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Abstract

Nighttime measurements of aerosol surface area, O3, NO, and moisture were made downwind of Portland, Oregon, as
part of a study to characterize the chemistry in a nocturnal urban plume. Air parcels sampled within the urban plume
soon after sunset had positive correlations between O3, relative humidity, NO, and aerosol number density. However,
the air parcels sampled within the urban plume just before dawn had O3 mixing ratios that were highly anti-correlated
with aerosol number density, NO, and relative humidity. Back-trajectories from a mesoscale model show that both the
post-sunset and pre-dawn parcels came from a common maritime source to the northwest of Portland. The pre-dawn
parcels with strong anti-correlations passed directly over Portland in contrast to the other parcels that were found to pass
west of Portland. Several gas-phase mechanisms and a heterogeneous mechanism involving the loss of O3 to the aerosol
surface, are examined to explain the observed depletion in Oz within the pre-dawn parcels that had passed over

Portland. Published by Elsevier Science Ltd.
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1. Introduction

Homogeneous and heterogeneous chemical processes
in the lower troposphere at night have long been recog-
nized to have an uncertainty greater than their daytime
counterparts. These uncertainties stem from several con-
siderations. First, although heterogeneous processes of
reactive nitrogen compounds, NO, (which in the tropo-
sphere consists primarily of NO, NO,, NOj, N,Os,
HNOj;, peroxyacetyl nitrate (PAN), other organic
nitrates and aerosol nitrate), are thought to play a central
role in nighttime chemistry, detailed kinetic information
about these reactions is lacking. Second, model descrip-
tions of aerosols and reactive trace gases at night are
highly uncertain due to a paucity of observations. There
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are simply very few measurements of NO,, aerosols or
O3 aloft at night.

In contrast to the paucity of observations, there have
been a number of theoretical studies to investigate poten-
tial aerosol/oxidant interactions. Dentener and Crutzen
(1993), Zhang et al. (1994) and Jacob (2000) have postu-
lated that aerosols can affect atmospheric processes by
providing surface area on which trace gases can adsorb
and upon which further gas/solid reactions can proceed.
The addition of heterogeneous reactions of N,Os and
NOj; on sulfate aerosols decreased simulated O concen-
trations by 25% in a three-dimensional global tropos-
pheric model (Dentener and Crutzen, 1993). In related
work, Dentener et al. (1996) studied the role of acrosols as
reaction sites and carriers of condensed and sorbed spe-
cies. By employing a pseudo-first-order rate coefficient
and size-dependent mass transfer coefficients, they cal-
culated O3 losses due to uptake on mineral aerosols of up
to 10%. In a more recent modeling study, de Reus et al.
(2000) found a heterogeneous O3 loss rate on dust aero-
sols of ~ 4ppb day~ ! during the ACE-2 field campaign.
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This paper presents a set of nighttime air chemistry
observations made during aircraft sampling at the top of
the residual mixed layer within and adjacent to the urban
plume downwind of Portland, Oregon. We begin by
describing the flight patterns and instruments, and dis-
cuss the meteorological conditions that existed during
the flights. We then present measurements that help
distinguish background air from the urban plume and note
a strong anti-correlation between aerosol number density
and O; concentration, and between NO, and O; concen-
trations in air parcels that passed directly over the Portland
metropolitan area. This anti-correlation was not ob-
served in air parcels that passed to the west of Portland.
We conclude by considering several homogeneous (gas-
phase only) mechanisms and a heterogeneous mechanism
(gas—aerosol) as potential explanations for the observed
anti-correlation between the aerosol, NO, and O;.

2. Flight patterns, instrumentation and meteorology

Two flights by the US Department of Energy’s
(DOE’s) Grumman Gulfstream-I (G-1) aircraft, were
flown downwind of Portland, Oregon on the evening
of 1 September 1998 (‘Flight A’) and early morning of
2 September (‘Flight B’). Each flight consisted of two
‘butterfly’ patterns at constant altitudes of 900 and
1200m above mean sea level (msl), as illustrated in
Figs. 1 and 2. This pattern was selected to optimize the
likelihood of the aircraft encountering the urban
plume during forecast conditions of light winds. As will
be shown later, the selected altitudes are characteristic
of the top of the residual mixed layer over Portland.
Also shown in these figures are identifying letters, ‘A’, ‘B’,
‘C’ and ‘D’ to identify positions and times in subsequent
figures. The subscripts (e.g., ‘B.’ or ‘By’) refer to the
lower or upper altitude segments of the flights, respec-
tively. All flights were made over roughly the same
geographical area. Sunset occurred at about 02:40 UTC,
and Flights A and B began at approximately 05:00 UTC
and 10:00 UTC, respectively. UTC = Pacific Standard
Time (PST) + 8h (e.g., 05:00 UTC =9 PM PST). The
duration of each flight was about 1.5h.

The G-1 flew with its standard instrument package
(Spicer et al, 1994). This package includes a PMS
PCASP-100x optical light scattering system mounted
externally to the aircraft to measure aerosol number
density at 1-s intervals over 15 size channels. The mean
diameters associated with these channels are 0.12, 0.14,
0.17, 0.20, 0.25, 0.31, 0.40, 0.54, 0.76, 0.95, 1.20, 1.32, 1.75,
2.25, and 2.75 um. Mean diameters listed for the first 11
channels were corrected to reflect optically equivalent
ambient particle diameters relative to calibration with
polystyrene latex spheres using the method of Stolzen-
burg et al. (1998). Aerosol surface area was calculated
using the 10-s average PCASP aerosol number density
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Fig. 1. “Butterfly” flight pattern made during Flight B. Letters
are used to identify corresponding points shown in Fig. 2. The
outline showing the Greater Portland Area and Salem are based
on the National Oceanic and Atmospheric Administration aero-
nautical charts (1987).
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data and mean channel diameters. A TSI 3010 condensa-
tion particle counter (CPC) was used to measure total
aerosol number density for particles larger than 0.01 pm.
A three wavelength (450, 550, 700 nm) integrating nephel-
ometer (TSI model 3573) and a Radiance Research par-
ticle soot absorption photometer were used to measure
light scattering and light absorption coefficients, respec-
tively. Relative humidity was computed from measure-
ments of the dry air temperature (platinum resistance
thermometer-Rosemount 510BF probe) and dewpoint
temperature (chilled mirror hygrometer-General Eastern
1011B). O; was measured using a TECO 49 UV-absorp-
tion system and total NO, measured with a Teco Model
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Fig. 3. Potential temperature and wind soundings at 00:00 UTC
and 12:00 UTC on 1 September over Salem, OR. The aircraft
sampling was done at altitudes indicated by the thin horizontal
lines. Solid line shows 00 UTC sounding; dashed line shows 12
UTC sounding.

42S chemiluminescence system having a range, when
corrected for other nitrogen species, of 0.3-200 ppb
(Kelly et al., 1990).

During the flights of 1 September 1998 a surface ther-
mal low extended inland from Medford, in south-central
Oregon, to Portland, with an anticyclonic system building
from the southwest along the West Coast of North Amer-
ica. The National Weather Service radiosonde at Salem,
Oregon, reported northerly winds between 1 and 2ms™!
at the sampling altitude (Fig. 3). The 00:00 UTC sound-
ing suggests that the height of the mixed layer during the
previous afternoon reached over 1000m in this region.
We estimated the height of the daytime mixed layer using
the entrainment model of Stull (1988), with the friction
velocity, and 0, and the surface friction temperature
scale from planetary boundary layer similarity theory
(Businger et al., 1971; Bian et al., 1992). Assuming the
mixing layer levelness index (Stull, 1992) is unity, we then
estimated the height of the residual mixing layer to be
988 m + z,, where z, is the local terrain height. The results
of these calculations, shown in Fig. 2, suggest that the G-1
was near the top of the residual layer during the flight.

3. Results and discussion

Fig. 4a shows a time series of O3, relative humidity
(RH), NO, and CPC aerosol number concentration for

the flight made shortly after sunset (‘Flight A’). The
linear correlation coefficients, R, between these measure-
ments was > +0.50, consistent with the visually appar-
ent correlation seen in the vicinity of points A, B and D,
south of Portland. A high correlation would be expected
among species having a common origin within the
daytime urban boundary layer. Observations in the
vicinity of Point C, west of Portland, showed a nega-
tive or insignificant correlation between O; and species
having an origin in the urban boundary layer, as would
be expected for clean background air. The air mass at
Point C also had relatively low levels of NO, and CPC
aerosol number concentrations relative to the levels ob-
served in the rest of the air masses sampled along the
flight path.

Fig. 4b shows the corresponding time series taken
during Flight B. The NO, mixing ratios and CPC aero-
sol number concentration were again strongly correlated
with each other (R = + 0.9) in the vicinity of B, , D; and
By. However, O; was strongly anti-correlated with NO,,
(R < —0.87) and CPC aerosol number concentration
(R < —0.94). The CPC, NO, and RH values were also
higher at these points than the values measured in the
surrounding areas. In contrast, the observations near
Points A and C, to the west of Portland showed a nega-
tive or insignificant correlation between these measure-
ments. These points were also characterized by lower
RH, O;, NO, and CPC aerosol number concentrations,
as would be associated with clean background air.

Air sampled near points B;,D;,By and Dy during
Flight B had other unique characteristics relative to
measurements made near other points. Although no spe-
cific measurements of aerosol mass concentration or
chemical composition were available, the aerosol light
scattering coefficient has been shown to be proportional
to fine particle mass via the extinction efficiency (Char-
Ison et al., 1999 and references therein), while the light
absorption coefficient can provide a measure of black
carbon mass. The single scattering albedo, w,, was cal-
culated in the standard manner as the ratio of total light
scattering to the total light extinction (scatter plus ab-
sorption). Values of o, between 0.8 and 0.9 at and in the
immediate vicinity of points By, D, By and Dy (Fig. 4c)
suggests that parcels associated with these intervals con-
tained some aerosol absorptive component, perhaps car-
bonaceous material. Values of w, are lower (0.6-0.7) near
points A and C, perhaps due to strongly absorbing bi-
ogenic carbonaceous aerosols. The overlaying plot of
mean number diameter (Y ;N;D, /> ;N;, where N; and
D,; are the observed number density in PCASP bin
i having mean size D;) in Fig. 4c clearly shows that the
average size of aerosols sampled at points A and C is
much smaller than the size of particles measured to the
east of these locations. Interestingly, the average number
diameter profile is also strongly correlated with the
O; concentration time series shown in Fig. 4b.
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Fig. 4. (a) Relative humidity, O3, NO, and CPC aerosol number density along the flight path during Flight A (05:00 UTC - 06:30 UTC).
Also shown are the correlations coefficients for CPC-NO,, O;-CPC, and O;-NO, profiles Letters (Ar, By, etc.) identify the
geographical position of the aircraft, as shown in Figs. 1 and 2. Shaded vertical areas mark the extent of clean background air mass.
(b) Same as (a), but for Flight B (10:00 UTC - 11:30 UTC). (c) Average number diameter and single scattering albedo along the flight path
during Flight B.

These differences suggest that the air mass at points
A and C is quite different than the air mass near points
B and D, 10-20km to the east. This distinction is further

supported by the spatial distribution of total PCASP
aerosol number density along the flight path (Fig. 5). We
have used the PCASP observations to define regions
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Fig. 5. Spatial distribution of the total PCASP aerosol number density, and arbitrary demarcations of the different types of air masses.

with clean background air (Zone I), regions that are
a mix of urban and background air (Zone II) and a region
that is predominantly polluted urban air (Zone III).

Recognizing that the properties, chemical or physical,
of an air parcel are a function of its history, an analysis
was made of the vertical mixing and back trajectories of
air sampled during the late night sampling mission
(Flight B). A Lagrangian Particle Dispersion Model
(LPDM) (Fast, 1995; Fast and Zhong, 1998) was used to
identify the origin of the air passing the sampling loca-
tions at the time of the sampling. The LPDM was driven
by wind fields simulated by Regional Atmospheric
Modeling System (RAMS, Pielke et al., 1992) and em-
ployed three nested grids at 32, 8, and 2km horizontal
grid resolution and 42 vertical levels with 25 placed in the
lowest 3 km to resolve the details in the vertical boundary
layer structures. The outer grid encompassed the West-
ern Pacific Ocean and the entire Pacific Northwest while
the inner grid covered southwestern Washington and
northwestern Oregon. The simulation was initialized
with the National Center for Environmental Prediction
Aviation model analysis at 00:00 UTC 1 September and
ended at 12:00 UTC 2 September. The simulated temper-
ature structures and wind speeds and directions com-
pared well with the soundings at Salem in southwest
Oregon. Good agreement was also found between
simulated near-surface winds and temperatures and
those measured by several surface stations in western and
central Oregon.
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Fig. 6. Representative back trajectories of particles near the four
sampling points along the lower flight segment at 10:00 UTC,
2 September. Each trajectory segment represents 3 h duration.
The N-S dashed line indicates the position for the vertical cross
section in Fig. 7.

The mean wind fields from the RAMS simulation were
used to describe the transport of particles backward from
the time of their release. Fig. 6 shows representative back
trajectories starting at points A;,B;,C;, and Dy, at
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10:00 UTC. While the air sampled at all four points
emanated from a common region off the Washington
coast northwest of Portland, air arriving at points A and
C remained west of Portland, whereas air arriving at
B and D passed directly over Portland before sunset.
Furthermore, the air arriving at points B and D took
about 1 day to reach the sampling domain after crossing
the coastline while the air arriving at points A and C took
only 12 h. Thus, the air sampled at Points A-C and B-D,
probably had similar chemical and aerosol character-
istics when upwind of Portland, but encountered signifi-
cantly different chemical environments as they passed
through or near Portland prior to reaching the sampling
domain. Although we did not measure the O; concentra-
tion immediately upwind of the Greater Portland area,
the time series in Fig. 4b suggests that this background
O3 concentration was ~75ppb (the highest levels ob-
served in Zone II), which is markedly different from the
~55ppb levels observed in Zone 1. Thus, the anti-
correlations between O; and aerosol, and O; and
NO, concentrations noted in Zones II and III appear
to be associated with the passage of air over the urban
area.

A second set of LPDM runs were made to evaluate
the extent to which nocturnal vertical mixing of surface
layer air upwards had on the aircraft measurements.
Simulated particles were released near the surface from
the Greater Portland area between 08:00 UTC (1:400
PST on 1 September) to 20:00 UTC (04:00 PST) the next
morning. Particles released prior to sunset 10:40 UTC
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(18:40 PST) were assumed to characterize the position of
the daytime plume. Those released later were assumed to
characterize the position of the nighttime plume. For
these simulations particles were tracked forward in time
as they were advected south from the Portland area by
the mean + turbulent motions. The sub-grid scale turbu-
lent velocities were computed by solving the Langevin
equation with a Markov chain formulation (Legg and
Raupach, 1982) that is based on the Thomson formu-
lation for the turbulent vertical velocity component
(Hurley and Physick, 1991).

Fig. 7 shows both the daytime and nighttime particle
distribution at 10:00 UTC, 2 September projected along
a north-to-south vertical cross section that passes
through the center of the Greater Portland area (shown
by the dotted line shown in Fig. 6). Particles released in
the afternoon were buoyed upward by vigorous vertical
turbulent mixing to near 1500m while being carried
downwind towards the sampling area south of Portland.
In contrast, particles released at night were confined to
the lowest levels as a result of the stable nocturnal strat-
ification and did not reach the aircraft sampling altitudes.

A consequence of the results described above is that
it is unlikely that the observed anti-correlation can
be explained via the upward mixing of boundary-layer
air having high concentration of sub-micron aerosols
and low O; mixing ratios. Low O3 mixing ratios
are commonly observed near the surface at night, and
are explained via the well-known titration of O; by
NO. However, there are other difficulties of a

3.0 b) Nighttimerelease | , , 1, 10001
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1.0 D B
Lower flight height

0 50 100 150 200
N-S distance (km)

250 300

Fig. 7. Vertical distribution of particles on a N-S vertical cross section through the center of the Greater Portland area between points
B and D (dashed line in Fig. 7) at 10:00 UTC, 2 September. All particles bounded by point D to the west and B to the east are projected to
this cross section. Panel (a) shows particles released before sunset at 02:40 UTC and panel (b) shows particles released after sunset.
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non-meteorological nature that the NO + O; model
must explain, as will now be discussed.

4. Two sets of hypothesis to explain the observed
anti-correlation

4.1. Homogeneous gas-phase chemistry

The homogeneous gas-phase removal of Oz through
reaction with NO is an obvious candidate reaction to
explain any observed depletion of O; at night. NO levels
during Flight B were always at or below the detection
limit of 0.20 ppb even though total NO, levels varied
between 0.7 and 8.5 ppb. It is possible that the removal of
O3 by freshly emitted NO occurred within a boundary
layer source region common to NO, O; and combus-
tion-generated sub-micron aerosols. The NO + O reac-
tion could eventually result in low NO, low O3 and
relatively high aerosol concentrations. Results from
the LPDM study imply very little exchange of surface
air with air at the sampling height of the G-1, consistent
with the low concentrations of NO emitted near the
surface.

To quantify the maximum possible loss of O3 by NO,,
we assumed that all the measured NO, was emitted as
NO in an air mass passing over the Greater Portland
area at sunset, containing ~ 75 ppb of O5. The nighttime
chemistry of NO, and O; was simulated using a box-
model with the chemical mechanism of Zaveri and Peters
(1999). The NO concentrations were initialized using the
observed NO, concentrations along the flight path, the
O3 concentrations were set to 75 ppb and the temper-
ature kept constant at 298 K. Fig. 8 shows the simulated

2401

O; time series 7 h from sunset, corresponding to the time
of Flight B. Although the simulated O3 values at point
Dy are in good agreement with the observations, these
model calculations show that the maximum NO levels
are far below those needed to produce the observed
15-20 ppb O3 decreases at points By, Dy and By.

It is possible that the air masses at these points may
have had much higher initial NO levels which were
converted into soluble HNO; and lost to liquid water
present on the aerosols. This process would have resulted
in NO, levels that underestimated the total possible NO
used in the above model calculations. This phenomenon
cannot be completely ruled out. However, it seems un-
likely since the observed relative humidity values were
too low (10-40%) for enough aerosol liquid water to be
present to absorb the 15-20ppb of HNO; at 298K
needed to explain the O; loss. It is well known that the
presence of NH; can lead to the formation of solid
NH,NO; at RH levels below 62% (Seinfeld and Pandis,
1998 and references therein). Assuming that all the ob-
served gas-phase NO, was HNOj, then for it to exist in
equilibrium with solid NH,NO; at 298 K, would require
~30-15ppb NHj3 in the gas-phase at points By and By,
respectively. Although we did not measure NHj, it
seems unlikely that levels this high would be present
(Finlayson-Pitts and Pitts, 2000).

A third possible source for homogeneous O3 depletion
could involve O3 and reactive alkenes in polluted air
masses after sunset. However, at least 15-20 ppb of react-
ive alkenes (or olefinic bonds) are needed to explain the
observed Oj; deficits. While we do not have measure-
ments of any organic species, these values seem too high
for a moderately polluted air mass (Chameides et al.,
1992).
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Fig. 8. Observed and modeled O; concentrations using only gas-phase chemistry.
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4.2. Heterogeneous chemistry

We now consider the possibility that the elevated aero-
sol number density, and hence the aerosol surface area,
observed in the air parcels that passed over Portland was
related to the observed depletion in O5. To evaluate this
hypothesis we assume Oj reacts irreversibly on aerosol
surfaces. The loss per aerosol particle, J, (mol~ ! par-
ticle ') is described by Maxwell’s equation for the flow
towards the particle applicable in a continuous medium
(Seinfeld and Pandis, 1998):

Jc = 4anDg(coo - cs)a (1)

where R, is the aerosol radius (cm), D, is the diffusivity of
Oj; in air (cm?s~ ') and ¢,, and ¢, are the concentrations
(molcm ™ 3) in the atmosphere and at the aerosol surface.
Assuming ¢, = 0 the expected depletion of O3 associated
with the total number of particles can then be described
by the first-order loss process,

o[Os]/ot = — ZiJc,iNif(Kni)- o)

Here the summation is performed over PCASP aerosol
bins i; N; is the aerosol number density in ith bin;
f(Kn;) is a dimensionless correction term to be applied
when the mean free path of the diffusing vapor molecule
(4) is comparable to the mean bin diameter, D, ;, of the
aerosols. The Knudsen Number, Kn; = 24/D,, ;, for this
situation is of order unity since 4 ~ 1.5 um for O3, hence
the need to consider this transition regime where
A~ D,; This correction is taken from Fuchs and

Sutugin (1971):

f(Kn) = 0.750(1 + Kn)/(Kn? + Kn + 0.283Kne + 0.75c),
3)

where o is a dimensionless constant accommodation co-
efficient. For reasons discussed below, o was set to
1.2 x 1073, This first-order heterogeneous reaction was
added to the box model described in the preceding sec-
tion. As shown in Fig. 9 this simple model reproduces the
observed O; minimum to within a few ppb.

To evaluate the role of local moisture in this loss
process, the accommodation coefficient was next defined
to be a linear function of the observed relative humidity,
o = RHaoy + o, By settingo; =4x10"3and oy = 1 x
1077, this model reproduced not only the observed min-
imum Oj; but also the observed values pre- and proceed-
ing the minimum. Indeed, the resulting modeled time
series is difficult to distinguish near points B;,D; and
By from the observed time series (Fig. 9). It thus appears
that water vapor, and thus surface moisture, may play an
important, though not yet understood, role in explaining
these observations.

The performance of this simple uptake model is
predicated on an accommodation coefficient for O; on
aerosol of 10~ 3. Reported reaction probabilities of O3 on
aerosol surfaces range from 1072% to less than 1077
(Fendel et al., 1995; Smith and Chughtai, 1996; Rogaski
et al.,, 1997; de Gouw and Lovejoy, 1998; Kamm et al.,
1999; Disselkamp et al., 2000). These differences may be
due to the experimental technique employed (Knudsen
cell, aerosol flow tube, or static chamber apparatus),
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materials studied, or material passivation arising from
prolonged exposure to O; (see Disselkamp et al., 2000
and references therein). Furthermore, most or all of the
laboratory experiments have been conducted in extreme-
ly dry air where as ambient atmospheric aerosols would
most likely have some moisture present on the surface,
even at 10-40% RH, which may play an important role
in surface reactions as suggested by our model analyses.
And while the optical absorption properties reported
here suggest an organic carbonaceous material, the speci-
fic material is unknown, as is the actual ozone-aerosol
loss mechanism.

5. Final remarks and future directions

Although our measurements provide only circumstan-
tial evidence for heterogeneous O3 depletion in a night-
time urban plume, the implications of such a process on
air quality modeling could be significant. The heterogen-
eous loss of O3 on aerosols would also be important
during the daytime even though we would not expect to
find the strong anti-correlations reported due to compet-
ing changes associated with vigorous photochemistry,
transport (vertical and horizontal), surface removal via
dry deposition, and the addition of fresh emissions of
both gaseous species and aerosols.

Three observations should be included in future night-
time urban plume studies in addition to those described
in this paper. First, measurements within an air mass
should be made before, during and after air passage over
an urban region. These observations would provide the
initial chemical/aerosol conditions and intermediate
values needed for hypothesis evaluation. Aerosol com-
position will be a critical factor in elucidating the chem-
istry associated with O3 (or oxidant) loss processes. And
finally, real-time measurements are needed of HONO,
HNO;, NO,, NO, HCHO, alkenes, isoprene, mono-
terpenes, and other trace gas species thought to be
associated with trace gas/aerosol chemistry.
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