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[1] The sea breeze/land breeze diurnal circulation within the Los Angeles Basin and
adjacent waters transports marine air into the basin during the day and urban air to Santa
Monica Bay during the night. Nitryl chloride, ClNO2 is a nocturnal trace gas formed from
the heterogeneous reaction of dinitrogen pentaoxide (N2O5) with chloride containing
aerosol. Its photolysis after sunrise produces atomic chlorine radicals and regenerates NO2,
both of which may increase ozone production. Mixing of the chloride source from marine
sea salt with the urban NOx source in Los Angeles provides conditions ideal for the
production of ClNO2. This paper presents an analysis using a wind profiler on the coast and
measurements of ClNO2 and its precursors made from both ship and aircraft to assess the
prevailing meteorological conditions important for ClNO2 production in this region, with a
particular focus on the production over water within the land breeze phase of the
circulation. A box model is used to calculate an upper limit to the amount of ClNO2

capable of being produced strictly over Santa Monica Bay during the land breeze. On three
out of the four nights of ClNO2 measurements in Santa Monica Bay, the ClNO2 exceeds
the upper limit calculated using the box model and shows that the majority of the ClNO2 is
produced over the city and transported to Santa Monica Bay by the land breeze. This
ClNO2 transport suggests the sea breeze more efficiently transports aerosol chloride inland
than land breeze transports NOx offshore.

Citation: Wagner, N. L., et al. (2012), The sea breeze/land breeze circulation in Los Angeles and its influence on nitryl chloride

production in this region, J. Geophys. Res., 117, D00V24, doi:10.1029/2012JD017810.

1. Introduction

[2] The diurnal sea breeze/land breeze circulation is a
common and long-studied mesoscale phenomenon within
the Los Angeles Basin. During daytime, a strong sea breeze
brings air from the Pacific coast inland and transports pol-
lutants from downtown Los Angeles eastward into the basin.
The influence of this transport on air quality throughout the
basin has been previously studied [e.g., Gentner et al., 2009;

Washenfelder et al., 2011, and references therein]. During
nighttime, a weaker land breeze transports urban emissions
from the Los Angeles Basin over Santa Monica Bay [Shair
et al., 1982]. During late spring and summer, the land
breeze typically begins at midnight and continues until well
after sunrise, resulting in a 5–6 h period during which these
urban air masses are transported over water in darkness.
Nighttime chemical transformations can be important in
determining the overall impact of the land breeze on air
quality within the basin, especially since the products of
these nighttime reactions are swept inland on the sea breeze
during the following day and are known to be widely dis-
tributed throughout the basin [Cass and Shair, 1984]. The
influence of this phase of the sea breeze/land breeze circu-
lation has been less well studied, in part due to the smaller
number of nighttime measurements over water, which have
been limited to studies that have taken place either at the
coast or at island sites [Boucouvala et al., 2003].
[3] Of particular relevance to the sea breeze/land breeze

circulation is the nighttime chemistry of nitrogen oxides,
including the recently discovered nighttime chemical cycle
that produces nitryl chloride (ClNO2) [Finlayson Pitts et al.,
1989; Osthoff et al., 2008]. This compound is formed from
heterogeneous reactions of nitrogen oxides with chloride
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containing aerosol (e.g., sea salt). It is photolyzed in the
morning into atomic chlorine and nitrogen dioxide (NO2).
Both of these products have the potential to affect tropo-
spheric chemistry and air quality: atomic chlorine radicals are
strong oxidants that can initiate radical cycles through the
oxidation of VOCs, and NO2 is a component of NOx, the
catalyst that drives the production of ozone in the troposphere
[Chameides, 1978]. Coproduction of both a radical source
and NOx in the morning hours has the potential to influence
ozone production, especially in a highly polluted, VOC-rich
region such as Los Angeles [McLaren et al., 2010].
[4] ClNO2 production begins with the reaction of O3 and

NO2 (R1). NO3 reacts further with NO2 to form N2O5 which
can thermally decompose to reform NO3 (R2).

O3 þ NO2 ! NO3 þ O2ðR1Þ

NO3 þ NO2 ⇋
M
N2O5ðR2Þ

[5] N2O5 reacts heterogeneously with aerosol to form nitric
acid (HNO3) or ClNO2 with the relative branching deter-
mined by the aerosol chloride and liquid water content
[Bertram and Thornton, 2009]. The source of chloride aero-
sol can come from the marine aerosol or from redistribution
of chloride to other aerosol types via acid displacement and
equilibrium repartitioning of gas phase hydrochloric acid
(HCl). ClNO2 chemistry has recently been found to be
potentially responsible for a large portion of the total tropo-
spheric atomic chlorine budget and to be produced in both
coastal areas with chloride aerosol from sea salt [Kercher
et al., 2009; Osthoff et al., 2008] and at a continental loca-
tion far from the coast [Mielke et al., 2011; Thornton et al.,
2010]. This nighttime halogen activation process is likely to
be particularly important to air quality in the Los Angeles
Basin, especially in the region in and around Santa Monica
Bay. The outflow associated with the land breeze in that area
contains large concentrations of both NOx and ozone, and a
source of chloride aerosol is available from sea spray over
water. In this paper, we use field measurements to quantify
the intensity, duration, and persistence of the land breeze.
We further use chemical measurements associated with this
land breeze to quantify ClNO2 production over Santa Monica

Bay. Radar wind profiler data on the coast is used to char-
acterize the land breeze during the time period of the field
intensive. Ship-based measurements of ClNO2 and its pre-
cursors aboard the R/V Atlantis in Santa Monica Bay during
the CalNex field intensive are reported. Chemical and mete-
orological observations are used in combination with a zero
dimensional box model to constrain the amount of ClNO2

capable of being produced strictly over water. During three of
the four nights of ClNO2 observations in Santa Monica Bay,
this upper limit was lower than the observed ClNO2 mixing
ratios. This level of production is consistent with the ClNO2

being produced not only over water but also over land in the
residual boundary layer.
[6] The ClNO2 measurements presented in this analysis

were previously used by Riedel et al. [2012] in an analysis of
chlorine emissions in the Los Angeles Basin. These analyses
are expected to be complimented by future publications
focusing on nocturnal measurements of NO3, N2O5, HONO,
and ClNO2 collected during the CalNex field experiment at
the Pasadena ground site and from the NOAAWP-3 aircraft.

2. Measurement Platforms and Techniques

[7] As part of the CalNex 2010 field experiment, the land
breeze and ClNO2 production were characterized using
measurements from three platforms. A list of the instruments
and the associated detection limits used in this analysis is
shown in Table 1. Vertical profiles of wind speed and
direction at the coast of Santa Monica Bay were measured at
the Los Angeles International Airport (LAX) using a radar
wind profiler. To characterize the land and sea breeze, this
analysis uses data from the wind profiler for three months
from 14 April 2010 until 11 July 2010.
[8] The R/V Atlantis was off the coast of California from

14 May to 8 June and was in Santa Monica Bay five nights
during the land breeze on 15, 16, 21, 24, and 25 May 2010.
Instruments aboard the R/V Atlantis measured meteorologi-
cal variables as well as trace gases and aerosol chemical
composition in the land breeze. In particular, a chemical
ionization mass spectrometer was used for measurements of
ClNO2 [Kercher et al., 2009]. N2O5 was detected using
cavity ringdown spectrometry [Wagner et al., 2011] and both
O3 and NO2 were measured with a photolysis/chemilumi-
nescence detector [Williams et al., 2006]. All measurements

Table 1. This Analysis Used Measurements From the Instruments Listed in the Table Along With Their Detection Limits and References

Describing the Measurement Techniquesa

Species Detection Limit Method Uncertainty (1s) Reference

R/V Atlantis
ClNO2 5 pptv I- CIMS �20% Kercher et al. [2009]
N2O5 3 pptv CRDS �10% Wagner et al. [2011]
DMS 18 pptv PTR-ToF-MS �13% Jordan et al. [2009]
O3 100 pptv Chemiluminescence �7% Williams et al. [2006]
NO2 14 pptv Chemiluminescence �4% Pollack et al. [2010]
NOy 50 pptv Chemiluminescence �13% Williams et al. [2009]
VOCs 10 pptv GC-FID �10% Kuster et al. [2004]
Surface area density SMPS and APS �55% Quinn et al. [2002]

NOAA P-3
ClNO2 50 pptv I- CIMS �30% Osthoff et al. [2008]

aI- CIMS is Chemical Ionization Mass Spectrometry using iodine ion chemistry. CRDS is Cavity RingDown Spectrometer. PTR-ToF-MS is Proton
Transfer Reaction Time-of-Flight Mass Spectrometer. GC-FID is Gas Chromatograph with a Flame Ionization Detector. SMPS is Scanning Mobility
Particle Sizer. APS is Aerodynamic Particle Sizer.
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were made from the top of 10 m tower on the foredeck of the
R/V Atlantis. The top of the tower was 17 m above the water
surface.
[9] Several steps were taken to minimize and characterize

the loss of N2O5 and its conversion to ClNO2 on the walls
of the 10 m inlet. Synthetic N2O5 was added to the inlet
daily to measure the transmission of N2O5 as described in
Wagner et al. [2011]. During the field measurements trans-
mission of N2O5 was never less than 78% and was typically
between 90% and 100%. During these N2O5 additions
ClNO2 was also measured and was less than 1% of the N2O5

concentration using new inlet tubing. After periods of high
sea spray the conversion was as high as 10%. To avoid pro-
duction of ClNO2 in the inlet, the tubing was changed daily.
The instrumented NOAA WP-3 made several flights over
Los Angeles Basin and Santa Monica Bay. Four of these
flights (30 May, 31 May, 2 June, and 3 June) were at night
and were useful for characterization of the land breeze. Three
of these flights included coastal vertical profiles from missed
approaches to LAX.
[10] A map of Santa Monica Bay is shown in Figure 1.

The yellow/gray trace shows the track of the R/V Atlantis
during the day and night, and red square denotes LAX where
the wind profiler is located and where NOAA P-3 missed
approaches occurred. Diurnal averages for Santa Monica
Bay were constructed from measurements while the R/V
Atlantis was inside the black box indicated in Figure 1.

3. Meteorology of the Land Breeze

[11] A Doppler radar wind profiler is located at LAX and
reports vertical profiles of wind velocity every hour. The
wind profiler is located at 47 m above sea level (all heights
are stated with respect to sea level) and only reports wind
velocity for altitudes greater than 210 m. A diurnally aver-
aged wind profile constructed using data collected between
14 April 2010 and 11 July 2010 is shown in Figure 2 as a
color plot. The plot covers a 24 h time period beginning at

5 P.M. Pacific Daylight Time (PDT). The lowest row on the
plot at 47 m shows diurnally averaged wind direction at the
surface measured by a ground based anemometer and wind
vane near the wind profiler.
[12] The sea breeze (blue) occurred below 700 m starting

11 A.M., approximately 5 h after sunrise and continues until
11 P.M. The land breeze (green-beige) developed at 11 P.M.
initially at 500 m where there was little resistance from
surface friction and continued after sunrise until 11 A.M.
As the land breeze strengthened it spread down to 200 m (the
lower limit of measurements from the wind profiler) two
hours after it began. At the surface, the sea breeze weakened
and the average winds were out of the south, approximately
parallel to the shoreline, at the peak of the land breeze. Above
800 mwere the prevailing regional winds (purple-red), which
were from the northwest and did not undergo strong diurnal
variation. The contours on the color plot indicate the persis-
tence of the wind, which is the ratio of magnitude of the
vector-averaged wind velocity to the scalar-averaged wind
speed. The persistence ranges from 0 to 1 and represents the
fraction of the time the instantaneous wind is in the direction
of the average wind. The wind persistence was highest during
the sea breeze, greater than 0.8. The direction was more
erratic during the land breeze, indicated by a lower persis-
tence of 0.4 to 0.6.
[13] The wind direction and speed measured at the surface

aboard the R/V Atlantis were similar to observations from the
LAX wind profiler. Figure 3 (top) shows the diurnally aver-
aged wind direction and speed sampled 17 m above the sur-
face aboard the R/V Atlantis. The R/V Atlantis was typically
1 to 15 km from the coast during these measurements. The
land breeze was apparent as the wind direction shifted from
west to east shortly after midnight and the wind speed
dropped. Figure 3 (bottom) shows the surface winds near the
shore (LAX). This diurnal average was constructed from
89 days of measurements from 14 April 2010 to 11 July 2010
(the same range as the radar wind profiler). At the surface
the wind speed dropped during the night, but there was no

Figure 1. Map of Santa Monica Bay and the coast of Southern California with the track of the R/V
Atlantis during CalNex. The ship track during the day is shown in yellow and during the night is shown
in gray. LAX, the location wind profiler, and aircraft missed approaches is indicated by a red box.
The black box is the region that was used to construct diurnal averages.
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Figure 3. Diurnally averaged wind direction and speed measured during (top) 5 days aboard the R/V
Atlantis and (bottom) over 3 months at the surface at LAX. Although, the easterly land breeze is evident
in the winds observed from the R/V Atlantis, an easterly flow is not common enough to be seen in the
long-term average surface winds at LAX.

Figure 2. The averaged wind direction at LAX as a function of height and time of day. The sea breeze
(blue) occurs in afternoon and early evening. The land breeze (green-beige) develops at midnight and con-
tinues for eleven hours until well after sunrise. Both the sea and land breeze occur in a layer extending up
to 700 m. Above this layer the prevailing regional winds are from the north to northwest. The contours
(gray) show the persistence of the wind which is the ratio of the vector average of the wind velocity to
the scalar average of the wind speed. The persistence ranges from 0 (no preferred direction) to 1 (constant
in one direction). The lowest line on the graph shows the diurnally averaged wind direction measured at
the surface with an anemometer and wind vane.
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easterly component in the average, although an easterly flow
was present on some individual nights.
[14] Above the surface, the sea breeze–land breeze circu-

lation was a robust local weather pattern which occurs nearly
every day. Figure 4 shows the average component of the
wind velocity along an east-west direction. The averages
were constructed using wind velocities between 300 m and
600 m measured by the wind profiler and averaging between
5 P.M. to 8 P.M. for the sea breeze (blue) and 5A.M. to 8 A.M.
for the land breeze (red). The average wind speeds of the
land breeze and the sea breeze were 1.25 m/s and 4.25 m/s,
respectively. Both the sea breeze and the land breeze are
driven by the temperature difference between the sea and
the land. The higher wind speeds in the sea breeze are con-
sistent with larger temperature difference during the day
than the night. The wind profiler reported data on 83 days of
the 89-day averaging period. Out of those 83 days, the sea
breeze (wind with a western component) was present 78 days
(94%) and the land breeze (wind with an eastern component)
was present on 69 nights (83%). Arrows in Figure 4 indicate
the nights when either the R/V Atlantis or the NOAA WP-3
was sampling in Santa Monica Bay, and these nights were
typical.
[15] The land breeze–sea breeze system over Santa Monica

Bay is part of a larger circulation pattern common in the
Los Angeles Bight. This is a counterclockwise circulation
centered near Catalina Island. During episodes when this
circulation is particularly strong it is called a Catalina Eddy
[Hu and Liu, 2002; Mass and Albright, 1989; Thompson
et al., 1997; Wakimoto, 1987]. However, even when there
is not a strong Catalina eddy, remnants of this circulation are
evident especially at night when the sea breeze does not
reduce the circulation. In addition to Santa Monica Bay, part
of this circulation is observed in San Pedro Bay and along the
coast of Orange County, where the nocturnal winds are typ-
ically parallel to the shore. These winds transport polluted
urban air with recent emissions to Long Beach and the south

side of the Palos Verdes peninsula. Aside from these regions
of fresh urban outflow during the night (Santa Monica Bay
and Orange County coast), the air in the Los Angeles Bight is
characteristic of aged, dilute polluted air which has recircu-
lated for a few days, especially when compared with cleaner
air masses north of Point Conception.

4. Chemical Measurements and Analysis

[16] Primary and second pollutants, including ClNO2 and
its precursors were observed on four nights in Santa Monica
Bay from the R/V Atlantis. (Although meteorological mea-
surements were made on 15 May 2010, neither ClNO2 nor
N2O5 measurements were available for that night.) These
four nights were used to construct diurnal averages of the
chemical composition of the air masses in Santa Monica Bay,
with a particular focus on compounds relevant to the night-
time chemistry occurring during the land breeze.

4.1. Nighttime Nitrogen Oxides and Halogens

[17] Figure 5 (top) shows the mixing ratios of O3 (black)
and NO2 (green). The shaded areas show the 90th–10th per-
centiles of the data. When the land breeze developed around
midnight, average NO2 increased to 8 ppbv, while average O3

decreased due to titration by recent NO emissions and by
further reaction with NO2 to produce NO3 and N2O5. The
average NO2 mixing ratio began decreasing as the land
breeze weakened and reversed around midday. In the after-
noon during the sea breeze the average ozone mixing ratio
increased to a maximum of 60 ppbv.
[18] Figure 5 (middle) shows the diurnally averaged ClNO2

(blue) and N2O5 (red) mixing ratios. Both ClNO2 and N2O5

were observed in the land breeze. After sunrise ClNO2 con-
centrations decayed over four hours in the morning, consistent
with its measured photolytic lifetime, which was �7 h at
7 A.M., decreasing to 1 h at 10 A.M. Average N2O5 increased
as the land breeze developed and peaked around 2 A.M. at

Figure 4. The consistency and strength of the sea breeze (blue) and the land breeze (red) is shown as the
average east/west component of the wind velocity on each day. The averages are constructed from the
LAX wind profiler data limited to the altitude range from 300 m to 600 m. The sea breeze is averaged
between 5 P.M. and 8 P.M. and land breeze is averaged from 5 A.M. until 8 A.M. The arrows indicate
nights during which the R/V Atlantis or the NOAA WP-3 was in Santa Monica Bay.
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concentrations near 100 pptv. After sunrise the N2O5 con-
centration quickly decayed due to its short thermal lifetime
(<10 s at 20�C) and rapid photolytic destruction of NO3.
[19] Figure 5 (bottom) shows the NO3 radical production

rate (blue) and the lifetime (red) of the summed NO3 and
N2O5. Both the production rate and the lifetime are only
calculated during the nighttime. The NO3 radical production
rate (P(NO3)) in equation (1) is the product of the O3 con-
centration, NO2 concentration, and the rate constant for the
reaction.

P NO3ð Þ ¼ kO3þNO2 O3½ � NO2½ � ð1Þ

[20] During the land breeze, the NO3 production rate varied
from 0.2 to 0.8 ppbv h�1, a moderate to large value for urban

air [Aldener et al., 2006; Geyer et al., 2001]. The average
NO3 and N2O5 mixing ratios, by contrast, were small, less
than 5 pptv and 50 pptv, respectively. These observations
imply rapid loss rates of either N2O5 or NO3. This can be seen
in the relatively short summed lifetime shown in Figure 5
(bottom) and defined in equation (2) as the sum of NO3 and
N2O5 concentration divided by the NO3 production rate.

tNO3þN2O5 ¼
NO3½ � þ N2O5½ �

kO3þNO2 O3½ � NO2½ �
ð2Þ

[21] During the land breeze, the average lifetime was never
greater than 10 min. and was typically 5 min. Box model
simulations of N2O5 (shown in Appendix A) show that N2O5

can rise to near steady state levels and in many cases achieve
steady state during transport time from the coast to the R/V
Atlantis alone.
[22] To fully characterize ClNO2 production, three pro-

cesses need to be quantified: the rate of NO3 losses to reac-
tions with VOCs, the N2O5 heterogeneous loss rate, and the
yield of ClNO2, which is the fraction of N2O5 heterogeneous
loss that produces ClNO2. The following two sections dis-
cuss the loss rates of NO3 and N2O5, which are then inte-
grated into a box model to constrain ClNO2 production over
water.

4.2. NO3-VOC Reactions

[23] NO3 is lost to reactions with biogenic volatile organic
compounds (VOCs) and a few reactive anthropogenic VOCs.
Mixing ratios of several VOCs were measured aboard the
R/V Atlantis by proton transfer reaction time-of-flight mass
spectrometry (PTR-ToF-MS) [Jordan et al., 2009] and in situ
gas chromatography instrument with flame-ionization detec-
tion (GC-FID) [Kuster et al., 2004]. The measured VOCs
included typical reaction partners for NO3 such as isoprene,
monoterpenes, dimethyl sulfide (DMS), and other common
VOCs such as propane and propene. The pseudo first-order
loss rate coefficient for the reaction of NO3 with these VOCs
was calculated using equation (3) for each species measured.
Here, [VOC] is the measured concentrations of the VOC and
kVOC+NO3 is the rate constant for the reaction.

kNO3 ¼
X

kVOCþNO3 VOC½ � ð3Þ

[24] In Figure 6 the average mixing ratio of dimethyl sul-
fide (DMS) is shown, which ranged from below the 18 pptv
detection limit to 90 pptv in some instances (equivalent to
NO3 lifetimes of >37 min. to 4 min., respectively). Figure 6
(bottom) is a comparison of the loss rate coefficients due to
reaction with DMS and the summed loss rate from all other
measured VOCs. Over Santa Monica Bay the most important
NO3 loss was its reaction with DMS (orange). The summed
loss rate coefficient from all other measured VOCs is shown
in blue and is two to three orders of magnitude less than the
loss rate coefficient from DMS. It is not expected that any
unmeasured VOCs would compete with the DMS-NO3

reaction in a marine environment. Prior analyses in other
polluted marine environments have also shown that DMS is a
dominant loss for NO3 and that nighttime DMS oxidation by
NO3 is a dominant pathway for oxidation of marine sulfur
[Allan et al., 1999; Osthoff et al., 2009; Stark et al., 2007;

Figure 5. Diurnally averaged mixing ratios of ClNO2 and
its precursors. The averages are constructed from measure-
ment made abroad the R/V Atlantis while it was in Santa
Monica Bay. Shown is (top) the mixing ratios of O3 (black)
and NO2 (green), (middle) ClNO2 (blue) and N2O5 (red)
mixing ratios, and (bottom) production rate of NO3 (blue)
and the summed lifetime (red) of NO3 and N2O5. Shaded
regions show the 10th–90th percentile of the measurements
used in the average. The NO2 photolysis rate (yellow) in
the background indicates sunrise and sunset.
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Vrekoussis et al., 2004; Yvon et al., 1996]. Because there was
only one VOC that dominated the NO3 reactivity, this anal-
ysis will consider only NO3 losses by reaction with DMS and
neglect other VOCs.

4.3. N2O5 Heterogeneous Uptake

[25] The heterogeneous loss rate coefficient for N2O5 is
determined by the aerosol surface area and the uptake
coefficient as shown in equation (4), which has not been
corrected for the effects of gas phase diffusion to the aerosol
surfaces [Fuchs and Stugnin, 1970]; however, the gas phase
diffusion correction is small (<10%) for particle distributions
measured aboard the R/V Atlantis. Here kN2O5 is the pseudo
first-order loss rate coefficient for N2O5, g(N2O5) is the
uptake coefficient, �c is the mean molecular speed of N2O5

(which varies weakly at ambient temperature), and As is the
aerosol surface area density.

kN2O5 ¼
g N2O5ð Þ�cAS

4
ð4Þ

[26] The N2O5 uptake coefficient is variable under ambi-
ent conditions depending aerosol composition and

morphology [Bertram et al., 2009; Brown et al., 2006;
Chang et al., 2011]. In laboratory experiments, uptake of
N2O5 is most efficient on pure water droplets and is reduced
by the presence of nitrate and organics. The measurements
of the uptake coefficient on water droplets ranges from 0.01
to 0.04 [Bertram and Thornton, 2009; Hallquist et al., 2003;
Schutze and Herrmann, 2002; Schweitzer et al., 1998; Van
Doren et al., 1990]. Using the largest measured coefficient
gives an upper limit to the amount of N2O5 taken up to the
aerosol and subsequently an upper limit of the ClNO2

production.
[27] An increase in aerosol number and mass was correlated

with land breeze. The aerosol size distribution was measured
and corrected using methods described byQuinn et al. [2002].
The particles were measured at 60% relative humidity (RH),
and a growth factor based on the aerosol composition and the
AeRho aerosol thermodynamic model [Quinn and Coffman,
1998] was used to correct the diameters to ambient RH. Typ-
ical growth factors (relative to 60% RH) ranged from 1 to 1.6
at 90% RH. The aerosol surface area density calculated from
the corrected size distributions is shown as a diurnal average in
Figure 7. The surface area density includes particles with
aerodynamic diameters between 0.02 mm to 10 mm.Measured
surface area density ranged from below 100 mm2/cm3 to
greater than 400 mm2/cm3. Using the pure water N2O5 uptake
coefficient (0.04) the surface can be converted into an upper-
limit loss rate coefficient for N2O5 (equation (4)), shown on
the left scale on Figure 7. In part because the heterogeneous
N2O5 loss rate is relatively fast, the possible loss of N2O5 due
to its homogeneous reaction with gas phase water has been
omitted [Wahner et al., 1998].

4.4. ClNO2 Production Box Model

[28] Using the parameters determined in the preceding
sections, a zero dimensional box model is used to calculate an
upper limit to the amount of ClNO2 produced during trans-
port over water on the land breeze in Santa Monica Bay. To
get the upper limit the ClNO2 yield is taken to be 100% and
the maximum N2O5 uptake coefficient 0.04 is used, rather
than the Bertram and Thornton parameterization [Bertram
and Thornton, 2009]. The maximum ClNO2 production can
then be compared to the observed ClNO2 mixing ratios to
determine the extent of possible ClNO2 production over
water. The box model includes six reactions (R3)–(R8). The
combined rate of reactions (R7) and (R8) is determined by
the N2O5 uptake coefficient, equation (4), and the rate of
reaction (R8) is set to zero to give a ClNO2 yield of 100%.

O3 þ NO2 ! NO3 þ O2ðR3Þ

NO3 þ NO2 ! N2O5ðR4Þ

N2O5 ! NO3 þ NO2ðR5Þ

NO3 þ DMS ! HNO3 þ CH3SCH2ðR6Þ

N2O5 þ Cl� aq:ð Þ ! ClNO2 þ NO3
� aq:ð ÞðR7Þ

N2O5 þ H2O aq:ð Þ ! 2HNO3ðR8Þ

Figure 6. (top) The diurnally average mixing ratio of DMS
(orange). The gray line at 18 pptv shows the detection limit
of the instrument. The 90th through 10th percentile of the
measurements used to construct the average are shown in
the shaded region. (bottom) Also shown is the pseudo first-
order loss rate coefficients for NO3. The loss due to DMS
is show in orange and the combined loss due to all other
measured VOCs is shown in blue. The loss rate coefficients
are calculated using VOC mixing ratios measured aboard the
R/V Atlantis according to equation (3).
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The same four nights used to construct the diurnal averages
are chosen for box modeling. The wind speed and direction
measured aboard the R/V Atlantis along with the distance
from the coast are used to determine the transport time of air
from the land to the ship. It is assumed that the air mass
underwent only chemical transformation without dilution or
mixing during this transport. During each night, time periods
at the end of the night were selected. ClNO2 concentrations
for each night are shown in Appendix B. The box model was
initialized to the average values of O3, NO2, and N2O5 during
this time period. An example of the box model calculation is
shown in Figure 8.
[29] The result of the box model for each of the four nights

is shown in Figure 9. Details of each night modeled are in
Table 2. On three of the four nights the upper limit of ClNO2

production with a yield of 100% cannot account for the
observed mixing ratio. These results indicate that a signifi-
cant amount of ClNO2 that had been formed within the ter-
restrial boundary layer over the Los Angeles Basin was
transported over Santa Monica Bay in the land breeze.
On 16 May, the only day the upper limit exceeds the obser-
vation, measurements of NOz suggest that the actual yield was
lower than 100% (see the next section). The source of chloride
aerosol for the production of ClNO2 over Los Angeles is likely
the sea breeze which due to its higher wind speed is more
efficient at transporting chloride aerosol inland than the
weaker land breeze can transport urban NOx offshore.

4.5. Estimating the ClNO2 Yield

[30] When N2O5 is taken up on aerosol the yield of ClNO2

depends on the competition between the reaction with chlo-
ride and the reaction with condensed water, and the yield can
vary from 0% when no chloride is available to 100% when
the chloride molarity is greater than 1 M. The yield has been
parameterized in laboratory experiments as a function of
nitrate, chloride, and water molarity [Behnke et al., 1997;
Bertram and Thornton, 2009; Roberts et al., 2009]. In this

analysis the yield is estimated using gas phase measurements
of the products, ClNO2 and a proxy for HNO3. Although not
done here, the yield could also be estimated using mea-
surements of particulate chloride and the laboratory para-
meterizations. This method was not chosen because the
measurements of chloride aboard R/V Atlantis did not
include sea salt (nonrefractory chloride measured an aerosol
mass spectrometer) or had poor time resolution (12 h filter-
based measurement) which could not be well correlated to
the land breeze.
[31] The ClNO2 yield can be estimated by comparing the

amount of nitric acid produced by nocturnal chemistry to the
amount of ClNO2 produced. The production of ClNO2

begins with the production of the NO3 by reaction (R1). Two
branching points follow this source reaction. The first is the
competition between loss of the NO3 by reaction with VOCs
or by conversion to N2O5 and its subsequent heterogeneous
reactions. The second branching point is the competition
between production of HNO3 + ClNO2 and 2 � HNO3 from
the reactive uptake of N2O5 (reactions (R7) and (R8)).
[32] The yield of the first branching point is the amount of

N2O5 lost normalized by the total amount of both N2O5 and
NO3 lost. These amounts are expressed in terms of loss rate
coefficients and concentrations in equation (5). This ratio
can be simplified using equilibrium ratio of N2O5 to NO3,
given by Keq[NO2] in equation (5) below. The yield as stated
in equation (5) requires NO3 and N2O5 to be in equilibrium
with each other and in steady state with respect to production
and loss of both NO3 and N2O5, as shown in Appendix A.

ɛ ¼
kN2O5 N2O5½ �

kNO3 NO3½ � þ kN2O5 N2O5½ �
¼

1

1þ
kNO3

kN2O5

1

Keq NO2½ �

ð5Þ

[33] Here ɛ is the fraction of NO3 production that is lost
through N2O5 compared to the total lost through both NO3

Figure 7. The diurnally averaged aerosol surface area density constructed from measured particle size
distributions. The measured surface area includes particles ranging in diameter from 0.02 mm to 10 mm.
The surface area density can be converted to upper limit for the N2O5 hydrolysis rate coefficient using
equation (4) and an uptake coefficient of 0.04.
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and N2O5. Here kNO3 and kN2O5 are the loss rate coefficients
for NO3 and N2O5 discussed in the previous sections and Keq

is the equilibrium constant for the reaction of NO3 and NO2

to make N2O5. Because the loss rate coefficient for N2O5

calculated above is an upper limit, ɛ is also an upper limit.
At the second branching point the ClNO2 yield (Ф) depends
on the composition and structure of aerosol.
[34] Other than ClNO2 the main product of nocturnal

nitrogen oxide chemistry is nitric acid (HNO3). Since no
measurements of HNO3 were reported aboard the R/V
Atlantis, NOz = NOy � NOx is the best available proxy for
HNO3. NOz is mainly composed of HNO3, ClNO2, and
HONO from nocturnal chemistry and HNO3, peroxyacetyl
nitrate, and organic nitrates produced by daytime photo-
chemistry. For each night discussed below the O3 was
anticorrelated with NOz (shown in Appendix C), suggesting
that the NOz is primarily nocturnal in origin. Nocturnal pro-
duction of peroxyacetyl nitrate and organic nitrate is not
expected in the marine environment because NO3 reacts
primarily with DMS, a reaction that converts the nitrogen into
the form of HNO3 [Jensen et al., 1992]. The ratio of ClNO2 to
NOz can be used to determine the yield of ClNO2, when the
loss of HNO3 is slow such that HNO3 is approximately
conserved over the course of the night and any aerosol nitrate
produced from hydrolysis of N2O5 is measured as NOy

whether it is in the aerosol or repartitioned into the gas phase
as HNO3. When these conditions are met, the slope (m) of the
ClNO2 versus NOz correlation can be related to the yields
from each branching point described above, equation (6).

m ¼
DClNO2

DNOz

¼
DClNO2

DClNO2 þDHNO3;R7 þDHNO3;R8 þDHNO3;R6

¼
ɛФΡNO3

ɛФΡNO3 þ ɛФΡNO3 þ 2ɛ 1�Фð ÞΡNO3 þ 1� ɛð ÞΡNO3

¼
ɛФ

2ɛФþ 2ɛ 1�Фð Þ þ 1� ɛð Þ
¼

ɛF

1þ ɛ

ð6Þ

[35] During nocturnal chemistry, changes in NOz (DNOz)
have contributions from ClNO2 and three sources of HNO3.
The heterogeneous reaction of N2O5 with chloride aerosol pro-
duces equimolar amounts of HNO3 and ClNO2 (DHNO3,R7).
The heterogeneous reaction of N2O5 with aqueous water

Figure 8. An example of the box model calculation of
ClNO2 production over water on the night of 21 May 2010.
The time duration is the transport time from the coast to the
R/V Atlantis. The solid blue line indicates the observed mix-
ing ratio of ClNO2 and the dashed line shows the upper limit
of ClNO2 production for yields of 100% and 62%. The light
blue areas indicate the measurement uncertainty and the
uncertainty in the calculated ClNO2 mixing ratio.

Figure 9. The results of a box model to calculate the upper limit of ClNO2 production over water. Three
of the four night the observation exceed the upper limit with a yield of 100% showing that a significant
amounts of ClNO2 are transported into Santa Monica Bay in the land breeze. For 16 and 21 May the
red bar shows the amount of ClNO2 produced using a smaller yield calculated from the slope of the ClNO2

versus NOz plot, equation (6).
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produces two HNO3 molecules for each N2O5 molecule
(DHNO3,R8), and the gas-phase reaction of NO3 with DMS
produces one HNO3 (DHNO3,R6). When N2O5 and NO3 are
in steady state, each of these contributions can be quantified
with the yields (ɛ and F) of the two branching points
described above and is proportional to the total nitrate radical
production (from NO2 + O3) integrated throughout the night
(PNO3). The ClNO2 yield (F) can be determined using
equation (6), the slope (m) from a plot of ClNO2 versus NOz,
and branching between NO3 and N2O5 (ɛ) from equation (5).

[36] For each night that was modeled, a plot of the ClNO2

mixing ratios against NOz mixing ratios (from 1:30 A.M.
until 7 A.M.) is shown in Figure 10. On 16 May and 21 May,
the mixing ratios of ClNO2 and NOz were well correlated;
however, on 24 and 25 May there was no strong correlation.
The lack of correlation on 24 and 25 May could be due to
products of photochemistry making significant contributions
to NOz, or HNO3 having a short and variable lifetime.
Because of the strong correlation on 16 and 21May, the slope
was used to determine the ClNO2 yield. On the 16 May,

Table 2. Parameters Used in the Box Model to Calculate an Upper Limit of ClNO2 Production Over Watera

16 May 2011 21 May 2011 24 May 2011 25 May 2011

Distance to the Coast 6.7 km 12.6 km 2.1 km 7.3 km
Transport time 1.8 h 2.0 h 0.18 h 1.1 h
N2O5 23 � 6 pptv 49 � 13 pptv 54 � 19 pptv 8 � 3 pptv
NO2 9.4 � 2.1 ppbv 9.0 � 0.6 ppbv 14.3 � 3.2 ppbv 3.2 � 0.8 ppbv
O3 35.5 � 2.4 ppbv 26.4 � 3.3 ppbv 21.5 � 2.6 ppbv 34.8 � 1.0 ppbv
DMS 35 � 10 pptv 18 � 11 pptv 21 � 10 pptv 15 � 9 ppbv
kNO3+DMS 0.005 s�1 0.0025 s�1 0.0035 s�1 0.0021 s�1

Surface area (mm2/cm3) 421 � 24 350 � 35 240 � 21 116 � 10
kN2O5 0.001 s�1 0.0011 s�1 0.0006 s�1 0.0003 s�1

ClNO2 produced over water g = 100% 650 pptv 545 pptv 49 pptv 39 pptv
ɛ 0.48 0.67
F 15.4 62.0
ClNO2 produced over water g = ClNO2 versus NOz 117 pptv 446 pptv
ClNO2 observed 320 pptv � 45 pptv 1450 � 250 pptv 580 � 61 pptv 340 � 41 pptv

aObserved ClNO2 mixing ratios are also shown for comparison.

Figure 10. The ratio of ClNO2 to NOz gives an indication of the ClNO2 yield from N2O5 hydrolysis.
Plots of ClNO2 against NOz are shown for four nights during which the R/V Atlantis observed the land
breeze in Santa Monica Bay. Gray lines show the slope which is used to determine the ClNO2 yield in
equation (6). For each night data collected between 1:30 A.M. and 7 A.M. is shown. Each data point repre-
sents the 1 min average mixing ratio.
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the slope was m = 0.05 and the branching between NO3 and
N2O5 was ɛ = 0.48 giving a ClNO2 yield of 15.4%. On
21 May, the ClNO2 yield was 62% from a slope of m = 0.25
and the branching of ɛ = 0.67.
[37] There are several difficulties and unknowns when

determining the ClNO2 yield using the method described
above. First, this method assumes the all air masses sampled
begin the night with the same amount of NOy before noc-
turnal chemistry makes any contribution. Second, HNO3

may not be conserved. The HNO3 lifetime is estimated based
on the marine boundary layer depth (500–700 m) and a typ-
ical marine deposition velocity (1.2 cm/s) to be 11–16 h. If an
air mass were over water the entire night (�10 h) this would
lead to a 50% to 60% loss of HNO3. However, if the air
masses are transported to R/V Atlantis above the surface and
mixed down to the surface after crossing the coast, as
described by Shair et al. [1982], then HNO3 loss to the sur-
face by deposition could be smaller. Third, the air masses
transported to the R/V Atlantis may have different parti-
tioning between the HNO3 and particulate nitrate. If the NOy

measurement does not sample HNO3 and particulate NO3
�

with the same efficiency, a change in this partitioning leads to
gain or loss of NOz not associated with N2O5 uptake. Mea-
surements of particulate NO3

� concentration during the land
breeze were less than 20% of NOz concentration and would
reduce the estimated yield. Fourth, HONO was not measured

aboard the R/V Atlantis. If its concentration were propor-
tional to NOz it would lead to an under estimation of ClNO2

yield. In spite of these difficulties in determining the yield, on
16 March the slope of the ClNO2 against NOz suggests the
ClNO2 yield is significantly lower than 100% and that on all
four nights analyzed here ClNO2 is produced over land and
transported to Santa Monica Bay.

5. Aircraft Vertical Profiles at LAX

[38] The transport of ClNO2 in the land breeze is further
confirmed by vertical profiles of ClNO2 mixing ratio and
wind direction over LAX measured aboard the NOAAWP-3
aircraft. The NOAA WP-3 flight track includes several mis-
sed approaches at airports around the Los Angeles Basin. The
missed approaches are used to study the vertical variation of
atmospheric composition and meteorology. There were mis-
sed approaches at LAX along the coast of Santa Monica Bay
on three nights: 30 May, 2 June, and 3 June. Unfortunately,
these nights do not overlap with nights the R/V Atlantis was
also there, so a direct comparison is not possible. However,
the strength of the land breeze was similar on the nights that
the R/V Atlantis and the NOAA P-3 observed it, as shown in
Figure 4.
[39] Figure 11 shows the vertical profiles of wind direction

and ClNO2mixing ratio over LAX for each of the three flights.

Figure 11. Vertical profiles of wind direction (red) and ClNO2 (blue) mixing ratio measured over LAX
aboard the NOAA WP-3 aircraft. All three profiles show the land breeze below 600 m where the wind
direction has an easterly component. The profiles on 30 May and 3 June have layers where the ClNO2

mixing ratio is greater than 2 ppbv. Additionally below these layers and in the 2 June profile, the ClNO2

mixing ratio is between 0.1 and 0.5 ppbv. Above the land breeze, greater than 800 m, the ClNO2 mixing
ratio drops below the instrument detection limit.
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In all three profiles there was an easterly component of the
wind direction in the residual boundary layer. For each profile
in residual boundary layer the wind speed (not shown) was
between 2 m/s and 5 m/s. On 30 May, the residual boundary
layer extended up to 600 m, and on 2 June the residual
boundary layer depth was 800 m. The boundary layer was
more complicated on 3 June. The wind was out of the east-
northeast in a layer between 300 and 700 m, and below 300 m
the wind was out of the southeast. The residual boundary layer
in each profile is associatedwith an enhancement of the carbon
monoxide, a typical tracer of urban air masses. Each of these
profiles also shows ClNO2 in the residual boundary layer
being transported from the city to Santa Monica Bay in the
land breeze. The profiles on 30 May and 3 June exhibit layers
in which the mixing ratio of ClNO2 exceeded 2 ppbv, and
below these layers the ClNO2 mixing ratio was 350 pptv on
the 30 May and 200 pptv on 3 June. On 2 June, the nighttime
boundary layer was well mixed, and the resulting potential
temperature structure (not shown) indicated no inversions
below 800 m. On this night, the ClNO2 mixing ratio was
between 100 and 500 pptv throughout this nocturnal/marine
boundary layer below 800 m. These vertical profiles directly
show the transport of ClNO2 over Santa Monica Bay. The
transport of urban air pollution and ClNO2 was strongest in
layers above the surface, consistent with the land breeze
analysis from the wind profiler described in section 3.

6. Conclusions

[40] During nighttime when the R/V Atlantis and NOAA
WP-3 were in Santa Monica Bay, the land breeze was
responsible for transporting polluted urban air from the Los
Angeles Basin out over Santa Monica Bay. The transport was

most active in a layer 300 to 700 m above the surface. High
concentrations of ClNO2 were observed in this urban out-
flow. Although the marine environment represents an abun-
dant source of chloride in the form of sea salt, most of the
production of ClNO2 took place over land, and a portion was
transported to Santa Monica Bay in the land breeze. The
ocean is likely the ultimate source of chloride for a large
portion of the ClNO2 production. The aerosol chloride is
transported inland on the sea breeze, ClNO2 is produced over
the city, and a portion of that chloride returns in the early
morning during the land breeze. Further study is needed to
determine the frequency, seasonality, and intensity of this
transport and the ClNO2 formation. Similar transport and
ClNO2 production mechanisms are likely in other cities along
the west coast of United States. However, on the east coast
and gulf coast prevailing westerlies would transport NOx

over water more efficiently than the land breeze in Santa
Monica, and more significant ClNO2 production would then
be expected over water.

Appendix A

[41] For the nights described in this work, the lifetime of
N2O5 and NO3 is short, never greater than 20min and typically
less than 10 min. It is unlikely NO or NO2 are emitted into the
observed air masses during transport over water. A box model
is used to determine if enough time has elapsed during this
unperturbed transport from the coast for N2O5 to come to
steady state. The box model is the same as the model describe
in the main text except that the N2O5 initial concentration
(the concentration at the coast) was set to zero, instead of the
value observed aboard the R/V Atlantis (which is used to
determine the upper limit of ClNO2 production). The N2O5

Figure A1. Box model results showing the N2O5 concentration approaching to steady state during each
of the four nights analyzed.
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concentrations from this model are shown in Figure A1 along
with a steady state concentration calculated with equation (A1),
plotted against transport time from the coast.

N2O5½ �SS ¼
kO3þNO2 NO2½ � O3½ �

kNO3
Keq NO2½ � þ kN2O5

� � ðA1Þ

[42] The loss rate coefficients used for kNO3 and kN2O5 are
those estimated in the main text. On the nights of 16 and
21 May, the box model concentration rose to the steady state
value well before the air mass was observed aboard the R/V
Atlantis. On the nights of 24 and 25 May, the N2O5 con-
centration had not achieved steady state but was within 15%
and 4% of the steady state values, respectively. The large
concentration of ClNO2 observed suggests the N2O5

Figure B1. Four nights of ClNO2 mixing ratios measured from the R/V Atlantis during the land breeze in
Santa Monica Bay.

Figure C1. Ozone plotted against NOz for each night used in the analysis. On each night, ozone is antic-
orrelated with NOz.
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concentrations were greater than zero at the coast, and if this
was the case, it would take less time to achieve steady state.

Appendix B

[43] Time series of ClNO2 for each night analyzed are
shown in Figure B1. The time period plotted is 1:00 A.M.
through 07:00 A.M., which is the time during which the land
breeze was observed in Santa Monica Bay. The time periods
which were used in the model are 3:30–5:00 A.M. on
16 May, 4:00–5:00 A.M. on 21 May, and 4:00–5:30 A.M.
on 24 and 25 May.

Appendix C

[44] For each of the four analyzed nights, ozone is plotted as
a function of NOz in Figure C1. On each of these nights the
ozone mixing ratio is anticorrelated with NOz. Components of
NOz produced through photochemistry are expected to be
correlated with higher ozone concentrations. Nocturnal com-
ponents of NOz produced by reactions with NO3 and N2O5 are
expected to be anticorrelated with NOz because the production
of NO3 and N2O5 during the night consumes ozone. Addi-
tionally, direct emissions of NOx are usually in the form of NO
and consume ozone when converted to NO2. Figure S2 shows
that during the land breeze in Santa Monica Bay, ozone is
consistently anticorrelated with NOz indicating the NOz ori-
ginates from nocturnal NO3 and N2O5 chemistry.
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