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Abstract: 

In the spring of 1999 airborne measurements of NO, O3, PAN, CO, CH4, H2O, 
volatile organic compounds, aerosols (particle count, light scattering, and light absorption), 
NO2 photolysis frequency, and standard meteorological variables were made off the coast of 
Washington State as part of the Photochemical Ozone Budget of the Eastern North Pacific 
Atmosphere (PHOBEA) experiment.  These measurements were used to constrain a 
photochemical box model to calculate the ozone photochemical tendency, T(O3), in this 
region.  T(O3) in marine flow from the remote Pacific was found to be weakly ozone 
destroying from the surface up to 8 km.  Values of T(O3) increased from –0.83 ppbv/day in the 
0-2 km layer to –0.11 ppbv/day in the 6-8 km layer.  These results are compared to T(O3) from 
other photochemistry experiments in the springtime Pacific.  We also used the model to 
investigate the impacts of PAN decomposition on the mixing ratio of NOx (defined here as 
NO+NO2+NO3+2N2O5+ HNO2 +HNO4) and on T(O3).  PAN decomposition was found to 
contribute from 11 to 30% towards NOx production and to enhance T(O3) by 0.13 to 0.41 
ppbv/day.  The impacts of PAN decomposition were further investigated in a case study where 
measurements were made in a strongly subsiding air mass.  In this air mass, PAN induced 
perturbations to NOx and T(O3) reached 20.1 pptv and 1.45 ppbv/day, respectively, more than 
three times that found in marine background average.  Finally we estimate how T(O3) in the 
Northeast Pacific atmosphere may change as a result of increasing anthropogenic NOx 
emissions from Asia.  The calculations suggest that while O3 mixing ratios in the Northeast 
Pacific are likely to increase, T(O3) will remain close to its current value as a result of 
offsetting factors.   
   
1.  Introduction 

Tropospheric ozone plays an important role in a number of atmospheric phenomena.  Ozone is the chief 
source of hydroxyl radical (OH), the primary oxidant of trace gases in the troposphere (Levy 1971; Crutzen et 
al., 1999 and references therein).  Because oxidation is the main removal pathway for many trace gases, ozone 
plays an indirect but crucial role in determining both the oxidative potential of the atmosphere, and the lifetime 
of many trace gases.  Tropospheric ozone is a pollutant which has been shown to have adverse effects on plant 
life even a current background levels (Guderian et al., 1985).  Anthropogenic increases in tropospheric ozone 
also contribute to radiative forcing of the atmosphere (Lacis et al., 1990; IPCC, 1996). 

Measurements (Bojkov, 1986; Volz and Kley, 1988; Guicherit and Roemer, 2000) and modeling (Wang 
and Jacob, 1998; McKeen et al., 1989) of ozone mixing ratios in the troposphere have shown an increasing trend 
throughout the 20th Century.  East Asia, in particular, is a region currently experiencing rapid economic growth 
and increasing emissions of trace gases associated with ozone production (Akimoto and Narita, 1994; Elliott et 
al., 1997; VanArdeen et al., 1999; Streets and Waldhoff, 2000).  As a result, ozone in the boundary layer and 
lower troposphere of this region has been increasing by about 2% per year (Logan, 1994; Lee et al., 1998).  
Because ozone has a long lifetime (~ months), it is likely that this positive trend in ozone impacts regions down 
wind of the Asian continent (Mauzerall et al., 2000).  Global modeling studies by Berntsen et al. (1999) and 
Jacob et al. (1999) have predicted an increase of roughly 4 ppbv in surface ozone over Western North America 
due to a doubling of Asian emissions.   

Because NOx has a short lifetime in the lower troposphere (~ 1 day), the transport of longer lived NOx 
reservoirs such as PAN and HNO3 can play an important role in perturbing ozone photochemistry in regions 
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remote from direct NOx emissions (Singh et al., 1992; Yienger et al., 1999).  Moxim et al. (1996) and 
Horowitz and Jacob (1999) have found PAN to be the most significant NOx reservoir with respect to northern 
mid-latitude springtime ozone photochemistry.  During winter months in northern high latitudes PAN’s 
concentration increases due to PAN’s long lifetime at cold temperatures.  Springtime warming events lead to 
high rates of PAN thermal decomposition, releasing the stored NO2 (Beine et al., 1997; Herring et al., 1997).  
Measurements at Mauna Loa Hawaii (Hauglustaine et al., 1996) and modeling efforts (Moxim et al., 1996) 
suggest that NOx levels over the remote Pacific Ocean are near the balance point between ozone photochemical 
production and destruction.  A number of recent ground based studies have shown that PAN thermal 
decomposition can influence ozone concentrations regionally (Beine et al., 1997) and that this influence can be 
significant in remote areas (Hov et al, 1997).  Global models have also been employed to estimate the 
distribution of PAN in the North Pacific troposphere (Thakur et al., 1999) as well as estimate PAN’s impact on 
NOx concentrations (Moxim et al., 1996; Horowitz and Jacob, 1999).  In their modeling work, Moxim et al. 
estimated that PAN thermal decomposition can increase NOx concentrations in the remote lower troposphere by 
up to a factor of five during spring.  Horowitz and Jacob estimated that 80% of the NOx having fossil fuel 
combustion as its source is transported into the Northeastern Pacific troposphere as PAN.  

In this study we analyze springtime aircraft measurements of trace gases involved in ozone 
photochemistry, which were gathered in 1999 off the coast of Washington State.  These measurements were part 
of the Photochemical Ozone Budget of the Eastern North Pacific Atmosphere (PHOBEA) experiment.  The 
PHOBEA experiment included both ground-based measurements at the Cheeka Peak Observatory on the coast of 
Washington State (Jaffe  et al., 1999; Jaffe et al., 2001) and airborne measurements using the University of 
Wyoming’s King Air research aircraft (Kotchenruther et al., 2001).  The primary goals of the PHOBEA 
experiment were to quantify the ozone photochemical tendency over the remote Northeastern Pacific ocean, 
investigate the impacts of PAN decomposition on NOx and ozone photochemistry, and investigate the impacts of 
long range transport of anthropogenic emissions from the Northwestern Pacific on the chemical composition of 
air over the Northeastern Pacific Ocean.  In this study we employ a detailed photochemical box model 
constrained by the PHOBEA aircraft data to calculate the ozone photochemical tendency in the springtime 
Northeastern Pacific troposphere and to explore its controlling factors.   
 
2.  Experimental 
2.1 Measurements  

From March 26 to April 28 of 1999 the University of Wyoming’s King Air 200T  research aircraft 
made 14 flights over the Northeastern Pacific Ocean between 39-48°N latitude, 125-129°W longitude, and at 
altitudes between 0-8 km.  A detailed description and analysis of measurements and meteorological conditions 
during the aircraft portion of the PHOBEA experiment can be found in Kotchenruther et al. (2001).  Therefore, 
here we give only a brief description.   

The aircraft was equipped with instrumentation to measure NO, O3, PAN, CO, CH4, H2O, volatile 
organic compounds (VOCs), aerosols (number density, light scattering, and light absorption), NO2 photolysis 
frequency, J(NO2), and standard meteorological variables.  Flights were scheduled to maximize the amount of 
time spent in the experiment area during high sun conditions.  Local noon was at approximately 12:30 p.m. 
(PST).  Sampling during each flight was done over the Pacific Ocean in 6 to 10 level flight legs of 20 minute 
duration.  The only exception to this standard sampling pattern was on April 21 (flight 11), where the aircraft 
flew south down the coast of Oregon and into Northern California making measurements at only two altitudes.  
This flight was used to investigate the impacts of PAN decomposition in a strongly subsiding air mass, which 
was centered off the coast of Northern California.   

Operational forecasting for research flights was conducted with the goal of sampling air that had not 
recently (within 3 days) been exposed to continental influence.  The measured air masses were overwhelmingly 
from the remote Pacific, 5-20 days from the Eurasian continent.  
 
2.2  Modeling    

These trace gas and aerosol measurements are used to constrain a photochemical 0-D model.  The 
model is essentially identical to that presented in Jaeglé et al. (2000) and Schultz et al. (2000). We used this 
model to calculate the ozone photochemical tendency and investigate NOx chemistry in the low to mid 
troposphere over the Northeastern Pacific Ocean. 

Model calculations were constrained by the measured mixing ratios of NO, O3, PAN, CO, CH4, H2O, 
and VOCs, temperature, pressure, latitude and longitude of the measurement location (Table 1).  The 
concentration of NOx (= NO + NO2 + NO3 + 2 N2O5 + HNO4) is calculated in the model such that the 
calculated NO matches the observed NO at the time of day of observations. 

Ozone column concentrations were obtained from TOMS satellite observations (from the NASA web 
site http://jwocky.gsfc.nasa.gov/) and ranged between 304 and 413 Dobson units (DU) throughout the aircraft 
campaign, the average for the campaign was 363 DU.  The model uses a radiative transfer code to calculate 
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photolysis rates based on clear sky conditions.  However, the presence of clouds caused significant deviations 
between the model calculated clear sky J(NO2), and measured J(NO2).  To account for these effects, we 
multiplied all model calculated clear-sky photolysis rates by a scaling factor defined by the ratio 
J(NO2)measured/J(NO2)clear sky [Jaeglé et al., 2000].  This ratio ranged from 1.1 in the 0-2 km layer to 1.4 in the 6-8 
km layer. 

Aerosol surface area was estimated from the wavelength dependence of aerosol light scattering and 
calculations based on Mie theory, yielding surface areas between 2.5 and 5.5 µm2/cm3. 

With its long photochemical lifetime (~1 month), it is likely that HNO3 is not in diel steady state.  
Because HNO3 plays a significant role in the budget of NOx in the remote troposphere, we decided to constrain 
the model with the average springtime vertical profile of HNO3 compiled by Thakur et al. [1999] for the 
Northeastern Pacific.  This is a reasonable assumption as our measured concentration profiles of PAN and NO 
are in good agreement with the Northeastern Pacific averages reported by Thakur et al. [1999].  In addition we 
constrained the concentrations of peroxypropionyl nitrate (PPN) by defining the ratio of PPN/PAN to be 0.09, 
which is the average from previous springtime measurements in the Northeastern Pacific (Singh and Salas, 
1989).  

 
2.3 Calculation of the ozone photochemical tendency 
 Assuming that cycling between NO2 and NO only occurs through the photolysis of NO2 and the 
reaction of NO with O3, a null cycle is established during the day (R1-R3). 
 O(3P) + O2 + M → O3 + M (R1) 
 NO + O3 → NO2 + O2 (R2) 
 NO2 + hν → NO + O(3P)  (R3) 
However, the presence of peroxy radicals provides an alternate pathway that converts NO to NO2 without 
consuming ozone (R4-R6), leading to net ozone production.   
 HO2 + NO → NO2 + OH (R4) 
 CH3O2 + NO → NO2 + CH3O (R5) 
 RO2 + NO → NO2 + RO  (R6) 
In R6, RO2 refers to peroxy radicals from C2 and larger hydrocarbons.  The rate of ozone production, P(O3), can 
then be expressed as: 
 P(O3) = { k4[HO2] + k5[CH3O2]  + k6[RO2] } [NO] (1) 
where [HO2], [CH3O2], [RO2], and [NO] are the concentrations of HO2, CH3O2, RO2, and NO in molecules cm-3, 
respectively, and k4, k5, and k6 the rate constants of reactions R4, R5, and R6 in molecules -1 cm3 s -1, respectively 
(Crawford et al., 1997a ). 
 Ozone loss in the remote troposphere occurs primarily through photolysis and the reactions with OH 
and HO2 (R7-R10). 
 O3 + hν →  O2 + O(1D)  (R7) 
 O(1D) + H2O → 2 OH  (R8) 
 OH + O3 → HO2 + O2  (R9) 
 HO2 + O3 →  OH + 2O2  (R10) 
The rate of ozone loss, L(O3), can then be expressed as: 
 L(O3) = k8[O(1D)][H2O] + k9[OH][O3] + k10[HO2][O3] (2) 
Hence, the net ozone photochemical tendency, T(O3), can be expressed as (Crawford et al., 1997a; Crutzen et al., 
1999): 
 T(O3) = P(O3) – L(O3) (3) 
 
3. Results 
3.1  Ozone photochemical tendency in the remote Northeastern Pacific troposphere 

The PHOBEA aircraft measurements were averaged into 2 km bins from 0-8 km and the model runs 
were based on these average values.  Table 1 presents the averages used to constrain the model.  Model results 
were also calculated based on the data from individual 20-minute flight segments.  However, running the model 
using each fight segment was problematic because hydrocarbon data were only available for about half the flight 
segments.  The average T(O3) values calculated by these two different approaches were within 0.2 ppbv/day at 
all altitudes.  In the remainder of this paper model calculated values are based on the 2 km averages, except as 
noted below for the case study in section 3.4.  Model calculated mixing ratios of NOx, NO2, HNO4, OH, HO2, 
and CH3O2 are presented in Table 2.  In addition, Table 2 also presents the production and loss rates of NOx and 
O3, and the resulting T(O3).  Unless otherwise noted, all rates and the quantities derived from rates are the steady 
state values averaged over a 24 hour diel cycle, whereas all mixing ratios are those measured at, or calculated 
for, the time of measurement (within two hours of solar noon).   

The model calculations (Table 2) show an imbalance between known NOx sources and sinks at all 
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altitudes: the NOx loss rate exceeds its production.  Imbalances of this kind have also been found in numerous 
other experiments (Hauglustaine et al., 1999 and references therein).  Our calculations suggest that additional 
sources of NOx ranging from 27-29 pptv/day in the layers from 0-6 km and 6 pptv/day in the 6-8 km layer are 
required to establish balance.  Most authors have attributed imbalances to unspecified reactions that recycle 
HNO3 back to NOx and have proposed several heterogeneous and homogeneous reactions to account for this 
(Hauglustaine et al., 1999).  However, direct emissions of NOx from shipping and aircraft can be sources of 
imbalance, and our assumptions about HNO3 and PPN mixing ratios create large uncertainties in the rate of NOx 
production.   

The NOx lifetimes listed in Table 2 (defined as the inverse loss frequency, the NOx burden divided by 
the NOx loss rate), of less than a day near the boundary layer and several days in the mid troposphere, are 
consistent with previous studies (Brasseur et al., 1999).   

The calculated T(O3) for the remote springtime Northeastern Pacific is weakly ozone destroying, with 
values increasing from –0.83 ppbv/day in the 0-2 km layer to  
–0.11 ppbv/day in the 6-8 km layer.   

Figure 1 depicts model estimated P(O3) and L(O3) delineated by reaction as well as the percent 
contribution by each reaction towards the total.  The reaction of HO2 with NO (R4) plays the dominant role in 
ozone production, accounting for 65% in the 0-2 km layer and increasing to 77% in the 6-8 km layer.  The sum 
of HO2 and CH3O2 reactions with NO (R4 and R5) make up roughly 90% of ozone production throughout the 
lower troposphere.  Ozone loss is also dominated by HO2, with the HO2 + O3 reaction (R10) accounting for 47% 
of ozone loss in the 0-2 km layer and increasing to 64% in the 6-8 km layer.  This is typical for high latitudes 
where J(O3) is reduced by larger total ozone columns and solar zenith angles (Herring et al., 1997; Crawford et 
al., 1997b).  Ozone photolysis and the resulting O(1D) reaction with H2O also plays an important role in ozone 
loss near the surface, accounting for 44% of L(O3), but this influence decreases to 21% in the 6-8 km layer due 
to the rapid decline in water vapor concentration with increasing altitude.   

Figure 2 compares T(O3) in the remote Northeastern Pacific during PHOBEA with other springtime 
photochemistry experiments in the Pacific basin.  Two other experiments are considered here; PEM West B and 
MLOPEX 2.  PEM  West B took place during February – March 1994 in the Western Pacific where air masses 
were segregated into three categories; flow from the remote tropical Pacific (Crawford et al., 1997a), Asian 
continental outflow between 20-30ºN latitude (Crawford et al., 1997b), and Asian continental outflow between 
30-50ºN latitude (Crawford et al., 1997b).  MLOPEX 2 took place in four intensive campaigns throughout 1992 
and included springtime measurements from the free troposphere (Hauglustaine et al., 1999).  Roughly two 
thirds of air masses arriving at Mauna Loa Observatory during MLOPEX 2 had a westerly track from the mid-
latitude Pacific, with the remainder being easterly from the tropical or sub-tropical Pacific.   

Several trends in springtime T(O3) are suggested in Figure 2.  A longitudinal trend across the mid-
latitude Pacific, with net ozone production occurring in the Northwestern Pacific transitioning to net ozone 
destruction in the remote Northeastern Pacific.  Net ozone production dominates the mid-latitude Northwestern 
Pacific due to the influence of anthropogenic emissions in the Asian continental outflow.  However, because of 
the short lifetime of NOx in the troposphere (~ 1 day) and an average transport time across the Pacific of 8-10 
days (Kotchenruther et al., 2001), NOx mixing ratios become very low in the Eastern Pacific, resulting in net 
ozone destruction.  A latitudinal trend in the remote Pacific is also suggested in Figure 2, where higher rates of 
ozone destruction occur in the remote tropical Pacific and weaker ozone destruction as one moves northward.  
This trend is the result of a number of factors.  As one moves from the tropical Pacific to the mid-latitudes; 
actinic flux diminishes, water vapor concentrations diminish, PAN concentrations increase, and the NOx lifetime 
increases.  These factors outweigh the influence of higher ozone loss rates caused by increasing ozone 
concentrations at higher latitudes.    

T(O3) from the CITE 1 experiment (Chameides et al., 1989) in the Northeastern Pacific is not reported 
in Figure 2 for several reasons.  Chameides et al. only report T(O3) at the time of measurement, rather than a 24 
hour average, and the origin of measured air masses was not well established (e.g., continental vs. remote 
marine).  Having said that, we can compare T(O3) during CITE 1 and PHOBEA at the time of measurement.  
Chameides et al. report values of T(O3) between –38x105 and –50x105 molecules cm-3 s -1 for the 0-2 km layer in 
the Northeastern Pacific near solar noon, and they found that T(O3) increased to near zero in the 6-8 km layer.  
By comparison, during PHOBEA T(O3) was –8.1x105 molecules cm-3 s -1 near solar noon for the 0-2 km layer, 
increasing to near zero in the 6-8 km layer.  The differences in T(O3) likely reflect the dissimilarity in the latitude 
ranges of measurement, 24-40°N latitude and 39-48°N latitude for CITE 1 and PHOBEA, respectively, and the 
dissimilarity in time of year, early May and late March – April for CITE 1 and PHOBEA, respectively. 

 
3.2  Impacts of PAN decomposition and ship exhaust plumes on NOx and T(O3) 

Table 2 lists the PAN loss rate, which we define here as the sum of the reaction rates for thermal 
decomposition (R11) and photolysis (R12) after correcting for cycling within the PANx (=PAN+CH3CO3) 
family (Jacob et al., 1996).  
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PAN →∆
 NO2 + CH3CO3 R11 

PAN  → υh
 NO2 + CH3CO3 R12 

PAN thermal decomposition accounted for 96, 72, 19, and 2% of the total PAN loss rate in the 0-2, 2-4, 4-6, and 
6-8 km layers, respectively.  PAN’s fractional contribution to NOx, listed in Table 2, was calculated as the ratio 
of the PAN loss rate to NOx loss rate, rather than the ratio of PAN loss rate to NOx production rate.  Essentially, 
by making the calculation with the NOx loss rate, we assume that NOx production and loss are in balance and 
that the imbalances reported in Table 2 reflect both the uncertainty in NOx production and loss rates, and 
possible missing sources of NOx.  As discussed above, the NOx production rates have a higher uncertainty 
compared to loss rates because they are largely dependent on the mixing ratios of HNO3, PAN, and PPN, of 
which HNO3 and PPN were prescribed in the model but not measured during PHOBEA.  However, the NOx loss 
rate depends primarily on the conversion of NO2 to HNO3, PAN, and PPN.  Because NO2 is calculated from NO 
and J(NO2) measurements, it is likely that NOx loss rates have less uncertainty.  With these assumptions, we find 
that PAN’s contribution to NOx decreased from 30% in the 0-2 km layer to 11% in the 4-6 km layer and then 
increased to 18% in the 6-8 km layer.  The increase in the 6-8 km layer is primarily due to the increasing lifetime 
of NOx in that layer, 3.2 days, as compared to 1.1 days in the 4-6 km layer, and is only weakly associated with 
increased photolysis. 

We also estimated the impact of PAN decomposition on P(O3) using equation (4): 

)3O(P
)RateLossNOx(

)RateLossPAN(
PAN)3O(P =∆  (4) 

Equation (4) calculates PAN’s effect on P(O3) by scaling the NO concentration in P(O3) to the amount caused by 
PAN decomposition.  Therefore, ∆P(O3)PAN can be considered the perturbation to P(O3) caused by PAN 
decomposition.  It should be noted that PAN decomposition had little effect on L(O3) (Klonecki and Levy, 
1997), hence, ∆P(O3)PAN  can also be viewed as the perturbation to T(O3) caused by PAN decomposition.  Figure 
3 depicts the sum of NO+NO2 and T(O3), both including and excluding the effects of PAN decomposition.  The 
ratio of the observed NO+NO2 to NO+NO2 without PAN decomposition ranged from 1.4 in the 0-2 km layer, 
decreasing to 1.1 in the 4-6 km layer.  This is within the range of values of this ratio computed from a global 
modeling study by Moxim et al. (1996).  The values of this ratio calculated by Moxim et al. were from 1-5 for 
this region of the Pacific in January and from 1-2 in July.  Table 2 shows that PAN decomposition increases 
P(O3) from 11 – 30%, bringing T(O3) closer to the balance point between ozone production and destruction 
(figure 3b), and thus induces a significant perturbation to ozone photochemistry in this region.   

Ship exhaust plumes were identified only in the 0-2 km layer during PHOBEA.  When the NO data 
from ship plumes was included with the rest of the data, the mean NO mixing ratio increased from 9.5 to 12.6 
pptv and a value of 41.4 pptv for NOx was then required in the model.  This resulted in –0.46 ppbv/day for 
T(O3), that is, an enhancement in of +0.37 ppbv/day over the background without ship plumes.  It must be said, 
however, that adding NO data from very fresh ship plumes, to the marine background, is not likely to give an 
accurate estimate of shipping’s general influence on the marine boundary layer.  The frequency with which we 
encountered ship exhaust plumes may not be representative of the average, and accounting for ship plume 
influence by this method is a simplistic approach that assumes plumes diffuse into the background without 
photochemical removal, which is inaccurate because the time for plume diffusion is likely on the order of the 
lifetime of NOx. 

 
3.3  The impact of doubled Asian emissions on T(O3) in the springtime Northeastern Pacific and the 
sensitivity of T(O3) to enhancements in NOx, CO, and O3. 

The remote marine troposphere, and in particular the remote Pacific troposphere has been found here, 
and during pervious experiments, to be under a regime of net ozone destruction.  Consequently, remote marine 
environments can be considered buffers against anthropogenic increases in global tropospheric ozone (Brasseur 
et al., 1999).  Because the Pacific Ocean occupies approximately one third of the earth’s surface, it therefore 
provides one of the largest buffers against global increases in tropospheric ozone.  However, recent rapid 
industrialization in eastern Asia and the subsequent enhancements in ozone producing trace gases may be 
significantly eroding the buffering potential of the remote Pacific.  Indeed, Crawford et al. (1997b) found 
enhanced NOx and net ozone production in air masses impacted by Asian emissions that were advected ~2000 
km east of the Asian continent.   

Previously Berntsen et al. [1999] used a global chemical transport model to estimate the effects of 
doubling Asian anthropogenic emissions, based on 1996 emission levels, on the mixing ratios of NOx, PAN, 
CO, and O3 in the springtime Northeastern  Pacific.  They present results for the model grid just west of Cheeka 
Park Observatory, over the Pacific Ocean.  This also corresponds to the experiment area during PHOBEA’s 
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airborne measurements.  When Asian anthropogenic emissions were doubled they found that NOx, PAN, CO, 
and O3 were enhanced in the Northeastern Pacific by 16-24%, 30-40%, 25-26% and 7-10%, respectively, 
throughout the tropospheric column.  Generally, the largest enhancements for all species were in the lower free 
troposphere (Berntsen, personal communication, 2000).  In this study, we used the 0-D model to explore how 
these changes impact T(O3) in the Northeastern Pacific.  To do this we increased the constrained values of NOx, 
PAN, CO, and O3 by the appropriate amount in each altitude bin and calculated T(O3) under these new 
conditions.   

Figure 4a depicts T(O3) in the remote marine background and T(O3) incorporating enhancements in 
NOx, PAN, CO, and O3 based on doubled Asian emissions.  While T(O3) remained essentially unchanged under 
the scenario of doubled Asian emissions, the rates of P(O3) and L(O3) were significantly increased; P(O3) 
increased from 9-21% and L(O3) increased from 13-16%.   

In order to understand the impact of each species on P(O3), L(O3), and T(O3), we conducted a series of 
sensitivity studies where model constraints were held constant and one species was sequentially increased.  In 
the sensitivity studies, the concentrations of NOx and O3 were each increased by 10, 20, 30, 40, and 50%, and 
CO was increased by 25, 50, 75, and 100% over their original, measured, mixing ratios.  The sensitivity of 
T(O3), P(O3) and L(O3) to these increases is depicted in Figures 4b-d and 5.   

Increasing NOx results in increasing P(O3) (equations (1) and (3)) with little effect on L(O3) (equation 
(2)), yielding an increase in T(O3).  Enhancing PAN in the model had no effect on T(O3) because NOx was 
constrained and held constant.  However, enhancing PAN did effect the balance between NOx production and 
loss by increasing the NOx production rate.  

Increasing NOx had the effect of shifting P(O3), and therefore T(O3), to more positive values (figures 4b 
and 5a), as expected from equations (1) and (3).  As expected from equation 2, there was little effect on L(O3). 

Higher CO mixing ratios had a small effect, shifting T(O3) to more negative values.  Reaction with CO 
is the main pathway for converting OH to HO2 radicals in the remote troposphere.  Equations (1) and (2) and 
Figure 1 shows that HO2 plays a role in both ozone production and loss.  Whether production or loss is dominant 
depends on the relative amounts of NO and O3 present.  The increase in L(O3) resulting from a higher CO 
concentrations (and thus higher HO2 levels) outweighs the increase in P(O3).  As a result, T(O3) decreases with 
increasing CO (figures 4c, 5c and 5d). 

Increasing O3 had the effect of strongly shifting T(O3) to more negative values.  Increasing O3 directly 
leads to larger L(O3) as shown in equation (2).  Additionally, as the main source of OH, and because of rapid 
cycling between OH and HO2, increasing O3  indirectly increases HO2, which further enhances L(O3) as 
discussed for CO above.   

These calculations suggest that, while ozone mixing ratios will increase under the scenario of doubled 
Asian emissions, the ozone photochemical tendency in the Northeastern Pacific will remain close to its current 
value.  This is primarily the result of the offsetting affects of enhanced O3 and NOx.  The positive shift in T(O3) 
from higher NOx mixing ratios balances the decrease in T(O3) from enhanced O3 and CO. 

 
3.4  The effects of PAN decomposition on NOx and T(O3) in a strongly subsiding air mass.   

A frequent synoptic scale feature of the springtime Northeastern Pacific is a broad region of high sea 
level pressure climatologically centered at 140°W longitude and 35°N latitude.  The position of this high 
pressure center typically generates strong subsidence in air masses above Northern California during the spring.  
On April 21, 1999 the high pressure center off the coast reached 1030 mb, roughly 5 mb higher than the average.  
At this time, the strongest levels of subsidence were centered at 122°W longitude and 36°N latitude, with a peak 
subsidence rate of 15 mb/hr at 500 mb.  On this date we conducted PHOBEA flight 11, making measurements of 
trace gases and aerosols while flying into this region of strong subsidence.  The flight was conducted such that 
measurements in the experiment area were centered at solar noon.  The aircraft first flew south at an altitude of 
1.5 km along a line of constant longitude (124.80°W), which was over the Pacific Ocean off the coast of 
Southern Oregon and Northern California.  Due to fuel limitations, after reaching 39.5°N latitude the aircraft 
ascended to 3.0 km and returned north along the same longitude line.  Figure 6a depicts this portion of the 
aircraft flight track and Figures 6b and 6c depict atmospheric soundings from Oakland, California and Medford, 
Oregon, respectively.  The aircraft data during this flight were averaged into seven 20 minute flight segments, 
three of which were in the south bound leg and four in the north bound leg (see figure 6a).  Local winds during 
the flight ranged from westerly to northwesterly and 5 day back isentropic trajectories indicated that the 
encountered air masses had not been exposed to the North American continent within that timeframe (Figure 7a).  

Back isentropic trajectories were calculated for each flight segment based on the segment midpoint and 
closest hour.  Trajectories were obtained from NOAA’s Air Resources Laboratory using HYSPLIT4 (HYbrid 
Single -Particle Lagrangian Integrated Trajectory Model, 1997, http://www.arl.noaa.gov/ready/hysplit4.html) 
with the NCEP FNL meteorological dataset.  Figure 7 depicts the latitude-longitude and altitude-age profiles of 
the 5 day back isentropic trajectories for each flight segment, and Table 3 lists averages for selected measured 
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and model calculated quantities.   

Atmospheric temperature and dew point soundings from 5 a.m. (local time) that morning showed the 
presence of a strong subsidence inversion over Oakland California (figure 6b) and the absence of this inversion 
further north in Medford Oregon (figure 6c).  Temperature, dew point temperature, and trajectory data for the 
flight segments indicate that the aircraft flew in the boundary layer below the subsidence inversion during the 
southbound leg and above the boundary layer during the northbound leg.  Back trajectories from above the 
boundary layer show that air masses encountered during flight segments 4 and 5 underwent stronger subsidence 
than those in segments 6 and 7.  The PAN and ozone data presented in Table 3 are consistent with this analysis.  
PAN and ozone mixing ratios during segments 4 and 5 are in good agreement with average measured mixing 
ratios of PAN and ozone from higher in the troposphere (Table 1).   

PAN mixing ratios during flight segments 1-3 in the boundary layer were below the detection limit of 
the instrument and are reported in Table 3 as half the value of the detection limit.  Back trajectories for flight 
segments 1-3 indicate that the air masses underwent strong subsidence from the mid troposphere 5 days prior to 
measurement.  However, because the air masses resided in the warm boundary layer for 2-3 days prior to being 
encountered by the aircraft, high rates of thermal decomposition as a sink for PAN was the likely cause for the 
low PAN mixing ratios. 

Table 3 presents PAN’s fractional contribution to NOx along each segment as well as the enhancement 
in P(O3) caused by PAN decomposition.  PAN’s effects were the largest at the most southerly point above the 
boundary layer, segment 4, where NOx mixing ratios were enhanced by 20.1 pptv, to a total of 40.1 pptv, and 
T(O3) was enhanced by 1.45 ppbv/day, to a value of –1.78 ppbv/day as a result of PAN decomposition.  The 
enhancements encountered in segment 4 were more than three times the average effects of PAN decomposition 
at the 2-4 km level (Table 2).  The fractional contribution of PAN to NOx was 0.50 in segment 4 compared to 
0.20 in the 2-4 km layer of the marine background.  The effects of PAN decomposition were found to diminish 
as the aircraft headed north out of the region of high subsidence.   

The subsidence event on April 21 brought high concentrations of both PAN and ozone to lower 
altitudes.  The data in Table 3 allows us to estimate the ozone photochemical tendency that would be associated 
with the subsidence event in the absence of PAN, that is, T(O3) – ∆P(O3)PAN .  Hence, without PAN’s 
perturbation to NOx, the ozone photochemical tendency in flight segment 4 would have been -3.23 ppbv/day, 
almost twice the observed rate of net ozone destruction.  We can therefore view the role of PAN decomposition 
during subsidence events as significantly increasing the lifetime of mid-tropospheric ozone at the same time as 
the subsidence brings that ozone closer to the surface where it has a higher potential to impact the health of flora 
and fauna.   

 
4. Conclusions 

Airborne measurements of NO, O3, PAN, CO, CH4, H2O, VOCs, aerosols, J(NO2), and standard 
meteorological variables were made in the remote springtime Northeastern Pacific troposphere as part of the 
PHOBEA experiment.  These measurements were used to constrain a detailed photochemical box model, which 
calculated the ozone photochemical tendency, T(O3), in this region.  T(O3) was found to increase from –0.83 
ppbv/day in the 0-2 km layer to –0.11 ppbv/day in the 6-8 km layer.   

The calculated values of T(O3) in the Northeastern Pacific were compared to T(O3) reported during 
other springtime experiments in the Pacific basin.  The comparison suggested two trends in T(O3); a longitudinal 
trend driven by decreasing anthropogenic influence where T(O3) decreases from net ozone production in the 
mid-latitude Northwestern Pacific transitioning to net ozone destruction in the mid-latitude Northeastern Pacific, 
and a latitudinal trend driven by changes in solar insolation and water vapor with higher rates of net ozone 
destruction in the remote tropical Pacific and lower rates of net ozone destruction as one moves northward.   

PAN in the marine background was found to account for 30% of NOx 
(=NO+NO2+NO3+2N2O5+HNO2+HNO4) sources in the 0-2 km layer and 20, 11, and 18% in the 2-4, 4-6, and 6-
8 km layers respectively.  The effects of PAN decomposition on T(O3) were calculated and PAN was found to 
enhance T(O3) in the marine background by 0.41, 0.30, 0.13, and 0.15 ppbv/day for the 0-2, 2-4, 4-6, and 6-8 km 
layers, respectively.  However, in a strongly subsiding air mass, PAN’s perturbation to NOx and T(O3) was 
found to be over three times the average effect in the marine background.     

In 1999, Berntsen et al. used a global chemical transport model to estimate the effects of doubling Asian 
anthropogenic emissions on the mixing ratios of NOx, PAN, CO, and O3 in the springtime Northeastern Pacific.  
When these enhancements were implemented on the PHOBEA data, and T(O3) recalculated, we found that while 
O3 increased under a scenario of doubled Asian emissions, T(O3) essentially remained unchanged.  Sensitivity 
studies with the model showed that enhancements in ozone destruction, due to higher ozone concentrations, were 
nearly balanced by higher rates of ozone production, caused by the increase in NOx.  These results suggest that a 
doubling of Asian anthropogenic emission, while causing higher ozone concentrations, will not significantly 
alter the ozone buffering potential of the springtime Northeastern Pacific troposphere.   
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Figure 1.  Ozone (a) production rates, P(O3), (b) the percent contribution to production, (c) loss rates, L(O3), and 
(d) the percent contribution to loss, delineated by reaction.  All production and loss rates are averaged over the diel 
cycle. 
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Figure 5.  The sensitivity of P(O3) and L(O3) to increases in the marine background mixing ratios of NOx 
(a,b), CO (c,d), and O3 (e,f).   
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Figure 7.  (a) Latitude longitude and (b) altitude age profiles for 5 day back isentropic trajectories during 
PHOBEA flight 11, April 21, 1999. 
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Table 1.  Summary of PHOBEA observations (March 26 – April 28, 1999) used to constrain model 
calculations between 0 and 8 km altitude.  Unless otherwise noted, chemical species are the average 
measured mixing ratios in pptv. 
 Layers (km) 
Observations 0-2 2-4 4-6 6-8 
pressure (mb) 895 692 546 436 
temperature (K) 274.6 264.8 252.9 240.9 
J(NO2) (s-1) 0.0093 0.0140 0.0147 0.0150 
NO  9.5 12.5 12.5 12.9 
PAN 78.5 183.0 206.2 185.8 
PPN* 7.1 16.5 18.6 16.7 
HNO3† 132.1 139.8 146.7 156.6 
O3 (ppbv) 47.4 59.5 71.7 79.3 
H2O (ppthv‡) 6.31 1.99 1.13 0.47 
CO (ppbv) 138.6 138.9 132.2 130.1 
methane (ppbv) 1830 1820 1800 1830 
ethane 1580 1600 1580 1480 
ethene 14.7 24.1 19.1 25.4 
ethyne 365 406 392 337 
propane 323 378 350 288 
n-butane 72 91 85 60 
i-butane 40 54 54 39 
n-pentane 7.9 13.3 10.0 13.5 
i-pentane 9.2 13.9 13.8 32.9 
benzene 60 107 191 73 
toluene 14 34 47 19 
MeONO2 4.2 3.1 3.0 3.2 
EtONO2 4.3 4.2 3.7 4.5 
n-PrONO2 1.7 2.1 2.4 1.3 
i-PrONO2 7.2 9.0 7.6 11.4 
2-BuONO2 6.1 6.9 5.7 2.5 
*PPN (peroxypropionyl nitrate) is specified based on a PPN/PAN ratio of 0.09 as per Singh and Salas 
(1989) 
†HNO3 is constrained based on previous measurements in this region as per Thakur et al. (1999), see text  
‡parts per thousand by volume 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



    

 

  

 

Table 2.  Selected mixing ratios (in pptv) and derived quantities from the 0-D model output.  Unless 
otherwise noted, chemical species are the mixing ratios in pptv at the time of measurement (near solar 
noon), rates are averaged over the diel cycle.   
Model Layers (km) 
Calculations 0-2 2-4 4-6 6-8 
NOx* 31.4 33.4 45.6 64.2 
NO2 19.3 14.1 10.5 7.3 
HNO4 2.6 6.9 21.6 42.6 
OH 0.13 0.16 0.16 0.14 
OH (24 hour average) 0.04 0.05 0.05 0.05 
HO2  16.2 17.0 14.9 12.2 
HO2 (24 hour average) 5.9 6.2 5.6 4.9 
CH3O2 7.2 5.4 3.9 2.4 
CH3O2 (24 hour average) 3.3 2.6 2.0 1.4 
NOx production (pptv/day) 43.3 29.2 16.0 14.6 
NOx loss (pptv/day) 72.6 58.1 43.5 20.3 
NOx lifetime (days)† 0.43 0.57 1.05 3.16 
O3 production; P(O3) (ppbv/day) 1.36 1.47 1.17 0.84 
O3 loss; L(O3) (ppbv/day) 2.19 1.81 1.41 0.95 
O3 tendency; T(O3) (ppbv/day) -0.83 -0.34 -0.24 -0.11 
PAN loss (pptv/day) 21.7 11.9 4.7 3.7 
PAN's fractional contribution to NOx 0.30 0.20 0.11 0.18 
∆P(O3)PAN  (ppbv/day)‡ 0.41 0.30 0.13 0.15 
*NOx is defined here as NO+NO2+NO3+2N2O5+HNO2+HNO4 
†the lifetime of NOx is defined as [NOx]/(NOx loss) 
‡the enhancement in P(O3) caused by PAN decomposition (equation 4, section 3.2) 
 
Table 3.  Selected measurements and model derived quantities for flight segments during PHOBEA flight 
11, April 21, 1999.   
Measured or  Flight Segments 
Modeled Quantity 1 2 3 4 5 6 7 
Altitude (km) 1.5 1.5 1.5 3.0 3.0 3.0 3.0 
Latitude (°N) 41.61 40.58 39.77 39.82 40.64 41.53 42.47 
Temperature (°C) 2.2 4.4 5.5 1.9 1.2 -0.4 -2.3 
Dew point temperature (°C) 2.0 3.9 4.8 -16.2 -17.2 -14.2 -13.1 
NO (pptv) 8.9 5.0 7.1 14.9 10.6 4.8 4.3 
PAN (pptv) 12.7 12.7 12.7 201.6 120.1 84.8 35.9 
Ozone (ppbv) 44.5 35.8 49.4 78.7 70.8 51.1 49.8 
H2O (ppthv) 8.7 10.3 11.1 2.1 2.0 2.5 2.8 
NOx (pptv)* 27.4 13.6 21.7 40.1 28.1 10.7 9.7 
NOx loss (pptv/day) 91.4 50.8 105.6 148.4 91.6 33.8 28.2 
O3 production; P(O3) (ppbv/day) 1.76 1.09 1.87 2.89 1.84 0.87 0.76 
O3 loss; L(O3) (ppbv/day) 3.59 3.51 6.09 4.67 3.50 2.74 2.59 
O3 tendency; T(O3) (ppbv/day) -1.83 -2.42 -4.22 -1.78 -1.66 -1.87 -1.83 
PAN loss (pptv/day) 4.6 8.1 9.1 74.4 41.2 28.5 8.6 
PAN's fractional contribution to NOx 0.05 0.16 0.09 0.50 0.45 0.84 0.30 
∆P(O3)PAN  (ppbv/day)† 0.09 0.17 0.17 1.45 0.83 0.73 0.23 
*NOx is defined here as NO+NO2+NO3+2N2O5+HNO2+HNO4 
†the enhancement in P(O3) caused by PAN decomposition (equation 4, section 3.2) 


