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Abstract

Nocturnal chemistry in the atmospheric boundary layer plays a key role in determin-
ing the initial chemical conditions for photochemistry during the following morning as
well as influencing the budgets of O3 and NO2. Despite its importance, chemistry in
the nocturnal boundary layer (NBL), especially in heavily polluted urban areas, has5

received little attention so far, which greatly limits the current understanding of the pro-
cesses involved. In particular, the influence of vertical mixing on chemical processes
gives rise to complex vertical profiles of various reactive trace gases and makes noc-
turnal chemistry altitude-dependent. The processing of pollutants is thus driven by a
complicated, and not well quantified, interplay between chemistry and vertical mixing.10

In order to gain a better understanding of the altitude-dependent nocturnal chemistry
in the polluted urban environment, a field study was carried out in the downtown area
of Phoenix, AZ, in summer 2001. Vertical profiles of reactive species, such as O3,
NO2, and NO3, were observed in the lowest 140 m of the troposphere throughout the
night. The disappearance of these trace gas vertical profiles during the morning coin-15

cided with the morning transition from a stable NBL to a well-mixed convective layer.
The vertical gradients of trace gas levels were found to be dependent on both surface
NOx emission strength and the vertical stability of the NBL. The vertical gradients of
Ox, the sum of O3 and NO2, were found to be much smaller than those of O3 and
NO2, revealing the dominant role of NO emissions followed by the O3+NO reaction for20

the altitude-dependence of nocturnal chemistry in urban areas. Dry deposition, direct
emissions, and other chemical production pathways of NO2 also play a role for the Ox
distribution. Strong positive vertical gradients of NO3, that are predominantly deter-
mined by NO3 loss near the ground, were observed. The vertical profiles of NO3 and
its reservoir species (N2O5) confirm earlier model results suggesting complex vertical25

distributions of atmospheric denoxification processes during the night.
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1. Introduction

Nocturnal chemistry in the polluted urban boundary layer has received surprisingly
little attention thus far, despite its significance in determining initial conditions for pho-
tochemistry during the following day. It is well known that daytime chemistry is driven
by photolytic reactions involving nitrogen oxides (NOx), hydrocarbons, and hydroxyl5

radicals (HOx) that lead to the formation of O3 and particles. In contrast, at night O3 un-
dergoes a net loss in the absence of sunlight through dry deposition, NO titration, and
other chemical pathways. The difference in O3 chemistry between day and night leads
to a diurnal cycle of high daytime and low night-time O3 levels in the boundary layer in
both rural and urban areas (Aneja et al., 2000; Colbeck and Harrison, 1985; Van Dop10

et al., 1977). While OH chemistry becomes less important during night-time (Abram et
al., 2000; Alicke et al., 2002; Smith et al., 2002), the nitrate radical (NO3) as well as
O3 become the dominant oxidants determining the budget of NOx and VOCs (Geyer,
2000; Jenkin and Clemitshaw, 2000; Sadanaga et al., 2003). In addition, nocturnal
chemistry also influences the aerosol composition, for example, through the uptake of15

the NO3 reservoir species, N2O5 (Dentener and Crutzen, 1993; Geyer, 2000).
The absence of solar radiation at night also leads to radiative cooling of the surface

which inhibits turbulence and vertical mixing. As a result, a stable nocturnal boundary
layer (NBL), which is capped by a relatively well-mixed residual layer (RL) with neutral
stability, develops. Due to the weak vertical mixing, ground-level emissions in urban20

areas accumulate near the surface throughout the night (Doran et al., 2003; Garland
and Branson, 1976; Pisano et al., 1997). However, even in the stable NBL, trace gases
are slowly transported vertically. During this slow transport, reactive compounds such
as O3 and NO undergo chemical transformations. Because the timescales of turbulent
transport and chemical reactions are similar, nocturnal chemistry and vertical transport25

are closely linked, leading to complex vertical distributions of various trace gases and
making nocturnal chemistry altitude dependent. The study of chemistry in the NBL,
especially in polluted urban areas, is thus quite challenging (Geyer and Stutz, 2004a;
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Stutz et al., 2004b). The altitude dependence of both chemistry and vertical trace gas
profiles vanish during the morning hours when surface heating leads to convection and
accelerates vertical exchange (Doran et al., 2003; Garland and Branson, 1976; Pisano
et al., 1997).

Few studies have thus far focused on the vertical variation of NBL chemistry. Night-5

time vertical distributions of O3 have been measured in various rural and urban envi-
ronments by tethered balloons, masts, and aircraft over a wide range of altitudes in the
lower troposphere (Aneja et al., 2000; Chen et al., 2002; Colbeck and Harrison, 1985;
Doran et al., 2003; Galbally, 1968; Glaser et al., 2003; Gusten et al., 1998; Harrison et
al., 1978; Neu et al., 1994; Van Dop et al., 1977; Zhang and Rao, 1999). The results10

generally show positive vertical O3 gradients, with higher O3 concentrations at higher
altitudes (Aneja et al., 2000; Galbally, 1968; Gusten et al., 1998; Van Dop et al., 1977;
Zhang and Rao, 1999). Due to dry deposition (Colbeck and Harrison, 1985; Gusten
et al., 1998; Harrison et al., 1978), reaction with surface emitted NO (Gusten et al.,
1998), and inefficient vertical transport, O3 is often depleted at the bottom of the NBL.15

O3 above the nocturnal inversion is cut off from major sinks and is preserved at night.
When the inversion begins to break up in the morning, rapid downward transport from
the RL helps to restore the surface O3 (Gusten et al., 1998; Kleinman et al., 1994;
McKendry et al., 1997; Neu et al., 1994; Zhang and Rao, 1999). This has been con-
firmed by observations of a strong correlation between night-time O3 in the RL and the20

maximum surface O3 on the next day (Aneja et al., 2000; Zhang and Rao, 1999). Sig-
nificant downward mixing of O3 from the RL can contribute about half of the observed
morning increase in surface O3 concentrations in some cases (Kleinman et al., 1994;
McKendry et al., 1997; Neu et al., 1994). In areas with good daytime ventilation to
prohibit multi-day buildups of locally produced O3, the impact of this downward mixing25

is significant even during the late day hours. The study of (Fast et al., 2000) shows
that the entrainment from the RL reservoir into the growing convective boundary layer
could contribute 20 to 40% of the afternoon surface O3 levels in Phoenix valley.

Recently, simultaneous measurements of multiple chemical species and meteoro-
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logical parameters have been carried out to provide more information about the NBL.
Vertical distribution measurements of O3, NO2, temperature and relative humidity in a
suburban area show persistent vertical profiles for several hours after sunrise in some
cases (Pisano et al., 1997). A similar trend has been found in the vertical profiles of O3,
NO2, NOx, selected VOCs and meteorological parameters after very stable nights at a5

rural site (Glaser et al., 2003). A field study near Houston, TX, revealed frequent nega-
tive NO2 and positive O3 vertical gradients when temperature inversions and calm wind
conditions were encountered (Stutz et al., 2004b). In addition, NO3 showed positive
vertical gradients in the stable NBL (Stutz et al., 2004b), which agrees with earlier NO3
measurements in the lower boundary layer (Aliwell and Jones, 1998; Friedeburg et al.,10

2002). Modeling studies attribute positive vertical gradients of both O3 and NO3 mainly
to the reactions with surface-emitted NO and VOCs (Fish et al., 1999; Geyer and Stutz,
2004a; Stutz et al., 2004b). Vertical profiles of N2O5, which depend on temperature
profiles as well as NO2 and NO3 distributions, also develop in the stable NBL (Geyer
and Stutz, 2004a; Stutz et al., 2004b). As a consequence of the vertical profiles of15

O3, NO3 and N2O5, the loss of VOCs through direct oxidation and loss of NOx through
surface uptake of N2O5 become altitude dependent as well. A 1-D chemical transport
model study reproduced the general features of these vertical profiles observed in field
campaigns. The study also pointed out that N2O5 vertical transport plays an important
role for the radical chemistry at night (Geyer and Stutz, 2004a; Stutz et al., 2004b).20

These studies clearly show that chemistry in the stable NBL is height dependent.
Vertical profiles of trace gases and their chemistry are complex and dependent upon
meteorological conditions. As a consequence, measurements of trace gases at sin-
gle altitudes are not representative for the entire NBL. The lifetime and the budget of
reactive species cannot be simply derived from single-altitude measurements alone.25

In addition, high levels of O3 and NO3 in the upper NBL lead to chemical processes
that occur aloft well before they are present at the surface during morning hours. This
effect is not well considered in current measurement strategies. Therefore, compre-
hensive observations of boundary layer vertical distributions of both reactive species
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and meteorological parameters during night-time and even morning hours are required
for a better understanding of the height-dependent nocturnal chemistry system and the
consequent influence on daytime chemistry.

However, very few studies on this topic have been made thus far, and most of them
were carried out in suburban or rural areas. The height-dependent nocturnal chemistry5

in urban areas with strong surface emissions has been paid surprisingly little attention.
Large uncertainties greatly limit our ability to qualitatively and quantitatively describe
the complex interaction of chemistry with meteorology in a heavily polluted NBL. For
example, the removal of O3 as well as its precursors, VOCs and NOx, involves various
height-dependent chemical processes, which are currently only known based on sur-10

face measurements. Night-time surface emissions in strongly polluted areas can result
in surface accumulation of O3 precursors. The budgets of both O3 and its precursors
in the NBL and the ultimate influence of the height-dependent system of emissions,
chemistry, and vertical transport in the NBL on daytime O3 levels are not clear. As
predicted by a recent chemical transport model study by our group (Geyer et al., 2003;15

Geyer and Stutz, 2004a), high surface NO emissions in urban areas are expected to in-
fluence both the vertical profiles and budgets of the core species of nocturnal chemistry
such as O3, NO2, NO3 and N2O5. In order to provide field data to test the predictions
as well as to study the budget of various nocturnal trace gases in polluted urban areas,
vertical distributions of a series of trace species as well as meteorological parameters20

were measured simultaneously during a field campaign in downtown Phoenix in sum-
mer 2001. Here we present these observations and discuss the vertical variations of
the related chemical processes and the implications for O3–NOx system in the stable
NBL.

2. Experimental section25

In June 2001, a field experiment funded by the U.S. Department of Energy was con-
ducted in the downtown area of Phoenix, AZ. Measurements were made at various
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locations in the city including the roofs of several high-rise buildings. UCLA’s long-path
Differential Optical Absorption Spectroscopy (DOAS) system was operated to provide
24-h continuous measurements of vertical distributions of a number of trace species in
the open atmosphere. Meteorological parameters such as relative humidity (RH), wind
direction and speed were monitored at various fixed altitudes. Potential temperature5

profiles were measured using balloon sondes. In addition, in situ measurements of NO
were made at different altitudes. This section provides details of the instrumental setup
and the data analysis.

2.1. DOAS measurements

DOAS is a technique that identifies and quantifies trace gases by their distinctive UV-10

visible narrow band absorption structures in the open atmosphere (Platt, 1994). The
main advantage of DOAS is the absolute quantification of species at low concentrations
without disturbing the composition of the observed air mass. The quantification is solely
based on the measured optical density and the known absorption cross sections of the
detected species. In addition, the absence of sampling problems and the insensitivity15

of its accuracy to the presence of aerosols make this technique ideal for observations
in the polluted atmosphere.

During this two-week field experiment (16 June 2001–1 July 2001), the UCLA long
path DOAS instrument was set up on the 39th floor of BankOne, the highest building
in downtown Phoenix, about 140 m above the ground level (Figs. 1 and 2). Details of20

the instrument can be found in (Alicke et al., 2002). In short, light from a 500W Xe-arc
lamp was fed into a 1.5 m double Newtonian telescope, which was used to send a highly
collimated light beam into the open atmosphere and to collect the light reflected back by
arrays of quartz cube-corner prisms (retroreflectors). Three retroreflector arrays were
mounted on the roofs of separate buildings (ADEQ, Hilton, and MLT) at a distance25

about 3.3 km north of BankOne (see Fig. 1). The altitudes and lengths of these three
light paths are listed in Table 1. The average trace gas concentrations along each light
path were monitored by sequentially aiming the telescope at the three retroreflector
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arrays. The duration of a typical measurement cycle covering all three light paths was
about 15–20 min depending on the atmospheric visibility.

Figures 1 and 2 illustrate that the light paths were superimposed in the horizontal but
separated in the vertical direction. The paths ran along one direction of the street grid
which connnects the downtown and northern uptown regions of Phoenix. Because traf-5

fic was, to a large extent, spatially homogeneous in downtown Phoenix, the chance of
inhomogeneities of trace gas distributions in the horizontal direction were expected to
be small, particularly considering that the DOAS measurement averaged over 3.3 km.
The in situ data of wind profiles at different altitudes provide additional helpful infor-
mation for the possible influence of horizontal inhomogeneity (see Sect. 2.3). The10

buildings and structures along the light paths were mostly low (1–3 stories) except
for the areas at the two ends of the paths. The area between downtown and uptown
Phoenix therefore offers an ideal location for our measurements, since the impact of
street canyons was expected to be small.

2.2. Data analysis15

NO2, HONO, HCHO and O3 were measured in the near UV spectral region according
to their distinctive absorption structure in the wavelength range of 300–380 nm. NO3
was detected separately at higher wavelengths (610–680 nm). The detailed spectra
analysis procedures for the two spectral regions are described in Alicke et al. (2002),
Geyer et al. (1999). Table 2 lists the spectral windows used for the analysis and the20

references for the literature absorption cross sections used in the analysis.
In order to study the vertical distribution of pollutants, the concentration results along

light paths derived by the DOAS analysis need to be converted into concentrations
averaged over distinct height intervals. The first step in this deconvolution process is
to solve the temporal problem introduced by the sequential measurement. To account25

for the temporal variation during a measurement sequence, a linear function was used
to interpolate the upper and middle light path data to the time of the lower light path
measurements. The concentration at time t was derived with the concentrations at t1
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(before t) and t2 (after t):

Ct = Ct1 +
Ct2 − Ct1

t2 − t1
· (t − t1)

Here we assumed that during the short time period between scans (at most ∼35 min),
the change of trace gas concentrations can be approximated by a linear function. While
this is generally a good approximation for long-path data, during periods with rapid5

concentration changes this approach may lead to inaccurate results. However, these
time periods can be easily identified based on the original data.

The trace gas concentrations averaged over three height intervals (Cup, Cmid, and
Clow) were then derived using the following equations based on concentrations aver-
aged along each light path (C1, C2, and C3).10

Cup = C1

Cmid =
C2 · l2 − C1 · l12

l2 − l12

Clow =
C3 · l3 − C2 · l23

l3 − l23
15

The length variables l2, l3, l12, and l23 are defined in Fig. 1. Cup, Cmid, and Clow are not
only averaged in the vertical, but also in the horizontal direction. Figure 1 illustrates
the three boxes of air mass over which the averaging occurs. For the remainder of
this paper, we assume that the differences in Cup, Cmid, and Clow are dominated by
the vertical variations in the concentrations. The validity of using multi-angle long path20

DOAS measurements to estimate vertical profiles was discussed in detail in (Stutz et
al., 2002, 2004b) and is not repeated here.

Due to the error propagation through the calculation and the difference in light path
lengths, Clow generally has larger errors and higher detection limits than Cup and Cmid.
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The mean detection limits in all height intervals for each measured species are listed
in Table 2. All errors are reported as one standard deviation σ (Stutz and Platt, 1996).
The reported detection limits are twice the errors.

Based on these results, the overall vertical gradients of trace gas concentrations
between 27.5 m and 125 m altitude can be estimated with a linear approximation,5

∆C
∆z

=
Cup − Clow

zup − zlow

where zup and zlow refer to the central height of the upper and lower box respectively
(i.e., 125 m and 27.5 m). Our earlier studies show that the vertical trace gas profiles in
the NBL show complex non-linear shapes. The gradient calculated in this equation is
thus only used as a qualitative approach to illustrate the general features of our mea-10

sured time series, rather than a quantitative description of the profiles. Since the trace
gas concentrations resulted from spectra fitting and the above-mentioned derivation
procedure, negative values may appear when the actual concentrations were below
DOAS detection limits, especially for the lowest height interval. To estimate the vertical
gradient with real physical meaning, the negative concentration values were set to zero15

when calculating (Cup−Clow).

2.3. In situ measurements

Meteorological parameters such as RH, temperature, wind speed and direction were
continuously monitored close to the retroreflectors on top of the buildings with Campbell
Scientific Inc. weather stations. Since the observation of vertical profiles with the long20

path DOAS technique is based on the assumption that there is no influence from hor-
izontal advection at different altitudes, the wind profiles measured at different altitudes
provide a useful reference to exclude cases when inhomogeneities in the horizontal
advection contribute to the gradients (Fast et al., 2005). Potential temperature profiles
which indicate the NBL stability and height were also provided by balloon soundings25
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during selected nights. The balloons were launched from the Vehicle Emission Labo-
ratory, 7 km east of BankOne (Doran et al., 2003). On the 39th and 16th floor of the
BankOne building, NO and CO mixing ratios were measured by chemiluminescence
(Thermo Environmental 42S) and gas filter correlation IR, which helps evaluate the rel-
ative emission strength at the surface (Doran et al., 2003). A ground-based air quality5

monitoring station of Arizona Department of Environmental Quality monitored contin-
uously the main meteorological parameters and mixing ratios of air pollutants such as
CO, NOx and O3 at ground level in central Phoenix, approximately 3 km from BankOne,
in a southwesterly direction. The photolysis rate of NO2 (JNO2), an indicator of the so-
lar radiation strength, was monitored by a filterradiometer (Meteoconsult) at the Vehicle10

Emission Laboratory.

3. Measurement results

3.1. Overview of vertical variations of measured species

An overview of the measured vertical profiles of trace gases is shown in Fig. 3. In
general, clear vertical variations of trace gas levels in the three height intervals were15

observed during most nights in this experiment. O3 mixing ratios in downtown Phoenix
showed diurnal variations typical for polluted urban areas, with daytime maxima of
up to 70 ppb and completely depleted O3 on some nights. This variation is reversed
in the NO2 time series, which showed low NO2 levels below 10 ppb during the day
and maxima of up to 70 ppb at night. During all the nights shown in Fig. 3, strong20

vertical variations of NO2 and O3 mixing ratios were observed. The negative NO2
gradient and positive O3 gradient agree well with earlier observations in various rural
and suburban areas (Glaser et al., 2003; Pisano et al., 1997; Stutz et al., 2004b),
but with significantly larger magnitudes due to the higher emission rates in downtown
Phoenix. The gradients were sustained until the morning hours and then gradually25

disappeared after the onset of convective mixing.
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NO3, which is formed by the reaction of NO2 with O3 and removed mainly by its reac-
tion with ground-level emitted NOx and VOCs, also developed strong positive vertical
gradients during most nights. The magnitude of both NO3 mixing ratios and vertical
gradients depends on the levels of NO2 and O3. During the night of 30 June–1 July,
for example, NO2 levels were relatively low, indicating a weaker NOx emission strength5

compared with other nights. Accordingly, NO3 levels were only slightly above the detec-
tion limits due to the low production rate and showed little gradient as a result of the low
NO emission from the surface. This behavior is in agreement with the results of (Geyer
and Stutz, 2004a; Hov, 1983). It should be noted that surprisingly high NO3 levels were
observed in Phoenix, with nocturnal maxima between 50–200 ppt. While the cause of10

this high NO3 will be discussed further below, it is worth pointing out that the unique
meteorological conditions in Phoenix could play a role. Daytime temperatures reached
above 40◦C and cooled down to minima of 25–30◦C at night. The RH was below 20%
during the day and below 40% during the night, except for 26 June when RH reached
70%. Both high temperatures and low RH are favorable for the development of high15

NO3 levels due to the decreased importance of N2O5 and its surface uptake (Geyer
and Stutz, 2004a; Hov, 1983).

HONO, which is directly emitted from traffic and chemically formed in the atmosphere
mainly by the heterogeneous hydrolysis of NO2 on various surfaces (Finlayson-Pitts
et al., 2003; Stutz et al., 2004a), showed negative vertical gradients. Because the20

gradients are of the same sign as those of NO2, it is difficult to discriminate between
the different sources of HONO. However, the negative gradients of HONO together with
its gradual accumulation during night, with the highest HONO levels in the later part of
the night, point to a formation close to the surface. In some cases, the HONO gradients
persisted a few hours after sunrise when photolysis production of OH started. Since25

HONO is an important OH source in the morning, leading to a significant increase of
O3 concentrations in the polluted boundary layer (Alicke et al., 2002; Aumont et al.,
2003), the vertical gradient of HONO and its implications will be investigated further in
an upcoming publication.
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Significant negative vertical gradients of HCHO up to 0.12 ppb/m were observed dur-
ing the night in Phoenix (for example the early morning of 17 June in Fig. 3). Since the
photochemical production pathways of HCHO are absent at night, this strong HCHO
profile implies the existence of another significant source, which should be active close
to the ground. In earlier traffic tunnel measurements, significant amounts of primary5

HCHO from auto exhaust were observed (Kurtenbach et al., 2002). The night-time
traffic in downtown Phoenix could therefore be a major emission source for HCHO.
Although we have little information on the emission ratio of HCHO/NOx in the vehicle
exhaust and the other possible sources responsible for the high night-time HCHO emis-
sion in Phoenix, it can be concluded based on the observations that photochemistry is10

not the only major source for atmospheric HCHO. Future studies, for example tunnel
measurements of emission ratios of HCHO, are suggested to quantify the contribution
of direct emissions to the nocturnal atmospheric HCHO in urban areas.

The observed general patterns of trace gas vertical profiles in the NBL agree well
with earlier modeling studies for typical urban cases (Geyer and Stutz, 2004a). Accord-15

ing to the model results, the shape of these vertical profiles depend predominantly on
the nocturnal atmospheric stability and the surface emission rates of NO and VOCs.
To validate these model predictions, we have selected two nights illustrating the impact
of these factors on the NBL in Phoenix.

3.2. A case with strong surface emissions and high stability20

The night of 16 June–17 June (Fig. 4) was one of the most polluted during the ex-
periment. Levels of CO measured at ∼50 m altitude at BankOne were above 1 ppm
around midnight (not shown here). During most other nights, CO levels were high
only during morning rush hour, which was absent on 17 June (Sunday). We attribute
the unusually high CO levels on this weekend night to the heavy traffic caused by an25

event that occurred in the stadiums near downtown Phoenix. The strong emissions are
also reflected by the in situ data of NO at BankOne, which will be further discussed in
Sect. 4.1.
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A strong temperature inversion and low wind speeds, indicated by the in situ mete-
orological data (Fig. 5), show that this night was also characterized by a high vertical
stability of the NBL. The temperature difference between Hilton (∼45 m) and ADEQ
(∼110 m) was about 3–5 K during most parts of the night, especially before 04:00.
Wind speeds rarely reached above 2 m/s during this period. RH was as low as 5–20%.5

Potential temperature profiles by balloon soundings (Fig. 6) further demonstrate the
surface inversion strength and the approximate height of the stable NBL. Both balloon
soundings and in situ measurements show a decrease of the temperature inversion as
the night proceeded, in particular after 04:00.

Due to the strong surface emissions and the high stability of the NBL, clear positive10

vertical gradients of O3 and NO3 and negative gradients of NO2, HONO and HCHO
were observed throughout this night. The vertical profiles were particularly strong be-
fore 04:00. The high NO2 levels of up to 80 ppb in the lower box during this period are
in agreement with strong night-time NOx emissions and the conversion of NO into NO2
through the reaction with O3. As a result, O3 mixing ratios in the lower box ranged from15

below detection limits to at most 20 ppb, implying a surface O3 depletion as reported
in the earlier studies (Colbeck and Harrison, 1985; Cros et al., 1992; Gusten et al.,
1998). Because the vertical mixing was greatly limited, smaller concentrations of NO2
and larger concentrations of O3 were expected at higher altitudes, especially above
the nocturnal inversion height. The potential temperature profile at midnight (Fig. 6)20

reveals that the strong surface inversion led to a stable NBL with a height of less than
100 m. The upper box, above the inversion height, was left in the RL and thus largely
decoupled from the ground emissions. Consequently, trace gas mixing ratios in the
upper box reflected the composition of the RL and were close to those during daytime.
As shown in Fig. 4, the upper box O3 levels were significantly higher than those of the25

lower and middle boxes with a maximum of over 50 ppb, resulting in a strong positive
O3 gradient of up to 0.4 ppb/m. NO2 mixing ratios in the upper layer were in the range
of 5–20 ppb, leading to negative NO2 gradients as large as −0.6 ppb/m. The fact that
the O3 and NO2 gradients have similar magnitudes but opposite signs will be discussed
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further below (see Sect. 4.2). For the other important night-time oxidant, NO3, surpris-
ingly high levels over 200 ppt were observed in the upper box. The lower box NO3
levels rarely reached above 50 ppt, leading to maximum NO3 gradients of 2 ppt/m. As
a consequence of the vertical profiles of both O3 and NO3, a strong vertical variation of
the atmospheric oxidation capacity within and above the NBL is expected. According5

to our earlier modeling studies (Geyer and Stutz, 2004a, b), the stable NBL at midnight
in an urban case with strong emissions can be subdivided into an unreactive ground
layer, an unreactive upper layer above ∼80 m and a reactive mixing layer centered
around 50 m altitude. Our observations during this night agree well with those model
study results.10

From 04:00 to sunrise at about 05:30 (see photolysis rate (JNO2) in Fig. 5), the vertical
gradients were significantly reduced. The smaller temperature inversion and the higher
wind speeds indicate a weaker stability. This early morning transition was described by
(Doran et al., 2003), who speculated that large scale convergence and resulting upward
motions over the Phoenix valley was the cause for the increase in vertical mixing prior15

to sunrise.
After sunrise, radiative heating results in a quick breakup of the surface inversion. A

well-mixed layer starts to grow upward from the surface. In this case, the convective
layer grew up to ∼100 m at 06:00. By 08:00, a typical convective boundary layer with a
depth of a few hundred meters had developed. Consistent with this morning transition,20

the observed vertical variations in Fig. 4 started to regress after 05:00 and had disap-
peared completely by 08:00 due to the strong vertical mixing. In addition, as a result
of the increasing photolysis, NO2 and HONO levels decreased while O3 was produced
by photochemistry and its mixing ratios increased at all altitudes.

3.3. A case with weaker surface emissions and varying stability25

The night of 26 June–27 June (Fig. 7), a typical weekday night, was characterized by
relatively weaker surface emissions and different vertical stabilities than the previous
case. CO mixing ratios were around 250 ppb until the onset of the morning rush hour,
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when they reached a maximum of near 800 ppb. Though the CO levels are also influ-
enced by vertical transport, the predominant cause for the lower nocturnal CO levels
than those of the night of 16 June–17 June, which included an evening event with high
traffic levels, is the lighter traffic during typical weeknights in Phoenix. In addition, the
measured temperature profiles and wind speeds on top of ADEQ generally show that5

this night showed weaker stability than 16 June–17 June (see Fig. 8). Accordingly, the
observed trace gas vertical gradients on this night were clearly smaller than those of
the high emission and high stability case.

The in situ meteorological data also illustrate two periods during this night with con-
siderably different atmospheric stabilities (highlighted in Fig. 8): 1) A relatively unstable10

period with high wind speed around 4 m/s and no detectable temperature inversion
from about 23:00 to 01:00. 2) A very stable period with very weak wind and a clear
temperature inversion from 03:00 until 05:00. Because the difference in local emis-
sions during the two periods is expected to have less impact (according to the in situ
CO data), the difference in vertical variations between these two selected periods was15

most likely caused by the different NBL stabilities. During the first highlighted period,
the strong wind induced effective vertical mixing in the NBL, leading to negligible tem-
perature gradients (Fig. 8). Consistent with the meteorological observations, the verti-
cal trace gas gradients in Fig. 7 were undetectable or close to zero in these two hours.
In addition, NO3 levels were found to be close to zero during this time, most likely due20

to the efficient transport of surface emitted NO into higher altitudes where it destroyed
NO3. This will be further discussed with calculated NO3 production rate and steady
state lifetime of NO3 in Sect. 4.3. During the second period, wind speeds decreased to
below 1 m/s and a clear temperature inversion developed (Fig. 8). Vertical mixing dur-
ing this calm period was thus suppressed. Consequently the magnitude of measured25

trace gas vertical gradients became stronger, reaching the maxima after 04:00 (Fig. 7).
O3 levels in the lower box rapidly decreased from ∼20 ppb to zero through the reaction
with surface emitted NO, while the levels in the middle and upper boxes remained ap-
proximately constant. Similarly, NO2, HCHO, and HONO mixing ratios in the lower box
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increased, while the levels in the other two boxes had little change. With little NO being
transported upward, the NO3 level in the upper box increased rapidly and a maximum
of ∼150 ppt was observed. After 05:00, an increase in wind speed again reduced the
atmospheric stability and the vertical gradients of trace gases. Similar to the previous
case, the vertical profiles disappeared completely after 08:00 when a typical convec-5

tive boundary layer was established. The short term negative vertical gradients of NO2,
HONO and HCHO about 1 h after sunrise reflect the weekday morning rush hour.

Therefore, the behaviors of vertical gradients and the NBL stability during these two
periods clearly show the influence of vertical mixing on the trace gas profiles. The
reaction of NO3 to an increased stability is particularly noteworthy. The observations10

confirm the model prediction by Geyer and Stutz (2004a) which also shows a strong
correlation of vertical profiles with the atmospheric stability.

4. Discussion

Our observations of vertical trace gas profiles offer the unique opportunity to study the
vertical variations of nocturnal chemistry as well as the budgets of O3 and NO2. In15

this section, we will concentrate on the analysis of the budget of the O3-NOx system
based on the observations. A detailed study of the chemical pathways in the NBL
and the impact of vertical mixing by a chemical transport model will be presented in a
forthcoming publication. The following section will give a brief review of the processes
dominating the budgets of O3, NO2, and thus Ox (the sum of O3 and NO2) that will be20

used in the discussions.

4.1. Nocturnal processes influencing O3, NO2, and Ox levels

Due to the absence of sunlight, O3 undergoes pure loss in the NBL. The dominant
chemical sink of O3 in urban areas with strong surface emissions is its rapid reaction
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with freshly emitted NO, a process known as NO titration (R1).

NO + O3 → NO2 + O2 (R1)

However, this transformation of O3 to NO2 only temporarily removes O3 from the
boundary layer, since the photolysis of NO2 during the next morning will lead to a
re-release of O3. A simple calculation, based on the photostationary state between5

NO, NO2 and O3 with the assumption that other NO2 and O3 losses are absent, illus-
trates the ultimate impact of nocturnal NO emissions on the O3 budget. The distribu-
tion between NO, NO2 and O3 during daytime can be described by the Leighton ratio
[O3]=JNO2

k1
· [NO2]

[NO] (Finlayson-Pitts and Pitts, 2000), which includes a dependence on the
photolysis rate of NO2. The sum of O3 and NO2, Ox, will remain constant, assuming the10

absence of O3 or NO2 loss processes other than (R1) and NO2 photolysis. Based on
the Leighton ratio, one can derive an expression for the steady state O3 concentration
before sunset and after sunrise, which depends on the levels of Ox, NOx (NO+NO2),
and JNO2:

[O3] =
1
2

[Ox]−[NOx]−
JNO2

k1
+

√(
[NOx]−[Ox] +

JNO2

k1

)2

+ 4
JNO2

k1
[Ox]

 (1)
15

To determine the influence of nocturnal NO emissions, we start with the ini-
tial NOx concentrations at sunset, [NOx]ss. The sunrise NOx is thus defined by
[NOx]sr=[NOx]ss+ENO, where ENO represents the total emissions of NO throughout the
night. The difference between O3 levels at sunset and the next sunrise, [O3]sr–[O3]ss,
shows the effective O3 destruction due to nocturnal NO emissions assuming that JNO220

is equal in both cases. An O3 destruction efficiency of NO emissions is defined as:

DO3 = −
∆[O3]

∆[NOx]
=

[O3]ss − [O3]sr

ENO
.

In the absence of nocturnal NO sources (i.e., ENO=0), [NOx] will remain the same and
O3 is not destroyed. If ENO>0, the change in [O3] due to the increasing [NOx] (i.e.,
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−DO3) can be approximately expressed by the first order differentiation of Eq. (1):

∂[O3]

∂[NOx]
=

1
2
·

 [NOx]−[Ox] + JNO2
k1√

([NOx]−[Ox] + JNO2
k1

)2 + 4[Ox] · JNO2
k1

− 1

 < 0 (2)

Though the value of DO3 calculated with the above approximation depends on different
combinations of [Ox], [NOx], ENO, and JNO2, it should be noted that the expression of
Eq. (2) is always smaller than zero. The nocturnal emission of NO should thus always5

lead to lower O3 levels at sunrise than those before the previous sunset in all cases
(i.e., DO3>0). It is interesting to note that in the special case where O3 is completely
converted into NO2 at the beginning of the night (i.e., [Ox]=[NO2]), DO3 still has a
positive value. Therefore, even when there is no O3 to be removed by (R1) during
night-time, nocturnal NO emissions will still contribute to lower O3 levels during the10

following morning.

The second order differentiation of Eq. (1), ∂2[O3]
∂[NOx]2

≈∂(−DO3)
∂[NOx] , is positive. This further

demonstrates that the O3 destruction efficiency, DO3, decreases with increasing NOx

levels. Here we can discuss an example with [Ox]=60 ppb and JNO2=0.005 s−1. At low
[NOx]ss levels (<10 ppb) and low to moderate ENO, DO3 is found in the range of 0.7–0.9.15

At high levels of [NOx]ss(40 ppb), DO3 decreases to 0.4–0.5. Similarly, the magnitude of
DO3 is also found to decrease with increasing ENO. Therefore, the impact of nocturnal
NO emissions on the O3 budget depends on various parameters and needs to be
determined for every case separately. However, it is clear that (R1) does ultimately
destroy O3, considering the difference in O3 levels before sunset and after sunrise.20

In addition to (R1), other processes influence the concentrations of O3 and NO2 in
the NBL and change the total Ox level directly. One may assume that the loss of one
Ox during night-time leads to exactly a loss of one O3 in the next morning. However,
Eq. (3) illustrates that, considering the effect of Leighton ratio Eq. (1), the reduction of
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O3 is less than one.

∂[O3]

∂[Ox]
=

1
2
·

 [Ox]−[NOx] + JNO2
k1√

([NOx]−[Ox] + JNO2
k1

)2 + 4[Ox] · JNO2
k1

+ 1

 < 1 (3)

In the following, we will distinguish the above-discussed process, which converts O3
into NO2 without changing Ox levels and influences the O3 budget indirectly, from those
that change the total Ox and influence the O3 budget directly.5

The further oxidation of NO2 forms NO3 (R2) and temporarily destroys one O3 and
one NO2, i.e., two Ox molecules. However, in urban areas the fast reaction of NO3
with ground-level emitted NO is the major sink of NO3, and reforms two Ox (R3). The
total Ox is thus conserved in the reaction system of (R2) and (R3) in the NBL, acting
similarly to (R1) by converting O3 into NO2.10

NO2 + O3 → NO3 + O2 (R2)

NO3 + NO → NO2 + NO2 (R3)

Therefore, only the transformations of NO3 that do not regenerate Ox can be consid-
ered a final loss of Ox. As one of the dominant oxidants in the NBL, NO3 oxidizes
various VOCs forming organic nitrates (R4). Although the further reactions of some15

organic nitrates can produce NO2, the majority of these reactions do not regenerate
Ox and thus lead to the ultimate Ox loss (Stockwell et al., 1997).

NO3 + VOCs → . . .. . . → organic nitrate + other products (R4)

In addition, the reaction of NO3 with NO2 results in the formation of an important reser-
voir species, N2O5, through (R5). The uptake of N2O5 on aerosols (R6) is an indirect20

sink for NO3 and another loss process of Ox. (R5) also consumes an additional Ox in
the form of NO2.

NO3 + NO2 + M ↔ N2O5 + M (R5)
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N2O5 + H2O aerosols−−−−−−→ 2HNO3 (R6)

The direct oxidation of VOCs by O3 is another possible pathway to destroy O3 and thus
Ox. However, these reactions are slow compared to others and have little significance
for the Ox budget in urban areas.

Dry deposition of both NO2 and O3 on the ground and direct uptake on aerosols also5

lead to Ox loss. The description of dry deposition in the urban NBL is challenging due to
the poorly quantified vertical exchange rates and the simultaneously acting chemistry.
Air quality models often employ a formalism describing deposition flux (jdep) by the
product of a deposition velocity (vdep) at one altitude and the concentration of the trace
gas (C): jdep=vdep×C. This formalism is often inaccurate for O3 and NO2 in urban areas10

due to the simultaneously acting chemical transformation of O3 into NO2 (R1) (Geyer
and Stutz, 2004a; Hov, 1983).

Vertical transport of O3 into and of NO2 out of the NBL is a source and a sink of
these gases in the NBL. We will discuss below how this process influences Ox levels.

Finally one also has to consider the direct emission of NO2 through combustion15

processes. Since the emission ratio of NO2/NOx is typically less than 10%, the impact
of direct emissions to the total Ox budget in the NBL is, in most cases, small. However,
it will be shown later that under some circumstances the influence of NO2 emissions
can be observed.

Based on the above discussions, it is clear that the analysis of the nocturnal O3, NO2,20

and Ox budgets requires the separation of various processes that influence this system.
In particular, processes that change O3 and NO2 levels without changing the level of
Ox need to be treated separately. Consequently, we will have a closer look at the NO
titration process and the O3-NO2-Ox system in Phoenix in Sect. 4.2. The contribution
of NO3 and N2O5 chemistry, which plays an important role in the nocturnal Ox loss, will25

be discussed in Sects. 4.3 and 4.4. In addition, a semi-quantitative calculation of the
O3, NO2 and Ox budgets will be given in Sect. 4.5.
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4.2. The role of NO titration in the NBL chemistry

The first step to analyze the processes determining the NBL O3 budget is the inves-
tigation of the influence of reaction (R1) on the vertical distributions of O3, NO2, and
Ox. It was found by Geyer and Stutz (2004a) and Hov (1983) that the altitude depen-
dence of nocturnal chemistry is controlled by the NO emission rate, in addition to the5

vertical stability of the NBL. As shown earlier in Sect. 3, in the urban area of Phoenix,
night-time NO emissions, mainly from local traffic, were trapped close to the surface by
weak vertical mixing and the fast NO titration led to positive O3 vertical gradients and
negative NO2 gradients of similar magnitudes. It is thus interesting to discuss the verti-
cal profiles of total Ox in the NBL. Here, three different scenarios of observed nocturnal10

vertical profiles in Phoenix are discussed.

4.2.1. The uniform Ox vertical profile in a typical urban case in Phoenix

In a typical case in Phoenix, for example the night of 28 June–29 June 2001 (Fig. 9),
clear vertical variations of O3 and NO2 levels were observed throughout the night until
the onset of a strong morning vertical mixing, which agrees well with earlier observa-15

tions (Aneja et al., 2000; Colbeck and Harrison, 1985; Glaser et al., 2003; Gusten et
al., 1998; Zhang and Rao, 1999) and model simulations (Geyer and Stutz, 2004a; Hov,
1983). The O3 and NO2 gradients show a remarkable anti-correlation even during rapid
variations (marked by the yellow arrows in Fig. 9). In contrast, the calculated Ox level
does not show a detectable gradient during most parts of the night. The variations in20

NO2 and O3 in the time series are canceled out in the sum and are not reflected in Ox
levels. The only small variations of Ox around 03:00–05:00 were most likely introduced
by horizontal advection. This speculation is supported by the in situ meteorological
data on top of the different buildings which show consistent wind directions during this
night except for some deviations at 03:00–05:00.25

Following sunrise, Ox levels increased, while O3 concentrations remained low until
08:00 due to the large amount of freshly emitted NO during rush hour. This increase in
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Ox but not in O3 was most likely caused by the high direct emissions of NO2 by traffic
and the downward transport of O3 from the RL followed by (R1). After 08:00, NO2
mixing ratios decreased with reduced traffic and continuously increasing photolysis
rate. Both O3 and Ox levels increased gradually as the photochemical O3 formation
process started to take over.5

As predicted by Geyer and Stutz (2004a), Hov (1983), the combination of surface
NO emissions, the limited vertical transport, and the resulting height-dependent NO
titration process (R1) in the polluted urban NBL lead to higher NO2 and lower O3 con-
centrations close to the surface than aloft. Because (R1) only converts O3 to NO2
without changing Ox levels, Ox should have no vertical gradient if (R1) is the dominant10

chemical process in determining vertical distributions of both NO2 and O3. Therefore,
our observations in this scenario clearly demonstrate the dominant role of NO titration
for the vertical variations of NBL chemistry during a typical polluted night in Phoenix.
The similar anti-correlated profiles of NO2 and O3 were also observed in earlier studies
at suburban areas with heavy traffic (Chen et al., 2002).15

During the majority of the nights in this field campaign, negligible Ox gradients similar
to those in Fig. 9 were observed. However, there were exceptions during two nights:
16 June–17 June and 30 June–1 July, which need further discussions.

4.2.2. Stronger surface emission case

During the night of 16 June–17 June (Fig. 10), which showed the strongest vertical20

profiles of trace gases during this two-week field study, the large vertical gradients of
NO2 and O3 mostly canceled each other out as seen by the small Ox gradient. The
Ox level in the lower box was, however, in general higher than that in the middle and
upper boxes. As a result, the calculated Ox vertical gradient was negative during most
parts of the night. Considering the very high NO2 levels and the surface O3 depletion25

during this night, this negative Ox gradient was most likely caused by particularly high
ground-level emissions.

Although NO emission rates were not directly monitored during this study, the mix-
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ing ratios of NO were measured at the ground level and on two floors of the BankOne
building. The comparison of NO levels for three different scenarios of this field cam-
paign is shown in Fig. 12. The night of 28 June–29 June, which showed the behavior
of Ox profiles similar to those during most other nights in Phoenix (Sect. 4.2.1), was
a typical weekday night. The evening traffic in the city led to up to 30 ppb NO at the5

ground. Due to the extremely high daytime temperature in summer, the morning rush
hour in Phoenix often occurs as early as around sunrise. The morning NO peak in
Fig. 12 shows the early rush hour with a maximum at about 06:00. The delay in the
NO maximum at higher altitudes was caused by the slow upward transport of NO. In
contrast, the night of 16 June–17 June was a weekend night, from Saturday to Sunday.10

The morning rush hour NO peak is absent. However, high NO mixing ratios at both
the ground level and 50 m altitude were observed during this night (Fig. 12), most likely
caused by increased traffic and direct emissions due to a sports event in downtown
Phoenix.

As a result of the exceptionally high nocturnal NO emissions during 16 June–1715

June and the rapid reaction (R1), large amounts of O3 are converted into NO2 in the
lower NBL. The lower box NO2 reached as high as 80 ppb during this night, which is
about twice the maximum NO2 level of the previous case. A large NO3 production
rate by (R2) is thus expected. In fact, this was the night with the highest NO3 levels
during this experiment. Above 200 ppt NO3 were detected in the upper box, while the20

average maximum NO3 level during the other nights was below 100 ppt. Because of the
very active NO3-N2O5 chemistry, NO2 formation pathways other than NO titration (R1),
such as (R3) and the thermal decay of N2O5 through (R5), significanlty influence the
vertical distribution of Ox in the NBL. The chemical transport model of Geyer and Stutz
(2004a) also predicts that the downward transport of N2O5 and its thermal dissociation25

(R5) in the lower NBL could be an important mechanism for transporting NO2 and NO3
from aloft to the surface. Together with the rapid reaction of NO3 with NO (R3), this
mechanism leads to the formation of three NO2 molecules for every N2O5 molecule
transported downwards. With the particularly high NO3 mixing ratios observed during
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this night (Fig. 10), the role of N2O5 and its transport could contribute significantly
to the high Ox levels close to the ground. In addition, the direct emission of NO2 at
the surface, which is often unimportant due to the low NO2/NOx emission ratio, could
become significant during nights with strong emissions. Using average NO mixing
ratios at 50 m altitude as a lower limit of the directly emitted NO for the lower box, and5

an emission ratio for NO2/NOx of about 7% (Kurtenbach et al., 2002), the contribution
of direct emissions to the lower box NO2 is estimated to be several ppb. Considering
the fact that the deposition loss of NO2 also increases with the increase of NO2 levels,
a large NO2 deposition on the ground surface could counter balance or even outweigh
the direct NO2 emissions. Therefore, direct emissions most likely contributed little to the10

10–15 ppb difference in Ox between the lower box and the other boxes. An accurate
quantitative evaluation of the roles of chemical NO2 formation processes and direct
NO2 emissions requires future model studies. It should be noted that in this case dry
deposition of O3 is unimportant as a consequence of the high NOx emissions and fast
O3 depletion. Instead, dry deposition of NO2 could become significant as an indirect15

O3 loss. However this loss could be counter balanced by strong direct NO2 emissions.
Whether the overall effect due to dry deposition, direct NO2 emissions, and vertical
transport lead to a net sink or source for Ox in the NBL has to be discussed more
quantitatively with the help of chemical transport models.

Nevertheless, the negative Ox vertical gradient during the night of 16 June–17 June20

shows that in cases of very high surface NOx emissions, the dominance of the NO
titration process is reduced and the idea of a constant vertical distribution of Ox does
not hold.

4.2.3. Weaker surface emission case

In contrast, during the night of 30 June–1 July, which was another weekend night of25

Saturday to Sunday, the Ox levels remained at slightly smaller values in the lower box
than those of two higher boxes (Fig. 11). A positive Ox vertical gradient was present
with values about half of the O3 gradient.
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Although horizontal advection cannot be completely excluded, a competitive Ox sink
was most likely present near the surface, leading to the positive Ox gradient. As pre-
dicted by Geyer and Stutz (2004a), dry deposition of O3, which is unimportant when
strong NO titration dominates in a polluted area, is a major cause of surface O3 removal
in rural areas. One can thus speculate that dry deposition also contributes considerably5

in an urban case with light NO emissions. The comparison of in situ NO data (Fig. 12)
shows much lower NO levels on 30 June–1 July than the previous two cases. The
lower box NO2 levels (Fig. 11) were only about half of those in the case of Sect. 4.2.1
(Fig. 9). In addition, the vertical gradients of both NO2 and O3 were also considerably
smaller compared to the other cases. These observations all suggested weaker NO10

emissions during this night. The role of NO titration in the Ox vertical distribution is thus
weakened. Therefore, it can be deduced that when a large amount of NO was trapped
in the lower NBL, the fast rate of (R1) resulted in the dominant role of NO titration in
the NBL chemistry and a uniform Ox vertical distribution in the typical urban case in
Sect. 4.2.1 (Fig. 9). The contribution of dry deposition was negligible. However, with15

much less NO in this case, dry deposition competed with NO titration and resulted in
an additional O3 loss at the ground surface, which led to the lower total Ox level in the
lower box than aloft. While dry deposition can be important for the Ox budget in urban
areas, for example in this case, the fast NO titration causes the O3 deposition velocity
to change with height and thus makes the accurate estimation of this velocity for air20

pollution models challenging (Wesely and Hicks, 2000). It should be noted that NO2
deposition and the resulting negative vertical flux to the ground surface was not con-
sidered in the above discussions. As shown in Geyer and Stutz (2004a), this surface
loss of NO2 leads to a positive NO2 gradient only in the lowest meter of the atmosphere
and is therefore not seen in our observations.25

4.2.4. Comparison of the gradients in different cases

Based on the comparison of these three cases in Phoenix, it is again confirmed that the
NOx emission strength is a critical factor influencing the vertical structures of nocturnal
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chemistry in urban environments. The significance of NO titration and consequently
the vertical distribution of Ox vary with the surface emission strength. This conclusion
is consistent with the earlier model prediction by Geyer and Stutz (2004a) that the NO
emission rate can significantly change the magnitude and even the direction of trace
gas vertical gradients in urban cases.5

It should be noted that besides the emission strength, the NBL stabil-
ity also influences the vertical distribution of trace gases (see Sect. 3.3).
Although the different surface emission strengths during these three nights(
E16 June−17 June> E28 June−29 June>E30 June−1 July ), contributed to some extent, in

determining the difference in the magnitude of NO2 and O3 vertical gradients10 (
dC
dz 16 June−17 June

>dC
dz 28 June−29 June

>dC
dz 30 June−1 July

)
, the factor of atmospheric stabil-

ity must be considered as well. As shown in Fig. 5, the night of 16 June–17 June was
characterized by very low wind speed mostly around 0–2 m/s and a strong temperature
inversion of up to 5 K difference between the roof of ADEQ (110 m) and Hilton (45 m).
Meteorological data from the other two nights show weaker atmospheric stability. The15

night of 28 June–29 June had a little higher wind speed and a relatively weaker tem-
perature inversion. The temperature difference between two buildings was at most 2 K.
During the night of 30 June–1 July, no temperature inversion was observed and the
wind speed was mostly above 3 m/s. Therefore, the NBL stability during these cases
has the same order as that of the emission factor (Table 3). The difference in both20

emissions and atmospheric stability determined the different gradient magnitudes dur-
ing these nights. A quantitative discrimination of these two factors, however, requires
future model studies.

Despite the above-discussed differences, the three cases do have clear common
features in the trend of Ox. In all cases, Ox mixing ratios gradually decreased with the25

development of the night and reached the lowest values around sunrise. A detailed
discussion of the Ox budget based on these data will be given in Sect. 4.5, in which
the contribution of NO3 and N2O5 chemistry is also analyzed in addition to NO titration
process.
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4.3. NO3 chemistry in the urban NBL

The chemistry of NO3 and its reservoir species N2O5 has a strong influence on the
fate of O3, NO2 and Ox, as well as VOCs. Due to the vertical distributions of NO2
and O3 and the height-dependent Reaction (R2), NO3, which accumulates with the
development of the night, also develops vertical profiles. The observations in Phoenix5

generally showed high NO3 levels often above 50 ppt in the upper box, but small and
often negligible levels close to the ground (see Fig. 3 in Sect. 3.1).

Figure 7 shows NO3 vertical profiles for the night of 26 June–27 June, which was
already discussed in Sect. 3.3 with respect to the influence of stability on vertical pro-
files. During periods of high stability in the early and late night, clear positive vertical10

gradients of NO3 can be identified, which is consistent with the model prediction by
Geyer and Stutz (2004a) for polluted urban cases. NO3 mixing ratios reached up to
150 ppt in the upper box and decreased towards the ground. During the period with
low NBL stability, however, NO3 levels were low (0–30 ppt) at all altitudes. The vertical
gradients were less distinct than those during the stable periods, mainly due to the15

increased vertical mixing. To understand the cause for this NO3 behavior, the height
dependence of NO3 formation and loss are investigated in the following. To avoid the
influence of the scatter of the lower box data as a result of temporal variations in the
path-integrated data and the large errors of the lower box mixing ratios, we will focus
on the data in the middle and upper boxes.20

The opposite vertical distributions of NO2 and O3 lead to an altitude depen-
dence of NO3 formation through (R2). The NO3 production rate, PNO3=k2·[NO2]·[O3]

(k2=1.4×10−13e−2470/Tcm3s−1; Atkinson et al., 2004), calculated based on measured
mixing ratios of NO2 and O3, showed values about 0.5–1×107 cm−3 s−1 during both
stable and unstable periods (Fig. 7). The vertical gradient of PNO3 was weak and did25

not show a clear trend due to the opposite signs of O3 and NO2 gradients. However,
a closer look at the dependence of PNO3 gradients on the NO2 and O3 distributions
displays a systematic behavior of PNO3 profiles. Based on the important role of NO
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titration in urban areas (Sect. 4.2) and an assumption of linear vertical profiles of both
NO2 and O3, the NO3 production rate at altitude z can be estimated with the con-
centrations at a reference altitude (i.e., [NO2]z0 and [O3]z0) and the vertical gradients
(δ=d[O3]/dz≈−d[NO2]/dz) of NO3 precursors:

PNO3(z) ≈ k2 · ([NO2]z0−δ ·∆z) · ([O3]z0 + δ ·∆z) (4)5

The derivation of the vertical gradient of PNO3 reveals that the PNO3 vertical profile
at a specific altitude is approximately determined by the NO2 and O3 levels at the
corresponding height ([NO2]z and [O3]z) and their vertical gradients δ:

dPNO3

dz
≈ k2 · δ · ([NO2]z0−[O3]z0−2δ ·∆z) ≈ k2 · δ · ([NO2]z−[O3]z) (5)

The sign of the PNO3 gradient is, therefore, solely dependent on the comparison of10

NO2 and O3 concentrations. The product of δ with the difference in NO2 and O3 levels
determines the magnitude of the PNO3 gradient. As discussed earlier in Sect. 4.2,
the constant Ox vertical distribution in urban areas does not always hold when close
to the ground surface. A description of the PNO3 behavior with Eq. (5) is thus only
valid for the upper and middle boxes. Figure 7 shows generally lower NO2 levels than15

those of O3 in both upper and middle boxes. Consequently, PNO3 at these altitudes
displayed a negative vertical gradient during most of the night. The largest gradient
of PNO3 appeared when the NO2 and O3 profiles were strong (i.e., the high stability
periods during 26 June–27 June) or when O3 levels were considerably higher than
those of NO2 in the beginning of the night, which is also consistent with the expression20

of Eq. (5). In contrast, very weak vertical gradient of PNO3 appeared during the period
with low NBL stability as a result of a small δ in Eq. (5).

Despite the presence of a negative vertical gradient of the NO3 production rate, pos-
itive NO3 gradients were observed. We thus discuss the NO3 sink and the consequent
steady state lifetime of NO3:25

τNO3=
[NO3]

NO3 loss or production rate
=

[NO3]

k2 · [NO2] · [O3]
(6)
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It has to be noted that this calculation is based on the steady state assumption of both
NO3 and its reservoir species N2O5, which is not always fulfilled in the atmosphere
(Brown et al., 2003). Its accuracy depends on the ambient NO2 level, the tempera-
ture, the levels of species reacting with NO3 directly, and the vertical transport of the
reservoir species N2O5 which influences NO3 distribution indirectly (Geyer and Stutz,5

2004a). Here we use τNO3 to gain a qualitative insight into the magnitude of the loss
processes of NO3 and their altitude dependence. A more quantitative analysis requires
the use of a chemical transport model.

The calculated NO3 lifetime was considerably shorter in the lower NBL than aloft
during times of high vertical stability on 26 June–27 June (Fig. 7). Values of τNO3 were10

in the range of 0–300 s for the middle box but reached 500–1200 s in the upper box.
The much longer lifetimes in the upper box are clearly associated with the observed
high NO3 mixing ratios.

The most likely explanation is the direct loss process of NO3 due to reactions with NO
and various VOCs (R3 and R4) which are emitted near the ground. In particular, NO,15

the sink species of NO3, is converted into NO2 as it is transported upward and has very
low mixing ratios at the top of the NBL, consequently leading to longer NO3 lifetimes
(Geyer and Stutz, 2004a). The low NO3 lifetime in the lower NBL, to a large extent,
determined the low NO3 mixing ratios even when a higher NO3 production rate than
aloft was present. The indirect NO3 loss through aerosol uptake of N2O5 (R6) following20

the equilibrium (R5) could also play a role with a negative vertical distribution of aerosol
surface area. However, as will be further discussed below, due to the extremely low RH
(Fig. 8), the influence of (R6) is relatively small in Phoenix. In addition, a temperature
inversion in the stable NBL (Fig. 8) could affect the height profile of the reaction rate of
(R5) due to the strong temperature dependence of the equilibrium between reactants25

and the product (Geyer and Stutz, 2004a). Higher temperatures at the top of the NBL
could thus result in a considerable shift of the equilibrium to the direction of NO3 and
thus contributed to the strong positive NO3 vertical gradient during the stable periods
in 26 June–27 June.
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During the weak stability period, τNO3 was surprisingly low at all altitudes (Fig. 7).
The highest τNO3was only about 1 min. As indicated by the high wind speed (Fig. 8) and
the weak vertical profiles of measured trace gases (Fig. 7), the vertical mixing during
this period was strong. It is, therefore, believed that the ground-level emitted NO3 sink
species were transported upward efficiently and resulted in a rapid loss of NO3 at all5

measured altitudes. Consequently the very short τNO3 explains the particularly low
NO3 levels during this period despite a fairly constant PNO3 throughout the night.

In summary, the comparison of the NO3 production rate and lifetime reveals that the
positive NO3 vertical gradients in urban areas are a consequence of the NO3 loss that is
more efficient near the ground. This conclusion is in agreement with the modeling study10

by Geyer and Stutz (2004a), which shows a similar altitude dependence of the NO3
chemistry. Our results also illustrate that neither NO3 mixing ratio nor its atmospheric
lifetime in the NBL can be determined based on ground-level measurements alone,
supporting the conclusions that calculations from ground measurements of NO3 could
lead to underestimation of the nocturnal oxidizing capacity of the atmosphere (Aliwell15

and Jones, 1998).

4.4. Vertical profiles of the reservoir species N2O5

Due to the formation of N2O5 through the reaction of NO3 with NO2 and its thermal
decay (R5), a temperature dependent equilibrium is established between these three
species. Ideally, in the absence of influence from other N2O5 sinks (i.e., R6), the20

chemical steady state N2O5 concentration is determined by Keq(T ) · [NO2] · [NO3], in

which Keq(T )=5.5×10−27e10724/Tcm3 (Wangberg et al., 1997). Due to the very low RH
in Phoenix, the influence of (R6) on the steady state of N2O5 is rather unimportant.
Based on this temperature dependent equilibrium, unique vertical profiles of chemical
steady state N2O5 mixing ratios were derived with the measured data of NO2 and NO325

as well as the temperature profile (Fig. 7). The temperature measured on top of ADEQ
was taken as the upper box temperature. The average temperature on top of ADEQ
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and Hilton was used as the middle box temperature.
During the stable periods on the night of 26 June–27 June, N2O5 mixing ratios

reached up to 350 ppt, while they were below ∼100 ppt during the unstable period,
mainly because of the difference in NO3 concentrations for different periods (see
Sect. 4.3). N2O5 during the stable periods showed considerably higher levels in the5

middle box than in the upper box. This negative N2O5 vertical gradient was not pre-
dicted in our earlier model runs (Geyer and Stutz, 2004a). However, the results of a
special urban case with very high ambient temperature do show higher N2O5 levels
in the middle of the NBL than the upper and lower NBL. The N2O5 profiles during the
unstable period were weak and showed higher or equal N2O5 levels aloft than in the10

middle box, which is in better agreement with the model predictions (Geyer and Stutz,
2004a).

Several mechanisms contribute to the formation of the N2O5 profiles. Primarily the
profile is determined by the opposite vertical distribution of NO2 and NO3. Both of
these profiles depend on the vertical stability and the NOx emissions. Second, the15

temperature profile can play a role due to the temperature dependence of Keq. How-
ever, the temperature gradient for the unstable period of this night was negligible and
thus did not contribute to the N2O5 gradient. For the stable period when the temper-
ature difference between top of Hilton and top of ADEQ reached a maximum of ∼2 K,
this temperature inversion could lead to at most 12% decrease in N2O5 mixing ratios20

from the middle box to the upper box. The vertical variations of N2O5 during this night
were, therefore, mainly caused by the vertical distribution of NO2 and O3.

Using an assumption of linear NO2 and NO3 distributions similar to the one used
in the discussion of PNO3, the N2O5 mixing ratio at altitude z can be expressed as

Keq · ([NO2]Z0 + d [NO2]
dz · ∆z) · ([NO3]Z0 + d [NO3]

dz · ∆z). Neglecting the possible height25

dependence of Keq(T), one can derive the gradient of steady state N2O5 mixing ratios
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at a specific altitude:

∂[N2O5]

∂z
≈ [N2O5]z ·


(
d [NO3]

dz

)
[NO3]z

+

(
d [NO2]

dz

)
[NO2]z

 (7)

The sign of N2O5 gradient is thus determined by the sum of the relative vertical gra-
dients of NO2 and NO3 at the corresponding altitude. For example, during the stable
period on 26 June–27 June, a low NO2 concentration and a strong vertical gradient5

of NO2 could result in a large negative value of the second term in the parenthesis in
Eq. (7) while the first term was relatively small due to the high NO3 concentration. A
negative N2O5 vertical gradient was thus determined. The high N2O5 concentrations
during this period further magnified this negative gradient (Eq. 7). In contrast, the neg-
ative term in Eq. (7) during the unstable period was much smaller as a result of higher10

NO2 levels and weaker vertical gradients, while the first term became relatively large
due to the very low NO3 levels. The resulting positive N2O5 vertical gradient was weak
because of the low concentrations of N2O5 during these hours.

It should be noted that the vertical transport of N2O5 could influence the above-
discussed steady state of N2O5 under some circumstances. However, according to15

model results of Geyer and Stutz (2004a), vertical transport can be important for N2O5
profiles only when close to the ground surface, for example at altitudes below 10 m for
a typical polluted stable NBL. The impact of this mechanism on the calculated N2O5
distribution in the case of Phoenix will be further investigated in a forthcoming paper
using a 1-D chemical transport box model.20

Our studies show complex N2O5 vertical profiles in the NBL depending on a number
of factors. Though the aerosol uptake of N2O5 through (R6) is most likely not important
in Phoenix due to the low RH, it can be an important atmospheric denoxification pro-
cess which removes NO3 and NO2 and further an indirect loss of O3 in other polluted
areas with high RH and aerosol density. The N2O5 profile, together with the verti-25

cal distribution of aerosols, can thus play an important role in determining the altitude
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dependence of NBL Ox sink in those cases.

4.5. Budgets of O3, NO2, and Ox in the NBL

As discussed in Sect. 4.1, nocturnal chemistry can influence O3 levels for the following
morning in polluted urban areas through its influence on the levels of total Ox (see
Eq. 3). The nocturnal budgets of both O3 and NO2 thus play critical roles.5

The dominant O3 loss during night-time is the reaction of O3 with freshly emitted
NO (R1). The true influence of this reaction on the O3 levels for the following morning
is the shift in the Leighton ratio (see Eqs. 1–2 in Sect. 4.1). The reaction of O3 with
NO2 (R2) also plays a significant role. However, if the NO3 formed in (R2) reacts with
NO, two NO2 are formed, thus converting O3 into NO2(R3). The reaction of O3 with10

various VOCs, LO3+VOC, plays a role only when other losses are small and is often
unimportant in the presence of non-negligible amounts of NOx in typical urban areas.
The other important loss process of O3 in the NBL is its heterogeneous destruction,
either on aerosols, LO3+aerosol, or the ground, LO3dry dep. Dry deposition of O3 becomes
particularly important in the case of low NO emissions (Sect. 4.2.3), but is negligible in15

heavily polluted areas where O3 is already depleted at the ground (Sect. 4.2.2). Finally,
it should be mentioned that the downward transport of O3 from higher altitudes, V TO3

,
constitutes the only source of O3 into the NBL. We can thus summarize the nocturnal
budget of O3 in the NBL as:

d [O3]

dt
= −k1 · [O3] · [NO]−k2 · [O3] · [NO2]−LO3+VOC−LO3+aerosol−LO3 dry dep + V TO3

(8)20

The main source of NO2 in the urban NBL is its formation through (R1). Due to the low
NO2/NOx emission ratio, NO2 direct emission, ENO2, generally plays a small role even
when nocturnal emissions are particularly strong (for example, the case in Sect. 4.2.2).
The formation of NO3 (R2) is an NO2 sink, while the loss of NO3 through reaction
with NO (R3) forms two NO2 molecules and is thus another source of NO2. The N2O525

chemistry is also both a source and a sink of NO2. The N2O5 uptake on aerosols, which
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is less important in Phoenix due to the low RH, is an indirect sink of NO2, while the
thermal decomposition of N2O5 (R5) is an NO2 source. Thus the shift of the equilibrium
of (R5) gives a measure of the impact of N2O5 on the nocturnal NO2 budget. Direct
heterogeneous uptake of NO2 on aerosols, LNO2+aerosol, and dry deposition on the
ground, LNO2dry dep, can also play a role. Finally the NBL NO2 is lost by the upward5

transport to higher altitudes, V TNO2
. The budget of NO2 in the NBL is therefore given

as:

d [NO2]

dt
= k1 · [O3] · [NO]−k2 · [O3] · [NO2] + 2k3 · [NO3] · [NO]

+
(
k5− · [N2O5]−k5+ · [NO3] · [NO2]

)
−LNO2+aerosol − LNO2 dry dep + ENO2

− V TNO2
(9)10

Based on these considerations, one can set up an expression for the total Ox change
in the NBL.

d [OX]

dt
= −2 · (k2 · [O3] · [NO2]−k3 · [NO3] · [NO]) +

(
k5− · [N2O5]−k5+ · [NO3] · [NO2]

)
−LO3+VOC − LO3+aerosol − LO3 dry dep − LNO2+aerosol − LNO2 dry dep

+ENO2
+ V TO3

− V TNO2
(10)15

Assuming a chemical steady state of NO3, the terms in the first parenthesis in Eq. (10)
describe the net NO3 loss that does not regenerate Ox (i.e., NO3 loss through (R4)
and the disequilibrium of (R5) as discussed in Sect. 4.1). Therefore, these terms can
be replaced by LNO3+VOC and (k5+ · [NO3] · [NO2]−k5− · [N2O5]). Considering a steady
state assumption for N2O5, the latter is equivalent to the heterogeneous uptake and20

the vertical transport of N2O5. Assuming that N2O5 vertical transport only redistributes
N2O5 but does not influence the total N2O5 budget in the NBL, the disequilibrium term,
(k5+ · [NO3] · [NO2]−k5− · [N2O5]), is approximately equal to LN2O5+aerosol.

For typical urban cases, Eq. (10) can be further simplified using the information
gained from our observations and earlier model studies. As mentioned in Sect. 4.1,25
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the loss of O3 through reactions with VOCs is often negligible when considerable NO
emissions are present. The model results of Geyer and Stutz (2004a) show no signif-
icant influence of LO3+VOC on the nocturnal O3 levels in urban scenarios. The aerosol
uptake of both O3 and NO2 is also shown to have small influence on the urban nocturnal
budget of these species. While the positive gradient of O3 clearly implies a downward5

transport and a dry deposition on the ground, our observations of negative NO2 gra-
dients seem to indicate no downward transport and no deposition of NO2. However,
calculations of Geyer and Stutz (2004a) show that NO2 is often efficiently lost at the
ground due to a positive NO2 gradient in the lowest meters of the NBL in urban scenar-
ios. Dry deposition of O3 and NO2 is, therefore, an important loss of Ox in the urban10

NBL, depending on the vertical stability of the atmosphere and the concentrations of
the two species (Geyer and Stutz, 2004a). Considering the fact that dry deposition is
determined by the ground level concentration of a species, the vertical exchange co-
efficient, and the reactive uptake coefficient, the dry deposition terms in Eq. (10) can
be combined into LOxdry dep assuming similar uptake coefficients of these two species.15

Vertical transport is an important loss and source of NBL NO2 and O3, respectively.
Since the vertical gradients of O3 and NO2 are often of the same magnitude but oppo-
site signs (see Sects. 3 and 4.2), the Ox loss due to the upward transport of NO2 out
of the NBL is as much as the Ox source through the downward transport of O3 into the
NBL (i.e., V TNO2

=V TO3
). The two terms in Eq. (10), V TO3

−V TNO2
, therefore cancel out.20

This also implies that vertical transport is possibly an important NO2 source in the RL
and influences the chemistry at higher altitudes.

Following these arguments, one can conclude that the budget of Ox in the NBL
is dominated by the atmospheric denoxification processes (i.e., LN2O5+aerosol and
LNO3+VOC), the dry deposition of Ox, and the direct emission of NO2:25

d [OX]

dt
= −3 · LN2O5+aerosol − 2 · LNO3+VOC − LOx dry dep + ENO2

(11)

It should be noted that the influence of N2O5 aerosol uptake (LN2O5+aerosol), which is
relatively unimportant for the chemical steady state of N2O5 in the dry atmosphere of
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Phoenix, is tripled in the total Ox loss rate and becomes an important factor governing
the nocturnal budget of Ox.

We can now apply these theoretical considerations to the observations in Phoenix.
To derive a picture averaged for the entire NBL, the original measurement results along
the lower light path spanning 140–10 m altitudes, which are approximately equivalent5

to the integrated trace gas concentrations in the lowest 140 m of the atmosphere, are
used for discussing the NBL Ox budget. We again use the nights discussed in Sect. 4.2,
16 June–17 June, 28 June–29 June, and 30 June–1 July, to show the influence of at-
mospheric stability and emissions on the total Ox budgets. A linear fit of the change of
Ox concentrations along the lower light path from 20:00 (21:30 for the night of 16 June–10

17 June) until 04:00 was applied to determine the Ox loss rate averaged throughout the
night (Table 3). While this procedure works well with Ox, it is less accurate for O3 and
NO2 due to temporal variations. Figures 9 and 10 show large temporal variations of
both NO2 and O3 levels during the night of 16 June–17 June and 28 June–29 June.
The average rates of NO2 and O3 are thus difficult to estimate. Nevertheless, a semi-15

quantitative linear fit was applied to get the O3 and NO2 change rates for the night
of 30 June–1 July, during which the temporal variations are relatively weak (Fig. 11).
The results in Table 3 reveal small differences in the Ox loss rates during the three
nights investigated here. The total Ox loss rate was relatively higher (∼2.6 ppb/h) dur-
ing 30 June–1 July, the night with weak stability and weak nocturnal emissions, and20

lower (∼1.4 ppb/h) during 16 June–17 June, the night with strong stability and strong
emissions. Considering the magnitude of the error bars and the temporal variations,
the difference in the total Ox loss during these nights is very small, despite the large
difference in the meteorology and chemical conditions among these cases.

To understand what caused this behavior, the factors determining the Ox budget in25

Eq. (11) have to be investigated separately. (1) Denoxification processes: The signif-
icance of denoxification processes strongly depends on the levels of N2O5 and NO3.
High NO2 and O3 levels often lead to high production rate of NO3 and thus N2O5. For
example, the highest NO3 levels in this two-week experiment were observed during the
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night of 16 June–17 June with the strongest emissions (see Sect. 3.2). Figure 3 also
shows higher NO3 and NO2 on 16 June–17 June than those on 30 June–1 July, sug-
gesting higher steady-state N2O5 levels on 16 June–17 June. The loss of Ox through
denoxification is therefore larger in the first case. In Table 3, we use ↑/↓ to indicate
a relatively larger/smaller contribution of the discussed term to the total Ox loss dur-5

ing night-time. A quantitative evaluation of the contribution of various denoxification
processes requires future model studies. (2) Dry deposition: The significance of dry
deposition is more difficult to estimate since it depends on both Ox levels and the ver-
tical stability in the NBL. The study of Geyer and Stutz (2004a) illustrated that the O3
deposition rate is strongly reduced by high surface NO emissions and weak vertical10

mixing. The O3 dry deposition during the night of 16 June–17 June is thus much
smaller than during the other night since both stability and emission strengths are in
favor of a smaller O3 deposition. The surface O3 depletion observed during the later
part of this night implies that O3 deposition played no role. Dry deposition of NO2 is,
however, only weakly dependent on the NBL stability because the effects of reduced15

NO2 levels near the ground and faster transport toward the surface due to a better mix-
ing balance each other (Geyer and Stutz, 2004a). The NO emission rate has a strong
influence on the NO2 deposition and thus leads to a larger LNO2dry dep for the high emis-
sion night. The O3 and NO2 deposition rates thus change in different directions. The
direct comparison of total Ox deposition rates during these two nights cannot be made20

due to limited data of the stability and emission rates. (3) Direct emission: Finally, the
influence of direct NO2 emissions is obviously stronger when surface NOx emissions
are higher (i.e., on the night of 16 June–17 June).

Based on these discussions, it can be concluded that the evaluation of Ox loss in the
NBL requires considerations of all the terms determining the nocturnal Ox budget and25

thus can be very complex. The dry deposition term is especially difficult to evaluate and
the contribution of O3 and NO2 needs to be treated separately for different conditions.
Since the values of this term in urban scenarios modeled by Geyer and Stutz (2004a)
are in the same order of magnitude as the average night-time Ox loss rate in our ob-
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servations, dry deposition plays an important role in the behavior of total Ox change
during these nights. It can be deduced that the combination of a larger loss rate by
denoxification, a larger source rate by direction emission, and a most likely smaller Ox
deposition rate during 16 June–17 June results in a similar total Ox loss rate for this
night to that on 30 June–1 July.5

It is interesting to note that the average O3 loss rate during the night of 30 June–1
July was very close to the total Ox loss rate. NO2 levels did not show clear change
throughout the night. A considerable NO2 loss rate through vertical transport as a
result of a weak stability most likely balanced the small NO2 source rate due to the
low nocturnal emissions. One can thus speculate that the influence of NBL chemistry10

on morning BL O3 levels for this case is mostly the result of the nocturnal Ox loss.
The influence caused by nocturnal emissions through the shift of Leighton Ratio (see
Eq. 2 in Sect. 4.1) is negligible. To justify this hypothesis, we did semi-quantitative
evaluation of the ultimate O3 loss as a result of the total Ox loss and the change of
NOx for this night (Table 4). Based on the interpretation of linear fit results discussed15

in Table 3, the Ox and NO2 levels at about 19:30 (right before sunset) and 05:30 (right
after sunrise) are estimated. The corresponding NO levels are evaluated based on in
situ measurements. Therefore, without the impact of any other factors such as early
morning convections, the total Ox and total NOx change in the NBL are estimated to be
-26 ppb and 2 ppb, respectively. Using Eq. (1) and the estimated Ox and NOx levels,20

O3 mixing ratios right before sunset and right after sunrise are calculated to be 31 ppb
and 4 ppb, giving a 27 ppb ultimate reduction of the O3 level. Assuming a constant NOx
level, one can derive the ultimate O3 loss caused by only Ox loss through nocturnal
chemistry to be 25 ppb, which contributes to 92% of the ultimate O3 loss. The influence
of nocturnal emissions (i.e., the increase of total NOx levels) is rather small (∼2 ppb)25

for this weakly polluted case.
In contrast, during the heavily polluted night of 16 June–17 June, the nocturnal Ox

loss is relatively smaller and thus most likely contributed less to the ultimate O3 re-
moval. NOx levels could increase considerably as a result of the strong NO emission
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followed by (R1) and the direct emission of NO2. The strong NBL stability that led to
ineffective upward transport of NOx out of the NBL could also contribute to the NOx
increase by reducing the NOx loss term. Consequently, the contribution of the shift of
Leighton Ratio (see Eq. 2) to the ultimate O3 loss is more significant for this heavily
polluted case. Unfortunately a semi-quantitative evaluation is not possible for this night5

as a result of the temporal variations in NO2 and O3 levels and the missing data in the
early evening.

The comparison of Ox loss for these different cases suggests that the influence of
nocturnal chemistry on O3 levels in the next morning by changing total Ox levels in
the NBL (see Eq. 3) can be larger in a less polluted environment. The nocturnal NO10

emission followed by (R1), which only redistribute NO2 and O3 without changing total
Ox and influence the morning O3 levels through its influence on the Leighton Ratio, is
however possibly more important in heavily polluted areas (see Eq. 2).

5. Conclusions

Strong positive vertical gradients of O3 and NO3 and negative vertical gradients of15

NO2, HONO and HCHO in the stable NBL were observed in the downtown area of
Phoenix. The magnitudes of the gradients were significantly larger than various earlier
observations in rural or suburban areas due to the higher night-time ground-level emis-
sions. The major features of the measured profiles are consistent with the concept of
the night-time trapping of local pollutants in a stable NBL. The details of the interac-20

tion of processes involved in this chemistry system with vertical transport are, however,
complex, depending on many factors. The following conclusions were drawn from our
observations.

– The distinctive vertical distributions of reactive species compose a complex
height-dependent nocturnal chemical system. Consequently, the atmospheric life-25

times of reactive species, the oxidative capacity of the NBL, the atmospheric de-
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noxification process, and the O3 production potential in the early morning bound-
ary layer are strongly height-dependent.

– Vertical stability has a strong influence on the distribution of all trace gases in
urban environments. Fast changes in vertical stability, as shown by the change
in temperature gradients during the night and the onset of vertical mixing in the5

morning were observed to redistribute trace gases throughout the boundary layer.

– NO titration, as shown by the vertical profiles of NO2, O3 and Ox, plays a dominant
role for the chemistry in the NBL. The surface emission strength of NO is a critical
factor governing the magnitude and the shape of the vertical profiles.

– Vertical profiles of NO3, are predominately caused by the short steady-state life-10

time of NO3 at the ground as a result of the fast reactions with ground-level emitted
NO and VOCs. NO3 production rates, which demonstrated complicated vertical
profiles depending on the distribution of both NO2 and O3, have a weaker influ-
ence.

– Calculated steady state N2O5 concentration showed unique vertical profiles,15

which are a function of the ambient temperature and the distribution of NO2 and
NO3. These vertical profiles, together with possible aerosol profiles, lead to verti-
cal variations of the aerosol uptake of N2O5, an indirect NO3 loss and an important
atmospheric denoxification process.

– Ox levels decreased gradually throughout all nights. The removal of Ox proceeds20

mainly through denoxification (i.e., NO3+VOC reactions and N2O5 uptake) and
dry deposition. Dry deposition on the ground is often not important in strongly
polluted urban cases due to the low ground level O3. However, elevated NO2 lev-
els in these cases lead to larger NO2 deposition. The total nocturnal Ox loss was
observed to be slightly larger during a less polluted night than a heavily polluted25

night, most likely due to the stronger dry deposition on the ground and the smaller
source of Ox (i.e., direct NO2 emissions) in a low surface emission case.
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– Ozone loss in the NBL proceeds through the loss of Ox and the impact of noc-
turnal NO emissions on the photostationary state in the morning. The latter is
expected to be relatively more important in heavily polluted urban areas. It should
be noted that this conclusion does not consider the influence of elevated NOx on
photochemical ozone formation that starts a few hours after sunrise.5

These vertical variations of nocturnal chemistry, especially for urban cases with strong
surface emissions, are often not considered well in many atmospheric chemistry field
experiments or current air quality modeling studies. The results of our observations
show strong impact of these variations on the morning chemistry and suggest that
vertically highly resolved chemical-transport models, which include the quantitative de-10

termination of vertical transport of various trace gases, are necessary to accurately
describe the budgets of O3, NO2, and many other trace gases in the stable NBL.
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Table 1. Light paths and building heights at Phoenix site.

Instrument Setup Height (m) Light Path

DOAS telescope on BankOne ∼140 Height (m) Length (km)
Upper Retro on ADEQ ∼110 Upper 110∼140 l1=3.51×2
Middle Retro on Hilton ∼45 Middle 45∼140 l2=3.29×2
Lower Retro on MLT ∼10 Lower 10∼140 l3=3.23×2
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Table 2. Detection limits for each measured trace gas.

Fitting window Literature of Average Detection Limit (2σ)
Species (nm) absorption cross sections Upper box Middle box Lower box

(110–140 m) (45–110 m) (10–45 m)

NO2 336∼371 Voigt et al. (2002) 0.11 ppb 0.18 ppb 0.64 ppb
HONO 336∼371 Stutz et al. (2000) 0.04 ppb 0.07 ppb 0.25 ppb
HCHO 303∼326 Meller and Moortgart (2000) 0.23 ppb 0.38 ppb 1.4 ppb

O3 303∼326 Bass and Paur (1984) 1.7 ppb 2.8 ppb 10 ppb
NO3 617∼668 Sander (1986) 3.5 ppt 6.0 ppt 18 ppt
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Table 3. Comparison of Ox loss during nights with different stabilities and different emissions.

Stability Emission d[NO2]/dt d[O3]/dt d[Ox]/dt Denoxification Dry deposition
ENO2ppb/h ppb/h ppb/h O3 NO2

16 June–17 June Strong Strong – – −1.4±0.3 ↑ ↓ ↑ ↑
28 June–29 June Medium Medium – – −1.9±0.1 – – – –
30 June–1 July Weak Weak −0.2±0.1 −2.3±0.1 −2.6±0.1 ↓ ↑ ↓ ↓
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Table 4. Semi-quantitative evaluation of the ultimate O3 loss during the night of 30 June–1 July.

[Ox] from interpreted [NO2] from interpreted [NO] from [O3]
DOAS data DOAS data in situ data from Eq. (1)

19:30 48 ppb 16 ppb 1 ppb 31 ppb
05:30 22 ppb 14 ppb 5 ppb 4 ppb

∆[Ox] ∆[NOx] ∆[O3]
19:30–05:30 −26 ppb 2 ppb −27 ppb
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Fig. 1. Schematics of the DOAS light paths in Phoenix. The figure also shows the height
intervals for which average concentrations were retrieved. The parameters in the figures are
explained in detail in Sect. 2.2 and Table 1. The red rectangle refers to the upper box, blue
refers to middle box and gray refers to lower box.
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10

N

Fig. 2. Map illustration of the DOAS light paths in downtown Phoenix. The lengths of the light
paths are given in Table 1. The color coding of the paths is according to Fig. 1.
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Fig. 3. Overview of the vertical profiles of measured trace species during 17 June–1 July 2001
in Phoenix. The background is shaded to draw attention to the nocturnal data. Gray and white
denote night-time and daytime, respectively. The transition between the colors shows sunrise
and sunset periods. Lines in different colors shows the time series of average trace gas mixing
ratios at different height intervals (see Fig. 1 and Table 2 for details of the height intervals). We
will use the same color coding for all the following figures. The length of the error bars is one
standard deviation.
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Fig. 4. Vertical profiles of trace gas distribution on the night of 16 June–17 June 2001. The
left axis refers to the box-averaged mixing ratios. The right axis refers to the vertical gradients
(green color) calculated based on the upper and lower box data.
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Fig. 5. Meteorological conditions on the night of 16 June–17 June 2001. ADEQ measurements
were made at ∼110 m above the ground. Hilton data were taken at ∼45 m above the ground.
For wind direction, north is 0 and east is 90 degree. The time series of the NO2 photolysis
frequency, JNO2, is included to show the time of sunrise.
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Fig. 6. Potential temperature profiles in the lower atmosphere on the night of 16 June–17 June
2001. The change of the strength and the depth of the potential temperature inversion with time
illustrates the development of the stable NBL during the night and the growth of the convective
boundary layer after sunrise.
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Fig. 7. Vertical profiles of trace gas distribution on the night of 26 June–27 June 2001. The
lower panels illustrate the measured trace gas mixing ratios at three different height intervals
and the calculated vertical gradients. The upper panels show the calculated NO3 production
rate PNO3, NO3 chemical steady-state lifetime τNO3, and the steady-state N2O5 levels in the
upper and middle height intervals.
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Fig. 8. Meteorological conditions on the night of 26 June–27 June 2001 (see caption of Fig. 5
for an explanation of the ADEQ and Hilton data). The brown bar indicates a period of low
stability, while the yellow bar shows a period of strong stability.
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Fig. 9. Vertical profiles of NO2 and O3 on the night of 28 June–29 June 2001. The top panel
shows the calculated vertical gradient of NO2, O3, and Ox(O3+NO2) based on the upper and
middle box data. The time series of JNO2, photolysis frequency, indicates the time of sunset
and sunrise.
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Fig. 10. Vertical profiles of NO2 and O3 on the night of 16 June–17 June 2001 (see caption of
Fig. 9 for a more detailed explanation).
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Fig. 11. Vertical profiles of NO2 and O3 on the night of 30 June–1 July 2001 (see caption of
Fig. 9 for a more detailed explanation).
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Fig. 12. Comparison of NO levels on nights of 16 June–17 June, 28 June–29 June and 30
June–1 July.
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