advance in the use of

satellite retrievals to investigate aerosol processes in the

atmosphere and potentially distinguish between background
emissions and in situ production of freshly nucleated parti-
cles. We envisage that this technique may be a useful tool
for developing global near-real-time aerosol particle number
concentrations, which may thus provide unique insights
when planning for strategies to reduce human exposure to
high concentrations of atmospheric particles and manage cli-
mate forcing. Satellite-derived estimates of UFP concentra-
tions and our ability to investigate aerosol dynamics will
benefit from improvements in the spatial and temporal cover-
age of observations from space. A more complete diagnostic
evaluation of the temporal variability of the proxy and thus of
mechanisms responsible for NPF and UFP in different sea-
sons would benefit from development of a transcontinent net-
work for UFP measurements (such as has been undertaken
over Europe [Asmi et al., 2011]), and deeper understanding
about the relative contribution of NPF and primary emissions
to the observed particle number concentrations would also
benefit from development of size-resolved particle number
emission inventory for North America similar to one gener-
ated for Europe [Paasonen et al., 2013].
[44] Although this study shows the possibility of integrating

observations to accurate satellite retrievals for investigating
aerosol issues and the generalizability of our approach, some
limitations remain. There is relatively large uncertainty in the
absolute magnitude of predicted UFP concentrations at least
partially due to the uncertainty associated with the retrieval
of the nucleation precursors when they are present at low con-
centrations (e.g., SO2) and the relatively sparse availability of
NH3 observations from space. Thus, future work will be di-
rected to (i) assessing the sensitivity on the spatial and vertical
resolution and number of size sections adopted in GLOMAP
for simulating aerosol dynamics, (ii) investigating the vertical
distribution of nucleation precursors (e.g., [SO2] and [NH3])
by comparison with observations and satellite data to better
identify the atmospheric layer in which NPF is likely occur-
ring, and (iii) a detailed investigation of the possible role of or-
ganics in dictating NPF and subsequent growth using, for
example, satellite-retrieved formaldehyde columns as a proxy
for isoprene emissions [Palmer et al., 2006].
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