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Abstract. Observations of NO, NO2, total peroxy nitrates
(6PNs), total alkyl nitrates (6ANs), HNO3, CO, O3, and
meteorological parameters were obtained from October 2000
through February 2002 at 1315 m a.s.l., 38.9◦ N, 120.6◦ W
on Sierra Pacific Industries land, adjacent to the University
of California Blodgett Forest Research Station (UC-BFRS).
We describe the data set with emphasis on the diurnal cy-
cles during summertime 2001. We show that transport of the
Sacramento urban plume is a primary factor responsible for
diurnal variation in total reactive nitrogen mixing ratios as
well as in NOx, 6PNs and6ANs, all of which exhibit a late
afternoon/early evening peak. In contrast, HNO3 has a peak
just after local noon indicating that HNO3 is in near steady
state during the day with production due to photochemistry
and removal by deposition and mixing with the background
free troposphere. Boundary layer dynamics influence mix-
ing ratios of all species in the early morning. Analysis of the
morning feature suggests that higher mixing ratios of NOx
and HNO3 persist in the residual layer than in the noctur-
nal boundary layer indicating the presence of nocturnal sinks
of both species. Nighttime observations also indicate large
HNO3 and6ANs production through oxidation of alkenes
by NO3.

1 Introduction

Tropospheric NOx (≡NO+NO2) radicals exert strong in-
fluences over ozone (O3) and organic aerosol production
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(e.g. Kroll et al., 2006). Oxidation of NOx produces per-
oxy nitrates (RO2NO2, PNs), alkyl and multifunctional alkyl
nitrates (RONO2, ANs), HONO, NO3, N2O5 and nitric acid
(HNO3), all of which are thought to be removed from the at-
mosphere more rapidly than NOx. However, rates of removal
vary by at least an order of magnitude (Farmer et al., 2006
and references therein) and in some locations these higher
oxides are important sources of NOx (e.g. Smyth et al., 1996;
Singh et al., 1992; Horowitz et al., 2007). Documenting
and testing our understanding of the mechanisms affecting
atmospheric NOx and NOy (NOy≡NO+NO2+6RO2NO2+

6RONO2+HNO3+HONO+NO3+N2O5+. . . ) remains a sig-
nificant challenge, in large part because of the analytical
challenge of measuring all of the key components of NOy
is one that is still not adequately met. For example, ANs,
especially those derived from isoprene, terpenes, and aro-
matics, are calculated to be important reservoirs of reactive
nitrogen, however, only one group has reported field mea-
surements of specific isoprene-derived nitrates (Giacopelli et
al., 2005; Grossenbacher et al., 2004; Grossenbacher et al.,
2001) and one group has reported field measurements of aro-
matic nitrates (e.g., Woidich et al., 1999; Schneider et al.,
1998). Laboratory studies of isoprene nitrate formation re-
main controversial with a range of a factor of 3 in the re-
ported yields (Chen et al., 1998; Sprengnether et al., 2002;
Tuazon and Atkinson, 1990; Paulot et al., 2008; Chuong and
Stevens, 2002; Patchen et al., 2007).

In our own work, we have reported field observations of
the sum of all molecules with the chemical formula RONO2
(6ANs) and also the sum of all peroxynitrates, molecules of
the form RO2NO2 (6PNs). The6AN measurements have
been used to conclude that isoprene nitrate yields are at the
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low end of the range of reported laboratory measurements
(Horowitz et al., 2007). Moreover, analysis of these measure-
ments have shown that varying the range of isoprene-nitrate
yields (from 4.4% to 12%) results in a constrained range of
lifetimes of isoprene nitrates (from 5 h to 1.5 h) within the
continental boundary layer (Perring et al., 2008). This anal-
ysis also yields coupled values for the recycling efficiency
(92% to 74%) at which reaction of isoprene nitrates result in
another AN rather than production of NOx or HNO3, demon-
strating that reaction of isoprene nitrates generally maintains
the AN functionality.

Here, we use measurements of the summertime diurnal cy-
cle of NOy partitioning among the species NO, NO2, 6PNs,
6ANs and HNO3 as constraints to evaluate our understand-
ing of the processes affecting partitioning of NOy within the
continental boundary layer. The measurements were made
near the University of California – Blodgett Forest Research
Station (UC-BFRS), 5 h downwind of the edge of the Sacra-
mento urban sprawl. Previous analyses of nitrogen oxide ob-
servations from this site have emphasized the importance of
6ANs and their identity as the “missing NOy” (Day et al.,
2003), day-of-week effects that couple NOx to OH mixing
ratios (with consequent observable effects for reactive VOC)
Murphy et al., 2007), the effects of temperature on summer-
time NOy partitioning (Day et al., 2008), and comparison to
upwind (Granite Bay) and downwind (Big Hill) observations
(Murphy et al., 2006). Observations of fluxes of NOyi have
been discussed and analyzed to provide evidence for upward
and downward components of vertical exchange indicating
that a large source of OH in the forest canopy exists (Farmer
and Cohen, 2008). Here, we examine our understanding of
the effects of biogenic emissions, chemistry and transport
as they impact the diurnal variation in NOy partitioning and
NOyi mixing ratios. We use these diurnal variations to eval-
uate our understanding of some of the key chemical and dy-
namical processes involved in determining production and
removal rates of various categories of NOy.

2 Experimental

2.1 Site description

Measurements were made from October 2000 to Febru-
ary 2002 on Sierra Pacific Industries (SPI) land near the
University of California – Blodgett Forest Research Sta-
tion (UC-BFRS) (1315 m a.s.l., 38.9◦ N, 120.6◦ W) (Fig. 1).
The site is a managed ponderosa pine plantation located
in the mid Sierra Nevada Mountains 75 km northeast of
Sacramento, CA (pop. 410 000, Greater Sacramento Area
∼=2 million) in a sparsely populated region. The climate at
this site is discussed in detail in Dillon et al. (2002) and
Kurpius et al. (2002). Briefly, the climate of the west-
ern Sierras has a wet and a dry season. The dry season
(May–September) is characterized by warmer temperatures,

Blodgett
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Figure 1.

 

Relief map of California showing blow-up of Sacramento to Blodgett Forest region.

Big HillSacramento

Fig. 1. Relief map of California showing blow-up of Sacramento to
Blodgett Forest region.

low rainfall, clear skies, and steady, regular east/west, up-
slope/downslope winds. The wet season (October–April)
is characterized by cooler temperatures, moderate rainfall
or snowfall, and less regular wind patterns. Temperatures
peak in summer (June–August) and are lowest in late-fall
through winter. The annual cycle at UC-BFRS is similar to
the climatology in the city of Sacramento reviewed by Dil-
lon et al. (2002) except that it is typically 5–10◦C colder
at the higher elevation of UC-BFRS. During the dry sea-
son, upslope winds of 2–3 m/s from the southwest are ob-
served during the day, switching at 18–19 (local standard
time) to downslope winds of 0.5–2 m/s from the northeast
with a return to southwesterlies at 7–8. Summer measure-
ments described in this paper span the months of June–
September (2001) and are characterized by almost no precip-
itation (<2 cm total), consistently warm temperatures (aver-
age daily peak=24◦C), and extremely persistent and regular
daily wind flow patterns.

A 12 m walk-up tower was used as a sampling platform
and supporting equipment was mounted on the tower or
housed in a small wooden shed and a modified refrigerated
shipping container. The inlet for the TD-LIF instrument de-
scribed below was located at 11 meters above ground level
(a.g.l., 9 m before February 2000) and at∼3–5 m above the
forest canopy. For most concentration and flux measure-
ments (NOyi , VOC, O3, CO2, H2O, etc.) made prior to
1999, sample air was drawn from∼9 m a.g.l. or 3–6 m above
the tree canopy (Dillon, 2002; Dreyfus et al., 2002; Gold-
stein et al., 2000; Goldstein and Schade, 2000; Lamanna and
Goldstein, 1999; Schade et al., 1999a) and then beginning in
1999 from 11–12 m a.g.l. (3–5 m above canopy) (Bauer et
al., 2000; Goldstein and Schade, 2000; Kurpius et al., 2002;
Spaulding et al., 2003; Kurpius et al., 2003). During 2004–
2005 eddy covariance flux measurements of NOyi were con-
ducted at 14.3 m a.g.l. (7 m above canopy) (Farmer and Co-
hen, 2008). The site was powered by a diesel generator lo-
cated∼130 m to the northwest. During the day, southwester-
lies were strong enough that plumes from the generator were
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rarely observed. At night, the winds were weaker and more
variable in direction, and occasional short-duration plumes
from the generator were observed.

2.2 TD-LIF measurements

Thermal dissociation – laser induced fluorescence (TD-LIF)
was used to measure NO2, total peroxy nitrates (6PNs), total
alkyl nitrates (6ANs), and HNO3 at UC-BFRS. The TD-LIF
technique is described in detail in Day et al. (2002) and appli-
cation of the technique to both urban and rural ground sites
is described in Day et al. (2003, 2008), Rosen et al. (2004),
Cleary et al. (2005, 2007), Murphy et al. (2006) and Farmer
et al. (2006, 2008) and the free troposphere in Murphy et
al. (2004) and Perring et al. (2008). Briefly, for the UC-
BFRS TD-LIF instrument, an ambient sample flows rapidly
through an inlet and is immediately split into four channels.
The first one is used to observe NO2; the second is heated
to 180◦C causing thermal dissociation (TD) of6PNs, the
third to 350◦C for additional TD of6ANs, and the fourth to
550◦C to include TD of HNO3. The temperatures noted are
characteristic of the particular oven design, and are proxies
for higher temperatures of the gas flowing within the ovens.
The dissociation of all of these species produces NO2 with
unit efficiency. Differences between the NO2 signals ob-
served simultaneously from channels heated to adjacent tem-
perature set-points are used to derive absolute abundances of
each of these four classes. For example,6PNs are the differ-
ence in NO2 detected in the 180◦C and ambient channels.
Both the volatile and semi-volatile components of6ANs
and HNO3 (i.e., NH4NO3) are detected (Bertram and Co-
hen, 2003; Fountoukis et al., 2007). However, there are
no NH3 sources in the vicinity of UC-BFRS. NH3 measure-
ments made at UC-BFRS during the summer of 2006 were
too low for NH4NO3 to exist in equilibrium with the gas
phase NH3 and HNO3 present (Fischer and Littlejohn, 2007).
We assume NH3changed little over the last decade at this
site. Compounds that decompose into NO such as HONO or
organic nitrites are not detected in any of the TD-LIF chan-
nels but can be measured with detection of NO (Pérez et al.,
2007). A comparison of6NOyi (6NOyi≡ NO(measured by
chemiluminescence)+NO2+6PNs+6ANs+HNO3) and total
NOy (measured by catalysis – chemiluminescence) shows
that these two values are usually comparable (Day et al.,
2003; Dillon, 2002) suggesting that nitrites and non-volatile
nitrates are minor at this site.

The inlet (from sample entry through complete dissoci-
ation) has a 50–100 ms residence time. In order to ensure
maximum transmission of HNO3 and other “sticky” com-
pounds through the inlet (Neuman et al., 1999; Ryerson et
al., 1999), a heating unit (60◦C) was fixed to the PFA tub-
ing upstream of the heated quartz ovens. The inlet consisted
of four quartz ovens (120 cm long, 6.4 mm o.d., 3.8 mm i.d.)
insulated and mounted in steel electrical conduits. Follow-
ing the quartz ovens, the pressure was reduced 10-fold by

a stainless steel pinhole in order to decrease the residence
time and minimize secondary chemistry in the transit via the
20 m PFA tubing to the detection cells. The flow rate in each
channel was approximately 1500–2000 standard cubic cen-
timeters per minute (sccm). The total flow of approximately
45 l/s at the detection cell pressure of 3 torr was maintained
by the combination of a small roots blower (five-fold boost)
and an oil-based mechanical pump (9 l/s).

The TD-LIF instrument is capable of routine, continuous,
autonomous, in situ measurements that are accurate (15%)
and sensitive. Typical detection limits were 90 ppt/10 s
(S/N=2) on a background of 1 ppb NO2 (total dissociated
NO2 in the channel at lower temperature when differenc-
ing as in the case of6ANs and HNO3) and 30 ppt/10 s on
a background of 100 ppt NO2. The uncertainty in the in-
strument zero during this experiment was typically±10 ppt.
This uncertainty results from photon counting statistics and
from drift in the detection cell laser scatter due primarily
to temperature-driven laser alignment changes that occurred
rapidly compared to measurement of the instrument zero. In
the analysis presented in this paper, 30-min averages were
used, reducing the detection limits based solely on count-
ing statistics to 7 ppt and 2 ppt for the above cases. For 30-
min data, the detection limits and precision are probably con-
trolled mostly by the zero uncertainty and the relative accu-
racy of the calibrations.

The instrument was calibrated every 2.5 h using an NO2
standard (5.85 ppm in N2, Scott Specialty Gas) diluted to
1–10 ppb in zero air. The calibration mixture was injected
(overflow) in the inlet to ensure that the calibration gas mix-
ture passes through a nearly identical flow path to an ambi-
ent sample. Zeros were measured approximately every hour,
using separate tubing for the pure zero air and the NO2 cal-
ibration mixture to ensure the zero determinations were not
compromised by residual NO2.

We also introduced a variety of diagnostics to check the
accuracy of our calibration and analysis routines. Standard
additions of NO2 were performed 2–3 times per day (through
the calibration line). The standard additions were used to
confirm that corrections in the calibration due to quenching
by ambient water (1–9%) are accurately modeled (Thornton
et al., 2000) and to assess the effect of NO2 on retrieved
6PNs, 6ANs, and HNO3 (Rosen et al., 2002, 2004; Day
et al., 2002). Also, every three hours, while continuing to
sample ambient air, the temperature set-point of one or more
ovens was dropped to the adjacent temperature below the
normal sampling temperature in order to confirm that the cal-
ibrations of the adjacent cells were precise, relative to one
another. This also ensured that measurements of the instru-
ment zero in each channel were accurate, with no systematic
bias between the adjacent channels observed. Approximately
twice each week and always after maintenance of an oven,
all three ovens were slowly (20◦C/min) and simultaneously
ramped down from their normal set-points to slightly below
the adjacent set-point. This allowed us to determine the tem-
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perature at which each class of compounds begins to disso-
ciate and the temperature required for full dissociation. We
never observed a large change in the required set-points and
thus kept the set-points constant throughout the experiment.

2.3 Measurements of NO, NOy, CO, O3, and Meteorol-
ogy

NO and NOy measurements were made at UC-BFRS us-
ing NO-O3 chemiluminescence (Thermo Environmental Co.
model 42CTL). A converter of molybdenum oxide (MoO)
mesh, maintained at 325◦C to convert NOy species to NO,
was located 40 cm downstream from the sample intake. The
30-s measurement cycle was split equally between NOy,
NO, and background measurements. Laboratory experi-
ments conducted following the experiment identified a leak
resulting in crosstalk between the NOy and NO channels.
This, in combination with elevated nighttime NO concen-
trations (∼20 ppt), indicate that the NO measurements may
have been affected by a positive bias. Correcting the NO
data using results from the laboratory tests and the ambient
NO and NOy observations did not produce convincing re-
sults. For typical nighttime conditions (60 ppb O3, 16◦C) a
sustained NO concentration of 20 ppt would result in produc-
tion of >10 ppb NO2 during an 8-h night. Such a large pro-
duction rate of NO2 is unrealistic at this location. Therefore,
the analysis below uses uncorrected NO data. We estimate
that the bias was at most +20–25 ppt. Also, where possible,
gaps in the NO data set were filled with steady-state estimates
from the NO2 and O3 measurements combined with the aver-
age diurnal cycle of the steady-state term, NO·O3/NO2. The
estimated NO concentrations were used only for calculating
6NOyi concentrations, and were generally less than 5%.

Wind speed, wind direction, humidity, temperature, CO2
and O3 concentrations, net radiation, photosynthetically-
active radiation, and pressure were measured as described in
Goldstein et al. (2000) and Bauer et al. (2000). CO measure-
ments were obtained using gas chromatographic separation
followed by a reduction gas detector (RGD2, Trace Analyt-
ical, Incorporated). The instrument was calibrated using a
CO standard diluted to 50–500 ppb in CO-free zero air. VOC
were measured as described in Goldstein et al. (2000), Bauer
et al. (2000), and Schade et al. (2001).

2.4 Data processing

TD-LIF data were collected at 1 or 5 Hz and averaged to
10-s means. Nighttime generator spikes produced periods
marked by highly elevated (10–200 ppb), variable NO2 val-
ues of short duration (10–500 s), and high NO2/6NOyi and
NO/6NOyi ratios. These periods were identified by com-
paring 10-s NO2 concentrations to a 20-min running median
filter, and all affected TD-LIF (14% nighttime TD-LIF data),
NO and CO data were removed prior to averaging and anal-
ysis.

Table 1. Number of 30-min points used and percent of coverage
for dataset. Data points and percentages shown are for the summer
period from 1 June 2001–30 September 2001, and in parentheses,
for all data from 3 October 2000–9 February 2002.

Compound No. of 30-min Points % Coverage

NO (chemiluminescence) 2943 (7965) 50.3 (25.5)
NO (chemi. + estimated)† 4475 (15 098) 76.4 (48.4)
NO2 3664 (11 595) 62.6 (37.2)
6PNs 3517 (10 877) 60.1 (34.9)
6ANs 3564 (10 936) 60.9 (35.1)
HNO3 3635 (10 608) 62.1 (34.0)
6NOyi 3508 (10 195) 59.9 (32.7)
CO 4536 (18 448) 77.5 (59.1)
O3 5566 (29146) 95.0 (93.4)

† Data acquired directly with chemiluminescence instrument in ad-
dition to estimates of NO based on NO2 and O3 measurements.

Data used in the following analysis are half-hour medians
of NOyi and CO data, and means of O3 and meteorologi-
cal observations. Table 1 shows the number of 30-min data
points available for each compound along with the percent
coverage from 1 June through 30 September 2001. In addi-
tion, 12 cumulative days in late August and early September
(all or parts of 19–21, 26–31 August and 7–11 September)
were removed from the analysis since large effects from for-
est fires in the region were clearly identified by abnormally
high CO and6NOyi concentrations.

2.5 Summertime regional transport, emissions and mi-
crometeorology

The role of transport and anthropogenic emissions in the
summertime Sacramento plume, as observed at UC-BFRS,
are described by Lamanna and Goldstein (1999) and Dil-
lon et al. (2002). Briefly, the upslope/downslope flow pat-
tern that characterizes transport in the western Sierras im-
poses a regular pattern on concentrations of chemicals that
have their source in the Greater Sacramento Area (Murphy
et al., 2006). The concentrations of these compounds in-
crease throughout the day during the upslope flow from the
southwest (245◦). Downslope flow from the northeast (50◦)
returns cleaner air to the site with minimum concentrations
observed in the early morning. Concentrations of long-lived
species (e.g. acetylene) typically begin to increase at noon
and reach their peak at 22 h (10:00 p.m. local standard time),
2–3 h after the shift to downslope flow, suggesting that the
center of the plume is slightly to the north of UC-BFRS.
Concentrations drop gradually after the 22 h peak reaching
a minimum in mid-morning (10 h).

Atmos. Chem. Phys., 9, 4879–4896, 2009 www.atmos-chem-phys.net/9/4879/2009/



D. A. Day et al.: Summertime diurnal cycles of NOyi 4883

The exceptionally regular wind patterns on the western
slopes of the Sierra Nevada with strong daytime upslope flow
and weaker nighttime downslope flow make the site particu-
larly useful for studying atmospheric chemistry. The upslope
flow that brings air from the direction of Sacramento passes
across a band of oaks that are strong isoprene emitters down-
wind of the city. In the morning air from the west with a
weak urban influence but strong influence from the oaks ar-
rives first, followed by air that has both strong oak and urban
influences. In the evening the downslope return flow brings
that same air back over the site along with cleaner air from
the high Sierra and free troposphere.

The daily patterns are controlled by solar insolation and
temperature cycling, which in turn affect chemistry, biol-
ogy and meteorology. Surface warming creates a well-mixed
boundary layer below the free troposphere. Shortly after sun-
set, colder surface temperatures drive a much lower stable
nocturnal boundary layer underneath a residual layer and the
free troposphere. Stable conditions minimize exchange be-
tween these nocturnal layers. In the morning, heating at the
surfaces causes this nocturnal boundary layer to break up,
mixing down air from the residual layer and forming a con-
vective mixed layer under the free troposphere.

3 Observations

Figure 2a shows observations (30-min medians) of NO, NO2,
6PNs, 6ANs, HNO3, 6NOyi , CO, O3, temperature, and
wind direction during a typical summer period (12–26 July).
Skies were clear and no precipitation occurred on these days.
The wind patterns were nearly constant, except during the
night of 15 July. Overall, the timing of variations in CO,
O3,6NOyi , NO2, 6PNs, and6ANs was similar with peaks
late in the afternoon followed by decreases until early morn-
ing. In contrast, NO and HNO3 peaked at midday. There is
also some variability evident on synoptic time scales. For ex-
ample, from 12–16 July, temperature, CO, O3,6NOyi , NO2,
6PNs, HNO3, and6ANs, decreased reaching minima on
the 15th or 16th. On 17–18 July, temperatures increased,
along with most species. Both the nighttime lows and mid-
day peaks roughly followed these trends. 21–24 July shows
a similar trend when maximum daily temperatures increased
steadily from 20 to 29◦C. Figure 2b shows an example of
relatively uncommon periods where the winds shifted to the
south during nighttime (1, 4 June) and in general is a cooler
period for summer. Diurnal cycles in the observed mix-
ing ratios are still apparent although with smaller variation
and lower correlation to synoptic variability. In contrast,
Fig. 2c shows a period in mid-September when observed
mixing ratios have stronger diurnal cycles than typical and
with stronger correlations to synoptic-timescale temperature
patterns.

Average diurnal patterns of NOyi , CO, O3, meteorolog-
ical variables and the NO:NO2 ratio are shown in Figs. 3

and 4. The points represent median values and the lines
bound the central 68th percentile. Note that NO concentra-
tions shown in Fig. 4 are the measured NO concentrations,
whereas6NOyi concentrations in Fig. 3 include both mea-
sured and estimated NO concentrations.

4 Diurnal patterns of individual reactive nitrogen
classes

We observe patterns in the variability of the concentrations
on four distinct dynamical timescales: seasonal, synoptic,
day-of-week, and diurnal. Seasonal cycles will be the subject
of a separate manuscript. Synoptic variability in the sum-
mer is, in large part, a temperature effect that is described
in Day et al. (2008). Day-of-week patterns and their causes
and effects are discussed in Murphy et al. (2006). Here we
concentrate on the diurnal variability and restrict our analysis
of diurnal patterns to weekday data (Tuesday–Friday). Ob-
servations on Saturday, Sunday and Monday display similar
patterns in the diurnal cycles of the reactive nitrogen species
but at lower overall mixing ratios because of reduced week-
end emissions in the region. Also there are some changes in
the ratios of species due to NOx-controlled decreases in OH
on weekends.

4.1 6NOyi

During summer 2001,6NOyi (Fig. 3) peaked during 15–19 h
(at 3 ppb) and, coincident with the change in wind flow, de-
creased gradually to morning lows (1.6 ppb). CO (Fig. 3)
peaked about 2 h later, decreased more slowly and reached a
broad minimum in mid-morning before rising again. These
patterns are largely controlled by transport of the Sacra-
mento plume and its mixing with cleaner air from the high
Sierra and free troposphere. Once the urban plume has left
the region of strong anthropogenic influence the only ad-
ditional sources of CO are oxidation of anthropogenic and
biogenic VOC and photolytic or temperature-driven emis-
sion from plants or soils (Schade et al., 1999b; Schade and
Crutzen, 1999 and references therein). Shade et al. (1999b)
observed total CO emission rates from a dry grass savanna of
250×109 cm−2 s−1 for typical solar irradiance at UC-BFRS
during summer mid-afternoon (∼800 W/m2). If this surface
flux were mixed into an 800 m boundary layer, subject to di-
lution during the 5-h transect from Sacramento to UC-BFRS
(0.31 h−1; Pérez and Cohen, 2009), the result would be an
additional 1.4 ppb rise observed at UC-BFRS, approximately
7% compared to the observed∼20 ppb rise for 12–17 h.

The additional CO added to the plume through oxidation
of biogenic VOC can be estimated using methyl vinyl ke-
tone (MVK) and methacrolein (MACR) observations. In
the initial oxidation steps of isoprene, the reactions pro-
ducing these two compounds also produce the co-product,
formaldehyde, at a 1:1 ratio (Fuentes et al., 2000 and ref-
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Fig. 2. Observations of NO, NO2, 6PNs,6ANs, HNO3, 6NOyi , CO, O3, temperature(◦C), and wind direction for(a) July 2001,(b) June
2001, and(c) September 2001. Data are 30-min medians except ozone and wind direction which are 30-min means. All concentrations are
in ppb.

erences therein). Formaldehyde can be photolyzed or re-
act with OH, always leading to production of one CO
molecule (Fried et al., 1997). Observations during sum-
mer 2001, on average, displayed a 0.42 ppb increase in
[MVK+MACR] from the morning windshift to 17 h. Cor-
recting for chemical loss of [MVK+MACR] due to reac-

tion with OH in the ∼2-h transit from the primary iso-
prene source (for OH=1×107 molecules cm−3) yields a to-
tal source of 2.4 ppb formaldehyde. The mid-day lifetime
of formaldehyde (OH=1×107 molecules cm−3) is approx-
imately 1.5 h (photolysis rate from (UCAR/NCAR/ACD,
2006) H2CO+OH rate constant from Sander, 2006). There-
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Fig. 3. 6NOyi , CO, O3, temperature (◦C) and wind direction for
summer 2001 (weekdays only). Data are 30-min medians and lines
bound the central 68th percentile. All concentrations are in ppb.

fore, approximately 75% of the formaldehyde will react, pro-
ducing∼1.8 ppb CO, or∼9% of the observed CO increase.
The isoprene oxidation products and CO will be diluted into
different background concentrations as the plume advects
from the isoprene source band, however the increases ob-
served at UC-BFRS will be affected proportionally.

Chemical removal of CO is too slow to be important on a
5-h time scale, thus diurnal variation in CO mixing ratios are
primarily affected by the intensity of transport of the Sacra-
mento urban plume, the magnitude of VOC oxidation, di-
rect natural emissions and the mixing of the plume into the
background atmosphere. NOy is also affected by these same
transport and mixing processes and in addition, natural emis-
sions (from soils) may be a significant source of NOy, 50–
130 ppt or 7–20%, of the 700 ppt midday increase (for sur-
face emission of 5.8–15 ppt NOx m s−1 (Herman et al., 2003;
Farmer and Cohen, 2008), 800 m boundary layer height, and
dilution at 0.31 h−1; including HNO3 production and depo-
sition discussed in Sect. 4.3). Unlike CO, NOy is subject to
removal by dry deposition during transport. The occurrence
of the peak of6NOyi two hours earlier than peak of CO is
one indicator that, in addition to the transport, emission and
deposition processes are important controls over NOy.

The diurnal pattern in NOy at this site is unusual. Ur-
ban and rural sites often have diurnal cycles that appear to
be primarily controlled by boundary layer height. When the
boundary layer is thin, NOx sources produce nighttime max-
ima in NOy and much lower NOy is observed during the day
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Fig. 4. NO/NO2, NO, NO2, 6PNs,6ANs and HNO3 for summer
2001 (weekdays only). Data are 30-min medians and lines bound
the central 68th percentile. All concentrations are in ppb.

(Buhr et al., 1990; Parrish et al., 1993; Aneja et al., 1996;
Munger et al., 1996; Thornton et al., 2002). Mountaintop
sites that are isolated above the boundary layer at night ex-
hibit lower NOy concentrations at night (Parrish et al., 1993;
Zellweger et al., 2000). Although boundary layer height cer-
tainly plays an important role affecting the individual classes
of NOyi at UC-BFRS, the upslope/downslope flow pattern
dominates the diurnal cycle in total NOy with some mod-
ifications to the pattern superimposed through biosphere-
atmosphere exchange (Farmer and Cohen, 2008).

4.2 NOx

The major features in the diurnal cycle of NO, NO2 and NOx
are:

1. 17–20 h NOx peak

2. Daytime NO/NO2 ratio

3. AM peaks

The primary NOx peak occurred between 17–20 h, later
than the 15–19 h peak of6NOyi (Fig. 4). The NOx peak
was concurrent with the peak in CO. The match in timing
of CO and NOx suggests that the NOx is primarily emitted
in Metropolitan Sacramento and not downwind. The timing
may also be an indicator of slowing photochemistry in the
late evening. CO and NOy observations in Sacramento dur-
ing this same period exhibited a slope of 13.7 molecules CO

www.atmos-chem-phys.net/9/4879/2009/ Atmos. Chem. Phys., 9, 4879–4896, 2009



4886 D. A. Day et al.: Summertime diurnal cycles of NOyi

per molecule NOy (Sacramento-Del Paso Manor, ARB Site
34295;http://www.arb.ca.gov/adam). This slope is very sim-
ilar to the CO:NOx emission ratio of 15.4 reported for light-
duty vehicles as measured in the Caldecott tunnel in the San
Francisco Bay area the same year (Ban-Weiss et al., 2008).
In comparison, a plot of the CO vs. NOx concentrations ob-
served at UC-BFRS for the peak period (17–20 h) yields a
slope of 50 CO per NOx. Since nearly all the NOy mea-
sured in Sacramento is NOx, and since additional NOx and
CO sources (discussed in Sect. 4.1) are only of order 10–20%
of the afternoon increase, this indicates that approximately
70% of the NOx (not lost to dilution effects) was oxidized
during the transport of the Sacramento plume to UC-BFRS.
The corresponding CO vs. NOy slope at UC-BFRS was 22
CO/NOy indicating that of order 40% of the NOy was lost to
deposition during plume transport.

NOx decreases rapidly, immediately after the 17–20 h
peak, with a slower decrease after midnight. In contrast, CO
concentrations decreased smoothly and continuously from
17–21 h until morning. The more rapid decrease in night-
time NOx compared to CO is due to a combination of mixing
with the low-NOx background air (∼50 ppt) and to chemical
conversion of NO2 to NO3 and N2O5 at night. A calculation
including NO3 formation and subsequent N2O5 formation (in
equilibrium with thermal decomposition) for a summer night
at UC-BFRS predicts that∼70% of the NOx will be con-
verted to NO3+N2O5 during an 8-h night in the NBL. Chem-
ical losses of NO3+N2O5 could account for nearly all of the
nighttime decrease of NOx from 0.9 ppb to 0.35 ppb. How-
ever, the air transported past this location during nighttime
comes from further east. Although air upwind is affected by
the urban plume, the degree is likely less and further dilution
may have occurred, making it likely that several effects in ad-
dition to chemistry are responsible for the nocturnal decrease
(see Sect. 5.1 for additional discussion).

NO displayed a broad maximum during daytime (∼80 ppt)
and a nearly constant minimum during nighttime (Fig. 4).
During the day NO is produced by photolysis of NO2
and is lost by reaction with ozone and peroxy radicals
(RO2 and HO2). These photochemical reactions establish
a photostationary-state that controls the concentration of NO
relative to NO2. The ratio of NO:NO2 displays a broad mid-
day maximum (∼0.18). Differences in the diurnal patterns
of NO and NO:NO2 are used to elicit information about the
local peroxy radical concentrations (see Sect. 5.3).

The secondary maximum in the morning exhibits peaks in
NO, NO2, and the NO/NO2 ratio. Evidence that these are
driven by dynamical mixing of the nocturnal boundary and
residual layers is presented in Sect. 5.2.

4.3 HNO3

Transport of the Sacramento urban plume had less effect on
the timing of the diurnal cycle of HNO3 compared to the or-
ganic nitrates and NOx (Fig. 4). The phase of the diurnal

cycle is similar to that of sunlight and to temperature. We
suggest that HNO3 at this site is controlled by local produc-
tion and rapid losses. HNO3 production and losses are mod-
eled as in Eq. (1) assuming chemical production, deposition,
and dilution of HNO3 are in steady state (Day et al., 2008):

kOH+NO2 [OH] [NO2] = (1)
Vdep

Hml
[HNO3] + Kdil

(
[HNO3] − [HNO3]bg

)
Here Vdep is the deposition velocity (0.034 m/s; Farmer

and Cohen, 2008),Hml is the mixed layer height (∼800 m;
Carroll and Dixon, 1998; Dillon et al., 2002; Seaman et
al., 1995), Kdil is the dilution rate constant representing
both vertical venting and horizontal diffusion of the plume
into the background air (0.31 h−1; Pérez and Cohen, 2009),
and [HNO3]bg is the background nitric acid concentration
into which the plume is diluted. We estimate that the free-
tropospheric [HNO3]bg for this region is 200 ppt which is the
intercept of [HNO3] vs. [H2O] for similar observations dis-
cussed in Murphy et al. (2006) made at a site at higher eleva-
tion in the Sierras where the sampling site was often affected
by free tropospheric air.

Calculations using Eq. (1) predict daytime HNO3 concen-
trations have a shape similar to that of OH and to the variation
in solar insolation (e.g. Brown et al., 2004). The observed di-
urnal cycles are consistent with this prediction.

At night, when OH concentrations are much lower, the
OH source term approaches zero and HNO3 concentrations
should be controlled by deposition and decrease to a small
fraction of daytime values. However, the HNO3 decreased
less than expected and remained relatively constant at night.
This observation suggests local HNO3 production through
NO3 and N2O5 formation and subsequent reactions and/or
continued downward mixing of residual layer air are oc-
curring at night. However, downward mixing of air would
likely bring PNs with it, which would be inconsistent with
observations of decreasing6PNs throughout the night at
UC-BFRS. Nighttime N2O5-driven HNO3 production has
been invoked to explain substantial fluxes of NOy at night
(Munger et al., 1996; Munger et al., 1998) and observations
of elevated HNO3 and depressed N2O5 at night (Brown et
al., 2004). Our observations are consistent with the presence
of an additional source of HNO3 as discussed in more detail
in Sect. 5.1.

For summertime mid-day concentrations of 0.5 ppb NO2
and 1 ppb HNO3 (and average boundary layer tempera-
tures and gas density based on a mid-day surface temper-
ature of 24◦C) we use Eq. (1) to calculate an OH con-
centration of 2.1×107 molecules cm−3, approximately dou-
ble that of the integrated value in the Sacramento plume of
1.1×107 molecules cm−3 calculated by Dillon et al. (2002).
The lifetime of HNO3 to the combination of deposition and
dilution is ∼2.2 h. Therefore, much of the HNO3 observed
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Fig. 5. HNO3/NO2 for summer 2001 (weekdays only). Data are
30-min medians and lines bound the central 68th percentile.

at UC-BFRS may be produced upwind. Moreover, concen-
trations of NOx and OH two hours upwind are two to three
times higher than observed at UC-BFRS, respectively (Mur-
phy et al., 2007), suggesting that HNO3 production may
be occurring much more rapidly upwind. Consequently,
these factors imply that not only is the OH calculated us-
ing Eq. (1) probably more representative of the integrated
OH a few hours upwind, but furthermore is biased high due
to the underestimate of NO2 concentrations that are relevant
to conditions where the HNO3 was produced. This factor
likely explains the high OH estimate compared to that of
Dillon et al. (2002). Detailed time dependent model cal-
culations support this idea and suggest an average OH of
5.0×106 molecules cm−3 (Pérez and Cohen, 2009).

The rapid decrease of HNO3 at sunset (18–21 h) is con-
sistent with a short lifetime (∼2.2 h), however, it might be
expected that when the OH value drops significantly (likely
shortly after solar noon), the HNO3 concentration would de-
crease on this timescale. As observed in Fig. 4, a rapid de-
crease does not occur until hour 18. The ratio HNO3/NO2,
shown in Fig. 5, does peak at solar noon and displays a rapid
decrease starting after hour 16. This indicates the lag in
HNO3 concentrations is due to increased NO2 and no un-
usual chemistry.

Another interesting feature in the diurnal cycle of HNO3
is the absolute minimum and local minimum in HNO3/NO2
near sunrise and sunset (Fig. 5), the transition period between
daytime and nighttime chemistry. Brown et al. (2004) ob-
served similar features in their observations of HNO3 which
they attribute to the dusk/dawn transition period when there
is insufficient sunlight to drive significant production of OH
but sufficient sunlight to produce enough NO from NO2 pho-
tolysis to suppress NO3 concentrations.

The diurnal cycle of HNO3 at UC-BFRS is similar to ob-
servations at other sites and indicates that transport is less im-
portant as a control over HNO3 than for CO and other NOy
species at the site. Lefer et al. (1999) report a similar di-
urnal cycle for summertime measurements of HNO3 at Har-
vard Forest, where median values reached 2 ppb at midday
and dropped to 400–700 ppt at night for the more polluted
wind sector. For the cleaner wind sector, a much smaller
amplitude cycle was observed (150 ppt at night, 300 ppt dur-
ing daytime). Horii (2002) reported similar diurnal cycles
for another summer at Harvard Forest although the ampli-
tude for the polluted sector data was less than reported by
Lefer et al. (1999). For a mountain site, Niwot Ridge, Col-
orado, Parrish et al. (1986) show a similar diurnal cycle that,
on average, peaked around 350 ppt and dropped to∼80 ppt
at night during the summer. They also report that, on aver-
age, HNO3 concentrations and both the observed and mod-
eled HNO3/NOx ratio peaked a few hours after noon. Klein-
man et al. (1994) show HNO3 observations from a site in ru-
ral Georgia with a very similar diurnal cycle to our summer
data with nighttime values of∼300 ppt and a daytime peak of
∼1 ppb. Brown et al. (2004) describe HNO3 measurements
for the relatively polluted marine boundary layer off the east-
ern US coast and observe that HNO3 peaks near midday at
nearly 2 ppb and persists at 0.5–1 ppb during nighttime.

4.4 6PNs

6PNs are approximately in thermal equilibrium with perox-
yacyl radicals (PAi) and NO2 under warm boundary layer
conditions:

KPNi (T)=
[PNi]

[PAi][NO2]
(2)

where KPNi(T) is the equilibrium constant for each respective
PN. This equilibrium is established through the reactions:

PAi + NO2 → PNi (R1)

PNi → PAi + NO2 (R2)

which determine the partitioning of the PN reservoir between
the stable PNi and its radical partner, PAi . In addition, per-
oxyacyl radicals are also approximately in photochemical
steady-state with their sources and sinks (Cleary et al., 2007;
LaFranchi et al., 2009).

The primary reactions that contribute to net formation and
loss of the sum of a PAi and PNi (PNT i≡PAi+PNi) include:

aldehydei, ketonei + OH( + O2) → PAi + H2O (R3)

PAi + NO → Products (R4)

PAi + HO2 → Products (R5)

PAi + RO2 → Products (R6)

www.atmos-chem-phys.net/9/4879/2009/ Atmos. Chem. Phys., 9, 4879–4896, 2009
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PNi + OH → Products (R7)

Since Reaction (7) will have a small effect for most PN
molecules, we neglect it and solve for the steady-state con-
centration of PNT i and derive:

[
PNTi

]
ss = (3)

k3
[
aldehydei

]
[OH]

k4[NO] + k5[HO2] + k6[RO2]
(1 + KPNi

[NO2])

This relationship is similar to that derived by Cleary et
al. (2007) with the addition of peroxy radical reactions which
are important sinks of PA radicals at UC-BFRS but were not
in the region studied by Cleary et al. (2007). At UC-BFRS,
noontime NO was observed to be 80 ppt and the [HO2+RO2]
was calculated to be∼160 ppt (Sect. 4.4). If we approximate
that RO2 is equal to HO2 and use the reaction rate constant
of CH3C(O)O2+CH3O2 for Reaction (6), the net contribu-
tion of Reactions (5) and (6) to PAi destruction is calculated
to be 1.3 times that of Reactions (4).

At UC-BFRS,6PNs peaked at 17 h in the afternoon and
decreased continuously through the night until about 6–10 h,
at which point they began to increase (Fig. 4). The rapid
rise in6PNs of 50% in late morning (from 0.5 to 0.75 ppb
@ 9–11 h) is concurrent with a comparable 45% increase in
acetaldehyde from 0.43 to 0.62 ppb (data not shown). If the
majority of 6PNs consisted of peroxyacetyl nitrate (PAN)
and acetaldehyde constituted the principal source of PAN
then, according to Eq. (3), the increase in acetaldehyde could
explain the morning rise in6PNs. However, as shown in
Eq. (3), several other factors control the PNs concentrations
in this steady-state approximation. During this morning rise,
[HO2+RO2] and temperature increase, both acting as nega-
tive forcing on6PNs concentrations, whereas NO2, OH, and
acetaldehyde increase, all of which would work to increase
6PNs. The combined effect of these shifts, in addition to
changes in the other aldehyde molecules that are precursors
to PAi radicals, account for the observed6PNs mid-day pro-
file.

Using average noontime concentrations and temperatures
(Figs. 3, 4), approximating that PAN comprises 80% of
6PNs (Cleary et al., 2007) and that acetaldehyde is the sole
source of PAN, we use Eq. (3) to calculate that the noon-
time OH concentration is 1.5×107 molecules cm−3. This
is very similar to the 2.1×107 molecules cm−3 calculated in
Sect. 4.3 using the photo-stationary state approximation for
HNO3 and NO2. However, as discussed, that calculation may
substantially overestimate local OH concentrations in part
because it reflects the integrated OH concentrations between
UC-BFRS and a couple hours upwind where OH concentra-
tions are likely higher by a factor of 2–3.

It has been suggested that in regions heavily influenced
by isoprene oxidation that an additional source of perox-
yacetyl radicals, as much as 3-fold that of acetaldehyde,

are necessary to explain observed PAN levels (Cleary et
al., 2007; Roberts et al., 2001). Methylglyoxal (MGLY)
has been suggested as a possible identity of this addi-
tional source (Romero et al., 2005). If we invoke addi-
tional sources of PAN that are 3 times larger than the ac-
etaldehyde source and repeat the calculation using Eq. (3)
(see preceding paragraph), we calculate a 4-fold lower OH
(3.8×106 molecules cm−3). The rapid rise in6PNs in late
morning is concurrent with the timing of morning increases
in isoprene, methyl vinyl ketone (MVK), and methacrolein
(MACR) (data not shown, see Dreyfus et al. (2002) for sim-
ilar summertime diurnal cycles at this location). This is con-
sistent with isoprene oxidation accounting for an additional
source of PAN in the region. In a recent study, using a
more complete suite of VOC observations and three speci-
ated acyl peroxy nitrate compounds at UC-BFRS, LaFranchi
et al. (2008) calculate that non-acetaldehyde sources (MGLY,
MACR, MVK, and biacetyl) account for∼3 times that from
acetyaldyde for the production of PAN for average midday
temperatures observed in this study (24◦C). MVK repre-
sented the majority of those other sources and they demon-
strated a closure of the peroxy acetyl (PA) radical budget.
These additional acyl peroxy radical production sources are
all proportional to OH concentrations (except biacetyl which
was <10% of PA production), confirming that OH of ap-
proximately 4×106 molecules/cm3 is a more accurate esti-
mate for local noontime OH concentrations than the higher
estimates based on acetaldehyde alone.

The initial component of the evening decrease in6PNs
coincides with decreases in isoprene, MVK, and MACR (but
not acetaldehyde).6PNs continue to decrease gradually
throughout the night to 50% of their mixing ratio at 6 h. We
estimate a lower bound on the nighttime chemical loss rate
in the absence of NO by assuming PA radicals are formed
through6PN decomposition (R2) and that PAi-PAi self re-
actions are the only important sink. For typical nighttime
6PNs (0.7 ppb), NO2 (0.5 ppb), temperature (16◦C), and as-
suming a pseudo steady-state established by R1 and R2, we
estimate approximately 0.6 ppt6PAi . Self-reaction of PAi
radicals at this concentration would result in a 1% loss of
6PNs over an 8-h night. The∼40% decrease we observe
from 20 to 4 h would be consistent with [RO2+HO2] levels
∼20 times higher (10 ppt) and would result in a NOx source
of ∼200 ppt. However, nighttime peroxy radical concentra-
tions are probably not this high since losses of6PNs are also
due to reaction with soil NO emissions and surface deposi-
tion (see Sect. 5.1).

4.5 6ANs

6ANs peaked at 20 h along with other chemicals transported
in the Sacramento plume and were lowest in the morning
(minima at 5 and 10 h) (Fig. 4).
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6ANs are formed through the minor channel of the reac-
tion of organic peroxy radicals with NO:

RO2 + NO → RO+ NO2 (R8a)

RO2 + NO → RONO2 (R8b)

Reaction (8a) typically leads to the formation of 2 ozone
molecules, whereas Reaction (8b) results in formation of an
alkyl nitrate. Depending on the R-group the branching ratio
can range from one percent to tens of percent. The effec-
tive branching ratio for the mixture of VOC present at UC-
BFRS (Day et al., 2003) and Granite Bay, CA (∼4 h upwind)
(Cleary et al., 2005) has been inferred from the6ANs corre-
lation with O3 to be∼2.5% and∼4%, respectively.

Losses of6ANs within the boundary layer can occur
though both dry deposition and through reaction with OH.
The deposition velocity for6ANs was calculated to be
0.027 m/s during summer, nearly 80% that of HNO3 (Farmer
and Cohen, 2008). This suggests that the stickier hydrox-
yalkyl nitrates make up a significant fraction of6ANs. For
a daytime boundary layer of 800 m this corresponds to a life-
time to deposition of∼8 h. The most important chemical
reaction for ANs during the day, reaction with OH, can re-
sult in products that retain the organic nitrate functionality
(R9a) or that convert the nitrogen either to HNO3 or NO2
(see Perring et al. (2008) for additional discussion):

RONO2 + OH → H2O + R′ONO2 (R9a)

RONO2 + OH → HNO3 + R′O (R9b)

RONO2 + OH → NO2 + RO(OH) (R9c)

Farmer et al. (2008) estimate the6AN loss branches (R9b
and R9c) comprise 6–30% of the net rate of Reaction (9). For
OH of 5×106 molecule cm−3 and a rate constant for Reac-
tion (9) of 4.5×10−11 molecules cm−3 s−1 (Horowitz et al.,
2007), this corresponds to a lifetime of 4–20 h for reactive
nitrogen in the form of6ANs (but not necessarily as the orig-
inal molecular structure). This is a chemical lifetime compa-
rable to the deposition lifetime.

A variety of diurnal behaviors have been reported for
6ANs. Buhr et al. (1990) report measurements of C2–C5
mono-functional alkyl nitrates and observed that6ANs in-
creased in the morning with the nocturnal boundary layer
break-up (concurrent with NOy increases), remained rela-
tively constant throughout the day, followed by a slow de-
cline at night within the nocturnal boundary layer. Flocke
et al. (1998) report measurements of more than 20 differ-
ent C1–C8 mono-functional alkyl nitrates for Schauinsland,
Germany. During summer, total alkyl nitrates approximately
doubled between 9 and 14 h, concurrently with upslope flow
from a polluted urban region and increases of NOy and O3,
and then decreased from evening to the morning. O’Brien
et al. (1995) report four days of observations during August

at a site in rural Ontario where they measured twelve C3–
C6 mono-functional alkyl nitrates, four C2–C4 hydroxyalkyl
nitrates, and one alkyl di-nitrate. No diurnal cycle was appar-
ent in total or hydroxy- alkyl nitrates. In contrast, O’Brien et
al. (1997) describe a month-long experiment where a sim-
ilar suite of alkyl nitrates was measured 50 km from Van-
couver, B.C. and show that total, total mono-functional-, and
total hydroxy- alkyl nitrates (and an unidentified alkyl nitrate
component) had a large diurnal cycle peaking in early af-
ternoon. Peak daytime values were 5–10 times the night-
time minima. They suggest that that the bulk of alkyl ni-
trates were locally produced and that isoprene nitrates may
be an important component of alkyl nitrates at this site. At
the PROPHET site, Grossenbacher et al. (2001) report mea-
surements of isoprene nitrates that showed a clear diurnal cy-
cle peaking in early afternoon around 10 ppt and decreasing
to a 1–2 ppt at night. For the same period at this site, C3–
C5 mono-functional alkyl nitrates were measured and did not
display any consistent diurnal cycle (Ostling et al., 2001). In
another experiment, in rural Tennessee (Southern Oxidants
Study 1999), isoprene nitrates were observed to have a simi-
lar diurnal cycle but at 5–10 times the concentrations with an
average mid-day peak of 115 ppt (5–10 ppt nighttime mini-
mum) (Grossenbacher et al., 2004). Our own summer mea-
surements at Granite Bay, California and La Porte, Texas ex-
hibited diurnal cycles that varied by a factor of two or four
(respectively) between day and night, suggesting that sources
were local. The diurnal cycle of6ANs at UC-BFRS most
closely follows that described by Flocke et al. (1998) where
daily flow patterns had a stronger influence than local photo-
chemistry.

The diurnal cycle of6ANs can be contrasted to6PNs,
which peaked earlier and by a greater factor over the morning
mixing ratios lows. The observation that6ANs peaked later
during the day than6PNs suggests that the isoprene-related
source, originating in the foothills, is a bigger fraction of the
6PN sources than it is for the6AN sources. During the
nighttime through late-morning6PNs and6ANs display a
similar pattern, decreasing by a similar relative magnitude
with a small increase in mid-morning. There is much greater
variability in 6PNs during afternoon (as illustrated by the
68th percentile bounds in Fig. 4). This is due to synoptic
timescale temperature effects that affect PNs more strongly
than ANs (Day et al., 2008).

To understand the implications of the different relative
magnitudes of the diurnal patterns, we compare the vari-
ous production and loss processes that affect these two com-
pound classes during the daytime. We estimate that the free-
tropospheric backgrounds of6PNs and6ANs for this re-
gion are<50–100 ppt, calculated from the intercept of the re-
spective compound class vs. [H2O] for similar observations
higher in the Sierras discussed in Murphy et al. (2006). Since
both 6ANs and6PNs do not decrease below 350–400 ppt
during their morning minima, much higher than their back-
ground values, subtle differences in their backgrounds can-
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not explain significant differences in their diurnal patterns.
However, the deposition velocity for6ANs has been shown
to be 2.5 times greater than for6PNs at this site. There-
fore, differing deposition rates may partly explain the larger
relative increase that6PNs experience during midday, as de-
position of6ANs acts to depress concentrations. Increases
in OH will also act as a larger direct positive forcing on
6PNs concentrations since although the production of both
are roughly proportional to OH,6ANs have significant OH-
mediated losses (R9b and R9c).

Qualitatively we observe that the period where transport
and production result in a net increase of observed6PNs
occurs over a shorter time period (10–17 h) than for6ANs
(10–21 h). After 17 h,6PNs decrease. Likely, net chemical
production of both6PNs and6ANs is slowing at this time
of day. However if6ANs and its precursor VOCs have a
larger contribution from within the Sacramento urban plume
compared to6PNs, the increasing impact of the plume dur-
ing this period (17–20 h) could drive the gradual increase in
6ANs observed. In effect, this explanation characterizes the
6PNs production as being more concentrated in a smaller
band of the plume (due to the line source of BVOC emissions
between UC-BFRS and Sacramento) whereas6ANs sources
are distributed more evenly throughout the plume (due to a
mixture of biogenic and anthropogenic VOC sources). Also,
a broad range of mono and sesqui-terpenes are known to be
emitted from the plants at this site (Bouvier-Brown et al.,
2009) and their oxidation likely leads to terpene nitrates.
This more local source of6ANs is also consistent with a
more temporally diffuse source during the daytime, possibly
transitioning into nighttime6ANs production through reac-
tions with NO3.

5 Combined analyses

5.1 Nocturnal chemistry

Combining the constraints from our observations of NO,
NO2, 6PNs,6ANs, HNO3, and O3 provides additional in-
sight into nocturnal chemistry. As described above, invok-
ing NO3 and N2O5 chemistry is necessary to describing the
nighttime NOx decrease. Minejima (2008) calculated that
during the summer at UC-BFRS, 1–10% of the losses of
the sum: [N2O5+NO3] is due to heterogeneous losses of
N2O5 to aerosol. For that calculation, they use measured
[N2O5+NO3] concentrations of 4 ppt (NO3/N2O5 of 1:1), an
upper limit of total aerosol surface area of 600µm2 cm−3

(Lunden et al., 2004), an uptake coefficient of 0.0016 and
typical biogenic VOC concentrations observed at UC-BFRS
(see references below).

Reactions of NO3 with biogenic VOC (BVOC) and alde-
hydes:

NO3 + RH2RH2 → Products(RONO2, NOx, HNO3...) (R10)

NO3 + RH → HNO3 (R11)

are rapid (Bloss et al., 2005; Atkinson and Arey, 2003) and
are an estimated 90% of the combined loss of NO3+N2O5.
These reactions are a source of the sustained nighttime
HNO3 concentrations and also a source of ANs.

As a first step toward a quantitative description of the noc-
turnal reactive nitrogen chemistry at UC-BFRS, we applied
a chemical box model to calculate the temporal evolution of
O3, NO2, NO3, N2O5, 6PNs, 6ANs, and HNO3 at night
for typical conditions at UC-BFRS and upwind. The model
included 21 important nighttime NOx and HOx reactions in
addition to VOC reactions that were limited to isoprene,α-
pinene, ß–pinene, and 3-carene reactions with OH, O3, and
NO3 and reactions of aldehydes (as one chemical group) with
OH and NO3.

The model was initialized with observations from Big Hill,
CA at 09:00 p.m. (Murphy et al., 2006). Big Hill is 20 km
(∼8 h at nighttime wind speeds) upwind of UC-BFRS. We
then compare the model to observations at 05:00 a.m from
UC-BFRS (Figs. 3 and 4). Initial concentrations of O3,
NO2, 6ANs, 6PNs, HNO3 were 61, 0.41, 0.50, 0.49, and
0.51 ppb, respectively (see Murphy et al. (2006), Figs. 13 and
14).

The nocturnal boundary layer was assumed to be 100 m
deep. The aldehyde and BVOC concentrations at Big Hill
were estimated to be 70% of concentrations observed or cal-
culated at UC-BFRS (Lamanna and Goldstein, 1999; Schade
et al., 1999a; Holzinger et al., 2006; Lee et al., 2005; Pérez,
2008), an approximation based on dilution of the plume
during upslope flow (∼0.3 h−1) and smaller upwind BVOC
emissions due to less vegetation and lower temperatures. De-
position rates were estimated by assuming that no dilution
occurs as the air is transported from Big Hill to UC-BFRS
and the decrease in O3 is due solely to deposition. This re-
sulted in a deposition velocity of∼5% that of daytime val-
ues (∼0.6 cm/s, Bauer et al., 2000), a realistic drop for low
turbulence nighttime conditions (Farmer and Cohen, 2008;
Finkelstein et al., 2000). Daytime deposition velocities of
6ANs, 6PNs and HNO3 (2.7, 1.1, 3.4 cm/s), reported by
Farmer and Cohen (2008) were scaled by this same factor.
This resulted in lifetimes to deposition of 21, 51, and 16 h
or corresponding decreases of 32%, 15%, and 39% in an 8-h
night, respectively, in the absence of other sources and sinks.

Reactions of NO3 with aldehydes were assumed to pro-
duce HNO3 with a 95% yield and NO2 with a 5% yield. The
overall contribution to HNO3 production via aldehyde reac-
tions was small. However, reaction of NO3 with BVOC [at
UC-BFRS: alpha-pinene (140 ppt), beta-pinene (200 ppt), 3-
carene (80 ppt), isoprene (600 ppt)], had strong control over
NOx, HNO3, and 6ANs. The relative yields of HNO3,
6ANs, and NO2 was tuned along with soil NOx emis-
sions (to compensate for deposition losses) to exactly match
NO2, HNO3, and 6ANs concentrations at UC-BFRS at
05:00 a.m. This resulted in an estimate for the branching ra-
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tio of BVOC + NO3 of 45% HNO3, 25% ANs, and the re-
mainder NO2. Soil emissions of NOx were 1.3 ppt m s−1,
approximately 10% that of the daytime emissions calculated
by Farmer and Cohen (2008).

The 25% yield of6ANs is not to be interpreted as the
effect of a primary reaction, but rather as the effective yield
over 8 hours. Some6ANs may react quickly and be returned
to the pool of other N species. We did not attempt to repre-
sent these details in this simple model. Clearly, a better rep-
resentation of the nighttime reactive nitrogen chemistry will
require an improved understanding of the branching ratio of
BVOC+NO3 reactions.

5.2 Morning chemistry and boundary layer dynamics

At approximately 6 in the morning, at or just before both
sunrise and the downslope/upslope windshift, the concentra-
tions of some species were observed to increase rapidly. This
is earlier than can be explained by horizontal transport. The
timing of these changes coincides with the timing of a rapid
decrease in O3 mixing ratios, which has been attributed to a
morning stomatal opening in response to sunlight that causes
rapid O3 deposition in the shallow nocturnal boundary layer
(Kurpius et al., 2002; Bauer et al., 2000).

Rather than a stomatal process, the NOyi changes are
likely the result of boundary layer dynamics. The NOx rise
is likely the result of the break-up of the nocturnal bound-
ary layer, mixing down air from the residual layer that is less
depleted in NOx having experienced less surface deposition
and exposed to lower VOC concentrations and therefore less
loss through NO3 and N2O5 reactions. Further, even slight
heating at the surface would cause convection of nighttime
soil NO emissions and contribute to increased NOx. Stom-
atal NO emissions have been observed from coniferous trees
(Wildt et al., 1997) but are unlikely to be large enough to
cause the observed mixing ratio trend. More likely, the larger
relative rise in NO as compared to the NO2 is due to the O3
decrease (see Sect. 5.3). Similar observations of NOx and a
presumed connection to break-up of the nocturnal inversion
have been reported for measurements at Scotia, PA (Buhr et
al., 1990), Harvard Forest (Munger et al., 1996), and North-
ern Michigan (Thornberry et al., 2001).

HNO3 typically increased rapidly in the morning starting
around hours 6–7, and then was constant or dipped for a few
hours before continuing to increase through early afternoon
(Figs. 2 and 4). This sharp morning rise preceded the ex-
pected rise in OH concentrations and was coincident with
the early morning peaks in NO, NO2, and6PNs and with
the dip or recovery of O3 from its morning minimum. This
feature is similar to observations at other sites during sum-
mer. Lefer et al. (1999), Kleinman et al. (1994), and Trainer
et al. (1991) point out that the sharp rise in diurnal observa-
tions of HNO3 occurs earlier in the morning than they would
expect based on the expected OH profile, but is consistent

with the breakup of the nocturnal boundary layer and mixing
of higher HNO3 concentrations from above.

A slight peak in both6ANs and6PNs also occurs in the
morning, concurrent or slightly after the NOx peak and is
consistent with the nocturnal boundary layer breakup and
mixing down of air less depleted in organic nitrates. Al-
though this feature in6PNs is not reported for other sites
possessing a morning NOx peak or early HNO3 rise, many
authors (Roberts et al., 1995; Aneja et al., 1996; Shepson et
al., 1992; Thornberry et al., 2001; Bottenheim et al., 1994)
have attributed the early morning rise in PAN to breakup
of the nocturnal boundary layer with subsequent increases
due to photochemical production obscuring an early morning
peak as is observed for NOx. A similar peak was sometimes
observed for CO which may be the result of more rapid soil
emissions of CO following a nighttime build-up initiated by
rising temperatures or increased sunlight photolyzing alde-
hydes that accumulated overnight.

5.3 Peroxy radicals

NO concentrations are approximately in steady state with
NO2 during daylight. The ratio of NO/NO2 is inversely pro-
portional to O3 and to the NO+O3 rate constant and propor-
tional to the NO2 photolysis rate constant. In the absence of
local NOx emissions or peroxy radicals (HO2, RO2), the rela-
tionship between NO and NO2 is governed by the following
reactions:

NO2 + hν → NO + O (R12)

NO + O3 → NO2 + O2 (R13)

Under these conditions, the photostationary-state approxi-
mation yields:

[NO]/[NO2]=
j12

k13[O3]
(4)

Although peroxy radicals may often be only 10’s of ppt in
rural locations they react rapidly with NO (the rate constant
is 100 times faster than for the NO+O3 reaction) converting
it to NO2:

HO2 + NO → NO2 + OH (R14)

RO2 + NO → NO2 + RO (R8a)

This additional conversion of NO to NO2 is commonly
represented as a deviation from photostationary state (as gov-
erned solely by R12 and R13) with the equation:

φ =
j12[NO2]

[O3]k13[NO]
(5)

In the absence of NOx sources (such that steady-state is
achieved),φ is unity at [HO2+RO2]=0. φ increases with in-
creasing [HO2+RO2]. In effect phi is the ratio of the station-
ary state perturbed by peroxy radicals to that unperturbed by
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peroxy radicals. In Fig. 6, the calculated diurnal cycle of
φ is shown. By middayφ is 2–3, suggesting the presence
of large peroxy radical concentrations and indicating that
peroxy radicals are more important to conversion of NO to
NO2 than is reaction with O3. Including R14 and R8a in the
photostationary-state model yields an equation with which to
estimate [HO2+RO2] concentrations:

[HO2 + RO2]=
1

k14
(j12

[NO2]

[NO]
−k13[O3]) (6)

wherek14 is used for the rate constant of both Reactions (14)
and Reactions (8a) since the rate constants are similar. Val-
ues for j12 were calculated using the NCAR TUV Radiation
Model (UCAR/NCAR/ACD) and scaled to onsite measure-
ments of photosynthetically-active radiation. The average di-
urnal cycle of [HO2+RO2], derived from Eq. (6), is shown
in the bottom panel of Fig. 6. Peroxy radical concentra-
tions were calculated for instantaneous half-hour averages
and black lines shown in the figure represent the averages and
variability for those calculations. Also shown (dotted grey
lines) are average diurnal cycles of [HO2+RO2] calculated
using ±30% of the calculated j12 values. (note: Modeled
midday [HO2+RO2] values using lower NO concentrations
corrected by the nighttime non-zero values from a possible
leak (see Sect. 2.3) yields [HO2+RO2] values of nearly dou-
ble that shown in Fig. 6. Therefore, if anything, the uncer-
tainty in NO is responsible for an underestimation of peroxy
radical concentrations).

The concentrations of [HO2+RO2] reach 200 ppt. These
values are 2–8 times higher than other measurements or
modeled values at rural, urban, and remote sites where they
have typically been reported to have midday peaks of 25–
100 ppt (Thornton et al., 2002; Mihele and Hastie, 2003;
Hauglustaine et al., 1996; Cantrell et al., 1996a, b, 1997).
Such high peroxy radical concentrations suggest significant
local oxidation of VOCs, either by OH or O3. For ob-
served mid-afternoon NOx and O3 concentrations, a VOC
reactivity of 8 s−1[OH], [OH]=5×106 molecules cm−3, and
using a photostationary state model, we calculate RO2∼

HO2∼100 ppt (see Farmer and Cohen (2008) for details on
model). This is consistent with the high [RO2+HO2] we cal-
culate from a NO−NO2-O3 photostationary state model and
compared to other observations, is attributable to the combi-
nation of relatively low NOx and high VOC reactivity condi-
tions. A doubling of OH yields a calculated 50% increase in
[RO2+HO2], therefore an average mid-day OH concentration
of 5×106 molecules cm−3 is most consistent with the ob-
served NOx–HOx chemistry. This comparison provides fur-
ther evidence that the NOx–HOx chemistry described here is
consistent when viewed from several different perspectives.

6 Conclusions

We describe diurnal cycles in summertime observations of
6NOyi , NO2, NO, 6PNs,6ANs, and HNO3 at a forested,
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Fig. 6. NOx, NO/NO2, O3, φ, and modeled [HO2 + RO2] during
daytime for summer 2001 (weekdays only). Averages are from
only when measurements of NO, NO2, and O3 where all available.
Data are 30-min medians and solid lines bound the central 68th per-
centile. Dotted grey lines in the bottom panel indicate the average
diurnal cycles of [HO2 + RO2] calculated using values for j12 of
±30% the calculated values. All concentrations are in ppb except
[HO2 + RO2] is ppt.

mid-elevation site in the Sierras affected daily by the Sacra-
mento urban plume. The shifts in the timing and relative
amplitudes of the diurnal cycles of different NOyi species
and the partitioning of NOz are attributed to various differ-
ences in photochemical production rates, lifetimes, and di-
rect and precursor emission source locations. The diurnal cy-
cle of HNO3 was primarily driven by local photochemistry.
The diurnal cycles of6PNs and6ANs were largely driven
by production and transport within the Sacramento plume,
with strong indications that, by comparison, the former has a
larger contribution of biogenic VOC precursors.

Daytime peroxy radical concentrations were calculated to
be larger than most previous observations, providing evi-
dence for highly oxidizing conditions and favorable con-
ditions for large alkyl nitrate production. Nighttime con-
centrations of different nitrogen species are driven by a
combination of deposition and chemistry, with strong evi-
dence for large nighttime HNO3 and6ANs production via
NO3+alkenes.
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