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Abstract. Data from the Interagency Monitoring of Pro- 1 Introduction
tected Visual Environments (IMPROVE) network of aerosol

samEIIers e}nd NOAA monito(rjing s:te§ aref_ examin_eld fcl)rObservations of the weekly cycle are a powerful tool for dis-
weekly Icyc %s. At rem?teI and rura sétes, ine pa”_'CIe ®!" tinguishing anthropogenic from natural causes. Only anthro-
emental carbon, crustal elements, and coarse particle masgg, ,qnic activities are likely to influence concentrations, tem-
had pronounced (up to 20%) vyeekly cygles with minima on eratures, or other atmospheric variables on a seven-day cy-
Sunday or Monda_ly. Fine particle organic carbon and masge Weekly trends have been found for diurnal temperature
h"’,‘d. smaller amplitude cycleg, glso W'Fh SP”day or I\/lond""yrange over the United States (Forster and Solomon, 2003)
minima. Therg was nho statlsthally significant weekly cy- and China (Gong et al., 2006) as well as cloudiness and pre-
cle in fine particle sulfate_ d_esplte a 5 to 15% weekly cy- cipitation in Germany (Bumer and Vogel, 2007). White
cle in power plant Spemissions. Although results for ni- o 51 (1990, 1991) studied transport of urban pollutants us-

trate may be more susceptible to sampling_ artifacts, n.itratqng weekly cycles. Blanchard and Tanenbaum (2003) found
also showed a pronounced weekly cycle with an ampl'tUdesignificantly less N@ on weekends in Southern California.

similar to elemental carbon. The only species found with aBeirle et al. (2003) found weekly cycles in column bifbea-

weekend maximum was Pb, probably from general aviationg, e from satellite, with different amplitudes and phases on
on weekends. Aerosol optical properties at NOAA monitor-

) ) : ) _ various continents that could be related to various societies.
ing sites were consistent with the IMPROVE chemical data,A number of studies have examined weekly cycles of ozone
with significant weekly cycles in aerosol light absorption but

, X concentrations and photochemistry (e.g. Elkus and Wilson,
not light scattering. These results support a large role of1977. Marr and Harley, 2002; Murphy et al., 2007)
diesel emissions in elemental carbon aerosol over the entire ' ’ ' A '

United States and suggest that a large fraction of the airborne S€veral studies have specifically studied weekly cycles of

soil dust is anthropogenic. They also suggest that studies dte70S0l- Almeida et al. (2006) found that chemical elements
weekly cycles in temperature, cloudiness, precipitation, Orsgch as Ca, Si, and Fe associated with soil were significantly

other meteorological variables should look for causes mord!igher on weekdays at a site in a suburb of Lisbon. Motallebi
in light-absorbing particles and possible ice nucleation by®t - (2003) found weekly cycles at selected urban sites in
dust rather than sulfate or total aerosol. There are also imCalifornia. Lough etal. (2006) and Harley etal. (2005) found

plications for personal exposure and epidemiological studieSignificant weekly trends in aerosol components in the Los
of aerosol health effects. Angeles area. In particular, both found much lower ratios

of elemental carbon to organic carbon on weekends. Jin et
al. (2005) used satellite data to discern a midweek maximum
in aerosol optical thickness near New York CityalBner et

al. (2008) examined aerosol optical thickness over Europe.

Correspondence td. Murphy Delene and Ogren (2002) found slightly higher single scatter-
BY

(daniel.m.murphy@noaa.gov) ing albedos on Sundays and Mondays at Bondville, Illinois
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eas where the Clean Air Act provides special protections for
visibility. The network now includes about 170 rural or re-
mote sites in the United States.

Data, standard operating procedures and site descriptions
are all available in detail ahttp://vista.cira.colostate.edu/

improve/ Every third day (all sites sample on the same days),
a set of three PMs samples and one P sample is col-
lected by four independent filter sampling trains. The;gM

~ 118 filter is analyzed only for mass. The BM modules sample
behind AIHL cyclones (John and Reischl, 1980) at nominal
flow rates of 22.81 minl. One module collects P)& on a

37 mm Nylon filter behind an annular denuder coated with
NaCOs and glycerol. This filter is analyzed by ion chro-
matography for the anions chloride, nitrate, and sulfate. A
Fig. 1. Clusters generated from the IMPROVE site locations. Eachsecond module collects undenuded P\n a 25 mm Teflon
cluster is shown by a circle with lines to the positions of the indi- filter for weighing and energy-dispersive x-ray fluorescence
vidual sites in that cluster. Next to each cluster is the number of e"analysis (XRF). The third module collects undenudec,EM

emental carbon samples for the analysis in this paper; other species, 4 25 mm quartz-fiber filter for thermal fractionation of or-
have similar numbers of samples. Also shown as squares are th

Bondville and Southern Great Plains NOAA monitoring sites dis- Samc and elemental carbon with an optical correction for py-

cussed in this paper. rolysis. |
The methods used for elemental and carbon analysis have

undergone some minor changes since August 2000. Before

and Southern Great Plains, Oklahoma than on other days dPecember 2001, the elements lighter than iron were deter-
the week. mined by proton-induced x-ray emission, and since January

With the exception of Delene and Ogren (2002), studies or2005 the XRF analysis for elements lighter than nickel has

weekly aerosol properties have concentrated on urban site2€€n done under vacuum. Carbon analyses since January

In this paper we use data from the IMPROVE network and 2005 have been conducted with new instrumentation accord-
NOAA aerosol monitoring sites to examine weekly cycles in "9 t0 & more precise protocol (Chow et al., 2007). These
aerosol across the United States. An important feature of th@N€-time method transitions should have no effect on multi-
IMPROVE aerosol data set is the chemical analysis, allow-Y&ar weekly cycles.

ing much better weekly analysis than a simple mass measure- 1€re is a weekly pattern of sampler operations: the lo-
cal operator checks the system’s operation each Tuesday,

Hawaii

= 1283

ment and replaces the cartridge of exposed filter cassettes in each
module with one of unexposed filter cassettes. This sched-

2 Data ule imposes extra handling for Tuesday samples, which are
briefly interrupted while the operator transfers the active fil-

2.1 IMPROVE network ter cassette from the old cartridge to the new one. It also im-

poses sample-day-dependent delays between exposure and

IMPROVE data in this paper are from 1 September 2000unloading, when losses might potentially occur within the
through 31 August 2006. This is an integral number of weekssampler. (Any potential for contamination would presum-
and years, which helps keep annual cycles from being aliasedbly exist both before and after exposure, and so be inde-
into weekly cycles. We use data after summer 2000 becauspendent of sample day.) Such hypothetical effects have not
the network shifted then from a Wednesday—Saturday sambeen detected in previous testing. With the exception of win-
pling schedule to a once every third day schedule that rotateter nitrate, they would not explain the calendar-week cycles
through the days of the week, an important feature for thispresented here, whose extremes usually occur away from the
work. There were also few sites in the eastern United StateJuesday sampler maintenance.
before 2000. Except as noted for coarse mass, all data in the The sites in the IMPROVE database were combined into
paper are for fine mode aerosol smaller thar.2rb 25 groups using hierarchical cluster analysis (Fig. 1). Fif-

The IMPROVE monitoring program is described by Malm teen urban sites were eliminated (ATLAL, BALT1, CHIC1,
et al. (2004). Routine monitoring began in 1988 with the DETR1, FRES1, HOUS1, NEYO1, OLTOl1, OMAHIL,
objectives of establishing current background haze levelsPHOEL, PITT1, PUSO1, RUBI1, SAGU1, and WASH1), as
identifying the chemical composition and emissions sourcesvere some sites that were closed before 2000. Then great
of regional aerosols, and documenting long-term trends ircircle distances were calculated between all site pairs and
aerosol concentrations. Most of the samplers are in locationghe closest pair of sites or clusters combined with each other.
representative of the 156 National Parks and Wilderness ArThe process was repeated until the closest clusters were more
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than 390 km apart. This threshold was chosen to keep sepdhe sites in individual clusters are usually about half as large
rate clusters in California. Single sites that had not ended ums the standard deviation of the clusters from the continental
in a cluster were paired together (in Louisiana and the Caraverage.

olinas) or combined with the nearest cluster (Everglades and Judging the statistical significance of the weekly cycles is
Big Bend). Of sites outside of the continental United States difficult. The most important problem is the number of in-
only Hawaii was kept because there were fewer samples imlependent measurements. The standard errors in subsequent
Alaska or the Virgin Islands. figures are calculated as usual by dividing the standard de-

Use of clusters is essential to this work. Weekly cycles atviation of individual measurements by the square root of the
single sites are often not statistically significant when sam-number of measurements. The samples are not completely
ples are taken every third day. Several sampling sites must bmdependent of each other, however, as this calculation im-
averaged to distinguish weekly cycles from random variabil- plicitly assumes. Concentration variations are driven largely
ity. Yet one cannot average the entire United States withouby meteorological variables, which are correlated in both
first looking at regional patterns. It does not make sense tdime and space. The IMPROVE protocol of samples every
average together mineral dust concentrations from Arizonahird day should reduce but not completely eliminate the au-
and Maine or sulfate concentrations in California and Ohio.tocorrelation between successive samples (Anderson et al.,
The exact technique used to generate the clusters is less in2003). Similarly, multiple sites within a cluster will often lie
portant than having some sort of regional averaging. in the same synoptic airmass.

To start with a consistent set of data, all samples were re- Dilution can cause statistical significance to be underesti-
quired to have valid values for mass, elemental carbon, andnated. Consider the simple case of two sites downwind of
sulfate. About 0.1% of the data were eliminated as higha consistent weekly source with rapid transport. Both would
outliers. These are probably valid data influenced by localshow the same weekly cycles, but the site further downwind
events such as fires or nearby dust generation. For exanwould have lower absolute values. If the sites with different
ple, fine mode mass was required to be less thangor. absolute concentrations are averaged together, the standard
The results are not sensitive to these cutoffs but they do helpleviations for each day would be large even though the sites
keep a single sample from skewing one day of the week forwere sampling the same source.
an entire cluster. This left 92744 samples in the IMPROVE To assess the statistical significance, we compared the am-
data during the time period after eliminating the urban sites plitude of the observed weekly cycle with the amplitude of
The actual number of samples for a given species may b¢he weekly cycle for synthetic time series generated from
slightly smaller, since not all analyses were performed onrandomized versions of the same data. To preserve short-
every sample. Data below detection limit were retained asgerm correlations, data within each month were kept as a
zeros but species with many values below detection limit areblock and each month was shifted by a random number of
not discussed in the paper. Notably, our mineral dust analydays of the week. The resulting statistics for 500 random-
sis does not consider aluminum because of a poor detectioized samples of the data are shown in Table 1. The weekly
limit compared to silicon and iron. cycle inferred from random data varies by species because

Most of the subsequent results are presented in terms of thef different variance and skew in the concentrations of each
average weekly cycle in a cluster. For each day of the weekspecies.
this is calculated as the average of all observations on that Since we are considering the absolute value of the weekly
day of the week during the September 2000 to August 200&ycle in the randomized data, the distributions are not cen-
period, at all sites in the cluster. For visual presentation, andered on zero. This is why the 90th and 99th percentiles
for network averages, each cluster’s cycle is normalized tamay appear closer than expected. Also, these percentiles
that cluster’s overall September 2000 to August 2006 mean.of the absolute values of weekly cycles represent the ampli-

There is an option whether or not to normalize data fromtude required for confidence that a cycle of any phase is real.
individual sites before calculating the weekly cycles for eachThey are not the same as the 90 percent confidence limits on
cluster. Normalizing prevents a few sites with high absolutethe amplitude of the derived cycles (these are not computed
concentrations from dominating the averages, but has the didiere). The reason the two quantities are different is that ran-
advantage of amplifying noise from sites with low concen- dom noise will always generate a positive weekly cycle of
trations that may be near detection limits. Normalizing cansome phase whereas it can generate either a positive or neg-
also overemphasize sites with incomplete records. We havative error in a cycle whose phase is already determined.
chosen to directly average all data within a cluster. We have We also checked for cycles of 5, 8, and 10 days using
done the calculations both ways and the calculated weeklfhe same software as the 7-day cycle (6 and 9 day cycles do
cycles are not sensitive to whether or not the sites are normalot work well with samples taken every third day). For the
ized before averaging. In part, this is because the exclusiospecies with cycles that are statistically significant compared
of urban sites leaves sites within each individual cluster thato the randomized data, the 7-day cycle was much larger than
usually have similar absolute concentrations. For a particuthe other periods. For example, by one measure (maximum
lar species, the standard deviations of the concentrations dfvo consecutive days minus minimum two consecutive days)
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Table 1. Statistics of weekly cycles for selected species averaged over the continental United States.

Species Overall continental Weekly range  Weekly two-day = Randomized data weekly two-day range
US average (%) rangg%o) (%)
(ng m*3) 90th percentile 99th percentile
Silicon 0.149 22.4 15.3 9.1 11.4
Iron 0.040 26.5 18.1 10.2 14.2
Calcium 0.046 24.3 17.4 9.6 12.8
Coarse mass 4.91 23.1 18.4 9.8 12.8
Elemental carbon 0.230 14.2 114 6.3 8.1
Organic carbon 1.159 7.9 5.6 4.9 6.2
Fine mass — EC 5.90 7.9 6.2 5.1 6.4
Fine mass — (EC+soil) 5.17 5.5 4.8 5.4 7.2
Sulfate 1.835 45 2.3 5.4 7.2
Nitrate 0.592 13.4 11.0 8.0 9.7
Pb 0.0012 9.1 6.7 5.0 6.6
Pb/(Pb + Zn) 0.26 (ratio) 8.4 7.0 3.6 5.2
Zn 0.0041 8.3 6.6 4.3 5.3
\Y, 0.0008 45 3.2 6.6 8.0
Se 0.0005 33 1.8 4.4 5.9

* maximum two consecutive days — minimum two consecutive days.
Bold: exceeds 99th percentile of randomized data; italics: less than 90th percentile.

the weekly cycle for silicon was 15.3%. The 5, 8, and 10 dayrections have an accurate dependence on filter transmission
cycles were 2.6%, 2.7%, and 5.6% respectively. For sulfateexcept for highly absorbing aerosols (albedo less than about
which was not statistically significant, the weekly cycle was 0.7) that are not likely to be important for these sites.

2.3% and the 8-day cycle was 2.5%. Finally, all of the weekly

patterns shown here are robust with respect to changing th2.3 Emissions inventories

time period to various subsets of 2000 to 2006.
Weekly cycles in S@Qand NQ, emissions from power plants

2.2 NOAA aerosol optical properties were computed for comparison with observed weekly cycles
in aerosols. US power plant emission data were obtained
The National Oceanic and Atmospheric Administration from the Environmental Protection Agency’s Clean Air Mar-
(NOAA) continuously measures aerosol optical properties afets Division, http://camddataandmaps.epa.gov/gdm/index.
a number of baseline and regional monitoring stations (De-cfm2fuseaction=emissions.wizard1999 and 2005 hourly
lene and Ogren, 2002). Bondville, lllinois, and Southern gmjssions recorded by continuous emission monitors at each
Great Plains, Oklahoma, are relevant to this work. Their |0'power plant were aggregated over large geographic regions
cations are shown on Fig. 1. Daily averaged data were usefontaining 50 to 300 individual plants. The hourly emissions
to construct the weekly cycles. for each region were averaged for each day of week over the
Aerosol light absorption was measured at 565nm usingentire year, and the day-of-week averages were normalized
Particle Soot/Absorption Photometers (PSAP, Radiance Regsing the average emissions in each region. Weekly cycles in

search). The data were corrected for scattering using Bondggg were very similar to the 2005 data shown in Fig. 6.
et al. (1999). Aerosol light scattering was measured us-

ing TSI 3563 nephelometers. Only the 550 nm data are
shown here. The sample stream was heated, if necessary, Results
to maintain the relative humidity at about 50%. Further
descriptions are available attp://www.esrl.noaa.gov/gmd/ 3.1 Crustal elements
aero/instrumentation/instrum.html

The PSAP filters were changed less frequently on week-The largest percentage weekly cycles in aerosol concentra-
ends at the Southern Great Plains sit and therefore had loweions were observed for the crustal elements Si, Ca, Ti, and
average total filter transmission on Sundays and Mondays (Fe (Fig. 2). All had weekly cycles with 20% or greater range.
Ogren, personal communication, 2007). The Bondville siteMinima were on Sunday for most locations and maxima were
was less affected. More recent work on PSAP correctionaisually on Thursday. Aluminum also had similar patterns
by Virkkula et al. (2005) suggests that the Bond et al. cor-but more values below the detection limit. The weekly cy-

Atmos. Chem. Phys., 8, 2728439 2008 www.atmos-chem-phys.net/8/2729/2008/
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Fig. 2. Weekly cycles of crustal elements in the fine mode (below Ré;% "*F'%M Hl j:);ugm
2.5pum). The top panel shows weekly cycles for silicon at each clus-

ter of IMPROVE sites. For each cluster of sites, Saturday through
Friday averages are shown in red or orange as departures from the .
weekly mean, with standard errors. Red curves indicate statistical 9+ 3- Weekly cycles for fine mode elemental carbon and the bal-
significance is more likely than for orange. Weekly cycles in me- &1C€ Of fine mass. As in Fig. 2, red lines are average percentage

dians are shown in blue. Rectangles are proportional in size to thdaily departures from the mean for that cluster and blue lines are
annual mean for each cluster. The lower left panel shows the nordepartures of the medians. Rectangles are proportional to the an-
malized weekly cycles for silicon for each cluster in the continental U@l mean for each cluster of sites.

United States. The heavy line is the average over all clusters. The

lower right panel shows the average weekly cycle for the continental

United States for various crustal elements and coarse mass, definec(g’ncentratlons contribute as much to the continental average

as the difference between fine and total (R)/mass. as regions with high concentrations. As a guide to the eye,
normalized weekly cycles for individual clusters are plotted

in orange or red if the maximum of two consecutive days is
v\;ess or more than four standard errors from the minimum of

cles were consistent throughout the country except for a fe .
dwo consecutive days.

locations where the absolute values were small. One of th
largest weekly cycles was observed for the cluster in Arizona3_2 Elemental carbon, organic carbon, and aerosol mass
that had the largest annual averages for these elements of any ’ '
cluster in the continental United States. That cluster had |0V\‘Weekly cycles for elemental carbon, organic carbon, and
values on both Saturday and Sunday, perhaps because tQ@yeral measures of aerosol mass are shown in Figs. 3 and
soil particles were generated locally so the atmospheric conz . Elemental carbon is subtracted from fine mode mass be-
centrations could respond more quickly to low emissions oncayse for climate forcing calculations it is sensible to sepa-
the weekend. A curious feature for many locations is thatate absorbing and non-absorbing aerosols. This also facil-
the weekly maximum was on Thursday rather than Friday,itates comparison with the optical measurements discussed
as might be expected if weekday emissions built up in thejater, The weekly cycles for fine mass are not statistically
atmosphere throughout the week. It is not clear to what exjgnificant for individual clusters. Although Fig. 3 shows one
tent this is a statistical fluctuation or a consequence of |0W9'high|y significant cluster, testing with the randomized series
emissions on Friday caused by four-day work weeks. shows that by chance one out of 25 clusters can exceed the
On Fig. 2 and subsequent figures, the average for the contifour standard error threshold for the color code on Fig. 3.
nental United States was generated from the normalized aveHowever, the continental US average weekly cycle for fine
ages of the clusters. This means that individual sites in areagass is statistically significant (Table 1) at about the 95%
with a dense network of sites contribute less to the averaggevel.
than sites where the network is sparse. Averaging the nor-
malized weekly cycles means that regions with low absolute

www.atmos-chem-phys.net/8/2729/2008/ Atmos. Chem. Phys., 8, 27392008
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Fig. 4. A comparison of the weekly cycles of elemental and organic carbon as well as various measures of the fine and coarse mode mass
Each line is the weekly cycle for one cluster of sites, colored by the annual mean. The heavy black lines are the averages for all clusters in
the continental United States.

Elemental carbon has a much larger weekly cycle than orrather than changes in a few extreme values. This is the case
ganic carbon or the fine mode mass. Figure 4d comparefor other clusters as well. The histograms also show the form
some of the weekly cycles. In view of the large weekly cy- of the distributions: on a log scale such as Fig. 5 the distri-
cle for crustal elements, a curve is shown for fine mass afbutions are skewed left. On a linear scale they are skewed
ter removing the contribution from soil calculated using an to the right, so the distributions are between log-normal and
equation modified slightly from Malm and Hand (2007): normal.

Soil=(2.42+1.5)-Fe+1.63Cat2.2.Al+2.49Si+1.94Ti (1) The IMPROVE network uses a thermo-optical method
to separate organic and elemental carbon. For all thermo-

The factors account for oxides, and in the case of Feoptical methods, there are questions about the absolute accu-
crustal elements such as K that cannot easily be separatadcy of how organic carbon that chars during heating is sep-
from other sources. The additional factor of*FEB is a very  arated from elemental carbon (Novakov et al., 2005; Chow
rough estimate of a contribution from total carbon in the soil et al., 2007). Despite these questions, weekly cycles depend
estimated from examining some strong dust events. We infemore on consistency of the carbon analysis than the absolute
from this curve that the weekly cycle for fine mass is only cut point between elemental and organic carbon. In addi-
partially due to the strong cycle in soil dust. It is also due totion, the different weekly cycles for elemental and organic
organic carbon and nitrate. carbon show that the operational definition of elemental and

Figure 5 shows histograms of elemental carbon concenerganic carbon in the IMPROVE protocol does represent a
trations for one cluster. The lower averages on Sunday andseful separation for species with differing sources and be-
Monday were caused by a shift of the entire distribution havior in the atmosphere.

Atmos. Chem. Phys., 8, 2728#39 2008 www.atmos-chem-phys.net/8/2729/2008/
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despite a weekly cycle in SOemissions (Fig. 6). This =z i — r
is probably caused both by the emissions and the chem- ] = S‘;f;:zft C
istry of S&. Emissions of S@ from power plants de- 0.8 —o— East coast metropolises [
cline by 5 to 15% on weekends compared to weekdays, a i : : : : : : : |
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in diesel emissions on weekends in California (Chinkin et

al., 2003; Motallebi et al., 2003). Electric power genera- fig. 6. Weekly cycles of sulfate in the IMPROVE network and
tion accounted for about 70% of US $@missions during  emissions of S from power plants. Symbols and lines are the
the period 2000—2006 (National Emissions Inventory (NEI) same as Fig. 2.
Air Pollutant Emissions Trends Datattp://www.epa.gov/
ttn/chiefitrends/index.htfil Unlike crustal material or ele- There are two main types of aerosol nitrate: ammonium
mental carbon, the SGemissions must be chemically trans- nitrate and nitrate chemically bound to crustal cations such
formed to produce sulfate. This will delay and spread outas calcium (Murphy et al., 2006). With few exceptions, am-
any weekly pattern. Also, oxidation of $@o sulfate takes monium nitrate is only stable when the sulfate has been com-
place by both gas phase reactions and liquid phase chemistmletely neutralized. Otherwise it dissociates to gas phase am-
in clouds. These pathways proceed at different rates, furthemonia and nitric acid (Bassett and Seinfeld, 1984). Because
spreading out any weekly pattern. The variable presence obf the widespread oxidation of $SQo sulfuric acid, ammo-
clouds may add to the daily scatter in sulfate and make cyclesium nitrate is more often limited by ammonium than the
harder to discern. availability of gas phase nitric acid. The absolute amounts
We compared the weekly cycles for winter and summerof nitrate vary greatly, with much larger concentrations in
sulfate concentrations. Sulfate concentrations are generallgouthern California and the Midwest than the mountain west.
higher in summer than in winter, when photochemistry is California and the Midwest are locations with substantial
slower and liquid phase clouds are less common in the northsources of ammonia and, especially for California, small
ern United States. Distinguishing seasons did not reveal angmissions of S@ The reaction of nitric acid with calcium in
statistically significant cycles. mineral dust is much less sensitive to sulfate.
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Fig. 7. Weekly cycles of nitrate in the IMPROVE network. The

lower right panel shows the average for the continental US separateliig- 8. Weekly cycles for Pb and the ratio of Pb to Pb+Zn. As for
by season. Symbols and lines are the same as Fig. 2. other figures, the red lines are the departures of the daily averages

from each cluster mean, blue departures for medians, and the boxes
are proportional to the annual mean for each cluster.

In contrast to sulfate, nitrate shows a weekly cycle (Fig. 7).

SOTe.Of the c31c|e| n nltratebls dnven_ by_the s%tr(r)]ng vt\)/ee:dy than in summer. That could shift the phase of the weekly cy-
cycle in crusta eemen_ts, u_t examlnatlpn. of the apso U e. Second, there could be an unrecognized artifact associ-
values shows that calcium nitrate and similar species can

S ated with the extra handling Tuesday samples receive from
not account for all of the observed cycle in nitrate. The

KIv i o is Sundav th h Tuesdav. | the site operator. Low temperatures and low sulfate con-
weekly nitrate minimum is Sunday through Tuesday, later o aions favor the stability of ammonium nitrate particles,

fthan_ other SPecies. The presence of a_wee!dy_ cy_cle In NIrate, hitrate concentrations in most of the country peak during
is a little surprising because of the possible limitations by am-y o \winter. The Nylon filters used for IMPROVE's nitrate

monia. For example, emissions of ammonia from farm ani- ¢ rement retain any nitric acid gas released after collec-
tion by thermal dissociation of ammonium nitrate. Warming

mals should be fairly constant. N@missions from power
plants have a similar cycle to that shown for sulfate in Fig. 6. winter-Tuesday samples during the brief handling period,

NOx emissions_from vehicle_zs have a si_gnifica_mt component, e any volatilized nitric acid would not be drawn back
from heavy vehicles, so vehicular emissions will have a muchy, ; e filter, must for the moment be considered as a possi-

stronger weekly cycle than NGrom power plants (Chinkin ble explanation for the nitrate minimum on winter Tuesdays
et al., 2003). The fraction of US NQemitted by elec- P ys.

tric power generation decreased from 24% in 2000 to 20%3 4 | ead and other metals
in 2006. During the same period, on-road mobile sources
produced about 37% while the contribution of off-highway ead is the only species studied with a weekend maximum
vehicles has increased from 18% to 22% (National Emis-(Fig. 8). The largest single source of airborne Pb, account-
sions Inventory (NEI) Air Pollutant Emissions Trends Data, ing for about 25% of US emissions, is leaded gasoline in
http://www.epa.gov/ttn/chief/trends/index.h)ml A weekly small piston aircraft (Murphy et al., 2007). Many of these
cycle for nitrate with a Sunday—Monday minimum has also small planes are recreational and emissions probably peak on
been found in some urban areas (Millstein et al., 2007).  weekends. The next largest sources of airborne Pb are coal-
Although the data are noisy when separated by seasorfired power plants and heavy steel industry. Those emissions
there does appear to be a shift in the timing from a Mon-probably go down slightly on weekends as shown earlier for
day minimum in summer to a Tuesday minimum in winter SG;.
(Fig. 7). There are two possible explanations for this shift. Zinc and Pb are highly correlated in atmospheric sam-
First, conversion of NQto HNO;s, followed by rapid equi-  ples, probably because of similar electric utility and indus-
libration with aerosol nitrate, will be much slower in winter trial sources and similar condensation in combustion exhaust
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(Murphy et al., 2007). Their ratio is less variable than their 6
absolute concentrations with a very consistent Sunday max—‘_f-~5x1 0" — [
imum (Fig. 8). Most locations in the United States have '
Pb/(Pb+zn) in a narrow range between 0.3 and 0.33. The
ratio Pb/(Pb+2Zn) is computed instead of Pb/Zn because the
latter diverges when Zn concentrations are small.

By itself, Zn had a small weekly cycle with a Sunday min-
imum. Neither vanadium nor selenium had a statistically sig-
nificant weekly cycle. The data for copper are noisy.

17 —s— Bondville 1999-2002
—o— Southern Great Plains 1999-2005
|

3.5 Optical properties of aerosols

Changes in the optical properties of aerosols at two sites
in the central United States are consistent with the weekly 6
cycles from the IMPROVE network. These NOAA sites 60x10 " — —

Aerosol light absorption (m
N w
| |
[ [

use completely different instrumentation than the IMPROVE — _

sites and operate continuously rather than sampling for 24 h ‘TE 50 %—% } - 7I/§\§ B
every third day. At both NOAA sites, there was a weekly — 40 - |
minimum in aerosol light absorption on Monday (Fig. 9). Al- _g’ Q_WQ\H
though the national minimum for IMPROVE elemental car- E 30 — |
bon was on Sunday, the clusters of sites close to Bondville &

and Southern Great Plains had minima on Monday (Fig. 3). ? 20 — -
With samples every third day, there were not enough datato £

do the direct comparison of just the Bondville IMPROVE site % 10 — —
with the NOAA Bondville data. There were no statistically

significant weekly cycles in light scattering at either NOAA 0-— i i i i i i —
site. This is consistent with the lack of a statistically signif- .
icant weekly cycle in sulfate and the small cycle in organic Sat Sun Mon Tue Wed Thu Fri
carbon.

Fig. 9. Aerosol light absorption and scattering from the NOAA
monitoring sites at Bondville, Illinois, and Southern Great Plains,

L Oklahoma.
4 Implications

The weekly cycles shown here are unlikely to be from lo- the week but around midday on weekends. The dominant ef-

cal sources at the sampling sites for two reasons. First, théect for elemental carbon emissions is the decrease of diesel
data show regional rather than local patterns. Second, witlgmissions on weekends. Elemental carbon concentrations on
the urban sites excluded many of the remaining IMPROVEall days should decrease as new controls on heavy truck emis-
sites are at national parks and monuments. One would exsions penetrate the fleet.
pect weekend maxima rather than minima if local traffic were  The weekly cycle in crustal elements implies a large an-
generating the weekly cycles. thropogenic source in the United States besides wind-blown
Large-scale weekly cycles in aerosol have implications fordust. The crustal elements have an even larger weekly cycle
emissions, health effects, and climate studies. The weeklyhan elemental carbon, which is affected by the 70% decrease
cycles in emissions must be much stronger than the up tin heavy truck emissions on weekends. That means that the
20% cycles observed in aerosol species. At any site anénthropogenic source for crustal elements must be both large
time, some sources will be very close, some one day upwindand have decrease very significantly on weekends. The larger
and others further upwind. Multiple sources and variations inweekly cycle for crustal elements and PM10 compared to
winds will both tend to smear out the weekly cycle in emis- PM, 5 is consistent with the analysis by Bell et al. (2008).
sions. Light vehicle traffic on dirt or dusty roads probably does
Weekly cycles of traffic emissions have been studied innot have a sufficiently large weekly cycle. We do not know
California. There, passenger vehicle travel is similar onwhat fractions of plowing and other agricultural operations
weekdays and weekends but heavy truck emissions decreasgee conducted on weekends, and these may vary with region
by 70 to 80% on weekends (Marr et al., 2002; Chinkin et al.,and season. Construction and heavy truck traffic (Venkatram
2003; Motallebi et al., 2003; Harley et al., 2005). For passen-et al., 1999; Muleski et al., 2005) are possible sources of dust
ger vehicles, there are diurnal differences between weekdawith large weekly cycles. For Pb, the IMPROVE data sup-
and weekend. The peak emissions are at rush hours duringort a significant source from leaded aviation fuel.
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Weekly cycles may have implications for epidemiologi- Anderson, T. L., Charlson, R. J., Winker, D. M., Ogren, J. A., and
cal studies of the health effects of aerosols. First, personal Holmén, K.: Mesoscale variations of tropospheric aerosols, J.
exposure to certain species will be affected if people spend Atmos. Sci., 60, 119-136, 2003.
more time outdoors on Sundays when mineral dust and eleBassett, M. E., anq Seinfeld, J. H., Atmos.pheri.c equilibrigm model
mental carbon concentrations are lower. Second, there might of sylfate and nitrate aerosols, |l. Particle size analysis, Atmos.
be some effects on the statistics in time series studies. Sucl Environ., 18, 1163-1170, 1984.

. . . - . Baumer, D. and Vogel, B.: An unexpected pattern of distinct weekly
studies often include day-of-week in the statistical analysis periodicities in climatological variables in Germany, Geophys.

(Pope and Dockery, 2006). This should take out the biggest o | et 34, 103819, doi:10.1029/2006GL028559, 2007.

effects but it is hard to exclude subtle interactions in the timeg s mer, D., Rinke, R., and Vogel, B.: Weekly periodicities of

series. On the other hand, the consistency of weekly cycles aerosol optical thickness over Central Europe - evidence of an

throughout the United States means that studies comparing anthropogenic direct aerosol effect, Atmos. Chem. Phys., 8, 83—

different cities over the same time period should compen- 90, 2008.

sate very well for any weekly cycles. Third, health care canBeirle, S., Platt, U., Wenig, M., and Wagner, T.. Weekly cycle

be better on weekdays than weekends, resulting in different of NO2 by GOME measurements: a signature of anthropogenic

mortality rates for the same conditions (Bell and Redelmeier, Sources, Atmos. Chem. Phys., 3, 2225-2232, 2003,

2001). This could conceivably cause aerosol-health correla- NtP-/www.atmos-chem-phys.net/3/2225/2003/ _

tions to be underestimated if aerosol health effects maximiz& ¢ M-, and Redeimeier, D. A.. Mortality among patients ad-

on weekdays when treatment is better. Finally, it is possi- mitted to hospitals on weekends as compared with weekdays,

e ’ New England J. Med., 345, 663-668, 2001.

ble that the differing V\{eekly cycl.es of elemental cgrbon aane”_, T. L. Rosenfeld, D., Kim, K-M., Yoo, J.-M.. Lee, M.-I..

sulfate could be used in a statistical sense to examine the dif- 4nq Hahnenberger, M., Midweek increase in U.S. summer rain

ficult question of what aerosol components are most respon- and storm heights suggests air pollution invigorates rainstorms,

sible for the health effects. J. Geophys. Res., 113, D02209, doi: 10.1029/2007JD008623,
These results are important for studies of weekly and other 2008.

short-term climate effects of aerosols. The direct climateBlanchard, C. L., and Tanenbaum, S. J.: Differences between week-

effects of elemental carbon and non-absorbing fine parti- day and weekend air pollutant levels in Southern California, J.

. . . . Air Waste Manage., 53, 816—-828, 2003.
cle mass have opposite signs. It will not be possible to re- 1 ' L
PP 9 b Bond, T. C., Anderson, T. L., and Campbell, D.: Calibration and

late weekly cycles in temperature or precipitation to aerosols™ . . o

. L intercomparison of filter-based measurements of visible light ab-
W'thO_Ut ConS|der|_ng e_rlemental carbon separate_:ly from other sorption by aerosols, Aerosol Sci. Technol. 30, 582—600, 1999.
species. The differing weekly cycles of various aerosolcpinkin, L. R., Coe, D. L., Funk, T. H., Hafner, H. R., Roberts, P.
species could provide a powerful check on aerosol transport T, Ryan, P. A., and Lawson, D. R.: Weekday versus weekend
models. The species with the biggest weekly cycles, crustal activity patterns for ozone precursors in California’s South Coast
material and elemental carbon, are insoluble. The most com- Air Basin, J. Air Waste Manage., 53, 829-843, 2003.
mon soluble species is sulfate, which shows no significantChow, J. C., Watson, J. G., Chen, L.-W. A,, Chang, M. C. O., Robin-
weekly cycle. Therefore, weekly cycles in cloud condensa- son, N. F., Trimble, D., and Kohl, S.: The IMPROW&Etemper-
tion nuclei are likely to be small unless there are systematic ature protocol _for thermal/optical carbon anal_ysis: maintaining
changes in the size distribution. Finally, mineral dust parti- consistency with a long-term database, J. Air Waste Manage.,
cles can be potent ice nuclei so the strong weekly cycle in 57, 1014-1023, 2007.

. A Delene, D. J., and Ogren, J. A.: Variability of aerosol optical prop-
crustal elements could affect ice clouds and precipitation. . ! Lo
erties at four North American surface monitoring sites, J. Atmos.

Sci., 59, 1135-1150, 2002.
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