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ARTICLE OPEN

Steady states and transport processes in urban ozone balances
M. A. K. Khalil1

Core chemical theory is combined with transport processes and local emissions to study the validity of commonly made
assumptions regarding steady states to interpret urban and regional ozone data. It is shown that photo-stationary states of NO and
NO2 cannot exist in urban areas or polluted regions in addition to the lack of such a state for ozone. Calculations in published
papers, which make the assumption of a photo-stationary state for NO and NO2, or ozone, are likely to be inaccurate by
unacceptable amounts. The Leighton Ratio is re-interpreted to show how it incorporates both the peroxy radical and transport
effects on ozone, separating local chemical production from its transport. To illustrate the concepts and test the assumptions,
hourly observations of ozone and its precursors from Yanbu in Saudi Arabia are analyzed. The major role of local transport
processes and a large import of ozone at night, probably from aloft, are uncovered as a by-product.

npj Climate and Atmospheric Science  (2018) 1:22 ; doi:10.1038/s41612-018-0035-7

INTRODUCTION
Ozone is one the most common pollutants in the urban areas of
the world. Because of its adverse environmental and health effects,
laws and regulations have been implemented world-wide to
control its precursors, which are oxides of nitrogen and
hydrocarbon gases emitted from automobiles, industrial processes,
and natural sources. The production and destruction of ozone in
urban atmospheres follows well known chemical and physical laws
but how these are manifested in a particular environment can lead
to major differences in the level of pollution that actually occurs.1–3

The goal of this paper is to establish a theoretical framework for
the mass balance of ozone at urban and regional sites that takes
into account the combined effects of core chemistry, transport
processes, and local emissions. This leads to a novel approach to
assess ozone balances and is especially applicable to a common
situation in which spatial concentration measurements, emissions
inventories, and meteorological data are not available for more
detailed numerical chemistry-transport modeling. It is being
presented here partly because in past publications assumptions
have been made about photo-stationary states in the urban ozone
core chemistry that are invalid and lead to faulty results. In this
context the frequently calculated Leighton ratio is re-interpreted
to further inform the analysis of urban ozone data sets.
The general mechanism of ozone formation in urban areas is

determined by emissions of nitrogen oxides (NO, NO2) and
reactive organic carbon compounds (VOCs). Ozone, and possibly
most of the NO2, are formed and destroyed by atmospheric
chemical processes that can be described by the following core
set of reactions.4–7

R1 : VOCi þ OH ! R0O2 þ othermolecules

R2 : R0O2 þ NO ! NO2 þ othermolecules

R3 : NO2 þ O2 þ hν ! NOþ O3

R4 : O3 þ NO ! NO2 þ O2

In this system, NO, VOCs, and some NO2 are emitted by
combustion processes, often from transportation or industrial
activities. Sunlight initiates the production of OH that oxidizes the
VOCs to generate the intermediate peroxy radicals R′O2 (HO2 or
RO2 in R1). These radicals react with NO converting it to NO2 (R2).
The subsequent breakdown of NO2 by sunlight makes O3 in two
steps (R3) (NO2+ hν→ NO+O and then O+O2+M→O3+M).
In this process, the VOCs stimulate the production of ozone
because they reduce NO, which is a rapid sink of ozone (R4) and
increase NO2 (R2) that allows more ozone to be made. The ozone
and nitrogen oxides cycle through these chain reactions creating
high levels of ozone that affect human health and life. Aside from
this core set of processes there are other, much slower reactions,
that lead to the termination of these catalytic cycles.
The process of developing the results used data on ozone and

its precursors to test and explore the assumptions and outcomes
of urban ozone balances. These data were acquired from Saudi
Arabia’s Presidency of Meteorology and Environment (PME) and
WeatherSpark as described in our earlier research.8,9 The JNO2 for
reaction R3 was calculated using the TUV model including the
effects of clouds and urban albedos for each hour of the year thus
taking into account the diurnal and seasonal effects.10 The
resulting information available to us is summarized in Fig. 1 as a
regular diurnal cycle which is the most prominent characteristic of
urban ozone and is the focus of environmental regulations.

RESULTS
The three results of this study are: (1) It is proved that because the
transport and chemical processes (R1–R4) are intimately tied
together, there can be no photo-stationary state of ozone or its
precursors NO and NO2 (see the Methods section). (2) For ozone
observations, especially in urban areas, local transport process are
major contributors to its balance. Ozone is transported because
it’s lifetime is sufficiently long, while the NO and NO2 transport
because they regenerate each other making NOx a chemically
conserved quantity on the time scales of urban photochemistry.
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(3) The frequently calculated Leighton ratio of chemical produc-
tion to destruction of ozone can be used to separate the effects of
transport from chemistry. Although it can exceed unity entirely
due to the action of the VOC’s on the partitioning of NO and NO2,
it is often observed to be well below one, which is explained only
by the transport component inherent in the ratio.
These results are illustrated by application to data from Yanbu.

The mass balances are shown in Figs. 2–4, where the major effect
of local transport is evident for ozone and NOx. The Leighton ratio
in Fig. 5 shows both that it is less than one for a significant part of
the day, and its implication of how the ozone concentration is
affected by transport either out from the site, or into the site.

DISCUSSION
Let us examine the salient points demonstrated by the ozone
balance at Yanbu. It is evident that transport is a major
component of the mass balance at all times of the day and that
there is a substantial net transport of ozone into the site late
during the day and continuing into the night until morning. In Fig.
1 we see evidence that there are significant nighttime emissions
of NO and NO2 that appear as secondary maxima in the hourly
data. This is expected from the nightlife which is prevalent in the
hot desert cities.11 Because of this, the lifetime of ozone is still only
10–20min at night (Fig. 3). Since there is no nighttime production
of ozone by any known mechanisms, and there is plenty of ozone
present, it has to be transported from aloft or the surrounding
areas.
There are several observations that show high levels of ozone

outside or above the cities of Saudi Arabia as reported for Jeddah
and Alsodah.12–14 The idea proposed here is that ozone and more
so its precursors, VOCs, and NO2 are exported from the cities,
resulting in the high ozone in surrounding areas and aloft because
NO concentrations are lower there. This generates and preserves
the ozone aloft which is brought back at night.15 A possible
picture is that NO, emitted from night traffic, wafts into the
observation site, mixing with ozone that is transported down-
wards in the same air mass from higher levels aloft. Both NO and
ozone are destroyed in their mutual reaction and what leaves the
site is less ozone and NO than came in, and more NO2 formed in
the reaction. This phenomenon is not specific to Yanbu because
similar results are found in other Saudi cities.10

The NO and NO2 transport is a major components of their
budgets, although this can only be calculated for the nighttime

conditions, but it can be inferred that the similarly large and
persistent transport would be required during the day. The
existence of the sizable transport components obviate any photo-
stationary states for NO, NO2, or O3, but admit pseudo-steady
states. NOx transport to the observation site at Yanbu was
calculated so that d(NOx)/dt = TnetNOx (Eqs. 2, 3, 7 in “Methods”).
The results demonstrate that the NO and NO2 are continually
transported to the site and the patterns are consistent with known
emissions during the morning and late evening when we see net
fluxes into the region of the observation site (Fig. 4). It supports
the point that NO and NO2 cannot be in a photo-stationary state
during the day because of the substantial transport that is
occurring. Due to lack of data on VOCs or the peroxy radicals, we
cannot estimate the transport of NO and NO2 separately.
Moreover, the net transport of NOx is much smaller than the
inflows and outflows, which we also cannot estimate separately.
At night however, since there are no peroxy radicals and NO is not
regenerated because there is no photolysis of NO2, we see that
the observed concentrations of ozone, NO, and NO2 require a
large net import of NO at about 140 ppb/h (18:00–04:00 h) and a
net export of NO2 at about the same rate leaving a small residual
accumulation of NOx shown in Fig. 4 (Based on Eq. 7 in
“Methods”). The required nighttime ozone influx is ~130 ppb/h
(Fig. 3).
It is noteworthy that the calculated transport of ozone or the

precursors does not represent the exchange between Yanbu and
the outside environment, but is driven by local gradients,
especially during the day when such gradients of ozone and its
precursors can be large due to the inhomogeneous nature of the
emissions in urban areas and subsequent chemistry. Since our
measurements are only at one site, this aspect cannot be
evaluated quantitatively. Locations in the city where ozone
concentrations are highest would show net outward transport
for more of the day and sites where the concentrations are low
may have net inward transport throughout the day. One aspect of
estimating the transport effect is that if a site is mostly importing
ozone, it is not the place where the highest concentrations will
exist, and therefore it may be inadequate to determine
compliance with standards. At night the local gradients may be
lessened because there is no production but the sink can still be
widely different from place to place inside the city.
There is a remarkable year to year consistency in the patterns of

ozone generation and transport. The atmosphere around the site
is a net sink of ozone when taken over the whole day even though
high net production rates occur between 08:00 and 14:00 h
averaging about 80 ppb/hr. For the six years on average the
daytime (07:00–18:00) net production is about 7 ppb/hr and the
nighttime (19:00–06:00) net loss is 130 ppb/hr resulting in a net
loss of ozone over the 24 h of ~60 ppb/h. The ozone destroyed at
night is presumed to be generated from the precursors that leave
the city core and are brought back at night, thus making other
parts of the city or the air aloft, net producers of ozone.

METHODS
The mass balance of ozone at Yanbu
From R1–R4, we can write the net chemical production rates for the core
processes, PNetC as:

PNetO3 ¼ JNO2 NO2ð Þ � k4 O3ð Þ NOð Þ; (1)

PNetNO ¼ JNO2 NO2ð Þ � k2 R0O2ð Þ NOð Þ � k4 O3ð Þ NOð Þ; (2)

PNetNO2 ¼ k2 R0O2ð Þ NOð Þ þ k4 O3ð Þ NOð Þ � JNO2 NO2ð Þ; (3)

PNetR0O2 ¼
X

i

ki VOCið Þ OHð Þ � k2 R0O2ð Þ NOð Þ; (4)

where k2(R′O2)≡ [k2a(RO2)+ k2b (HO2)]. The general mass balance for the
concentration of each of these chemicals at the point of observation can

Fig. 1 The chemical components of the mass balance of ozone at
Yanbu. Measured hourly concentrations of ozone and precursors
(NO, NO2) over six years and model calculations of JNO2 for each
hour of the day during a year
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be written as:

∂C=∂t ¼ PNetC þ S� C=τOtherð Þ � TNetC (5)

TNetC ¼ ∇: vCð Þ � ∇: K:∇Cð Þ

in Eq. (5), C is the concentration of the gases mentioned in the set of
reactions, PNetC is the net chemical production as described in Eqs. (1–4) in
our case, S are the direct emissions at the point represented by the
equation and τOther are potential non-chemical sinks such as deposition for
ozone or additional chemical sinks not included in the core chemistry of
R1–R4, such as reactions that lead to a termination of the main

Fig. 2 The mass balance of ozone at Yanbu: a rate of change, b production, c loss, d net production, e net transport, and f composite of all
years. A positive net transport means that ozone is being imported into the site from surrounding areas including the air above. Net transport
is negative when the site is exporting ozone during peak emissions of the precursors in early morning
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NO–NO2–O3 cycles. The transport terms are driven by the winds v and
turbulence efficiencies K. The effect of transport however, also clearly
depends on the concentration gradients that exist near the site at which
this balance is evaluated. Measurements taken at one location therefore
are not sufficient to evaluate the TNetC term directly.
A simpler equation is obtained by integrating Eq. (5) over some small

volume δV surrounding the site within which the concentrations are
represented by the measurements. The net transport is: TNetC= TINC−
TOUTC where the inflow TINC is dependent on the concentrations outside
the area represented by the measurements. Transport efficiencies can be
described by an effective transport time τT so that: TOUTC= (1/τT) C and Eq.

(5) can be written in the following form16:

dC=dt ¼ P þ TINCð Þ � 1=τ þ 1=τTð ÞC (6)

PNetC= P − C/τ where τ is the chemical lifetime. In Eq. (6) TIN and TOUT
are separated to emphasize that transport can act as a source or a sink that
is indistinguishable from the chemical production and destruction in the
mass balance. The direct source S can be taken to be zero (=0) if the
averaging is over a small enough region that does not contain sources
such as highways or factories, otherwise it can be added to the (P+ TIN)
term. In that case however, since C in the equation is the average
concentration inside the volume δV, it may not accurately represent the
concentration measured at the site. It is noteworthy that both Eqs. (5) and
(6) represent local mass balances at a point or a small volume of the
atmosphere and as such do not describe the city-wide balances without
measurements at many sites or by making untenable assumptions.
The PNet’s and TNet’s are so named here because they reflect the explicit

involvement of chemical reactions embodied in the rate constants (k’s and
j’s) and the movement of the gases by the winds and turbulence (v’s and
K’s). However the calculation of the PNet and TNet for one gas includes the
concentrations of other gases in the set which are inseparably affected by
both transport and chemistry. This creates an implicit dependence of the
TNet’s on chemistry and of the PNet’s on transport. We will consider only the
explicit contributions in this study because the implicit contributions are
already included in the measured concentrations of the gases at any
chosen site as for the Yanbu circumstances.
We can now combine the core chemical processes and transport to

write the mass balance Eq. (6) as:

dC=dt ¼ PNetC þ TNetC (7)

C ¼ O3ð Þ; NOð Þ; NO2ð Þ or R0O2ð Þ

PNetNO2 ¼ �PNetNO (8)

TNetR0O2 ¼ 0 ) PNetR0O2 ¼ 0 (9)

We have made some assumptions in writing Eqs. (7–9): peroxy radicals
are assumed to be in a photo-stationary state with negligible transport,
and slower cycle terminating reactions, including deposition, are neglected
for the local balances represented by these equations. If additional
chemical reactions have to be added to the core (R1–R4) then the PNet’s in
Eqs. (1–4) would have to be modified appropriately and would be reflected
here. It is further assumed that there are no direct emissions within the
region δV represented by the measured concentrations.
Sources of ozone other than R3 are small if they exist at all.17,18 There are

however, known sinks of ozone other than the reaction with NO (R4).
These include OH, VOCs, solar UV, NO2, and dry deposition. We found that
because of the high NO concentrations in the urban environments of our
interest and specifically for point calculations at our observation sites,
these other sinks together are less than 10% of the NO reaction (R4) at all
times of the day and may be excluded from the local core equations.10

However, these processes terminate the chain reactions and are needed to
balance ozone over city-wide or larger space and time scales.
The net production of ozone R3 and R4, does not have any additional

molecules involved other than NO and NO2. The effects of individual VOCs,
peroxy radicals generated from them and their various complex
interactions therefore do not affect the calculation of net ozone
production as long as measured concentrations of NO and NO2 are used
in Eq. (1). We can say that the effects of the VOCs on ozone at any location
are in the conversion of NO to NO2 and are already embodied in the
measured concentrations of these gases.
Since we do not have measurements of the peroxy radicals, the daytime

balance of NO, NO2, and R′O2 cannot be determined from the Yanbu data
(Eq. 2–4, 7). The mass balance of ozone however, can be constructed
according to this framework. The direct measurements of NO, NO2, and O3

with an hourly integration, give us the ozone rate of change (d(O3)/dt),
production, loss, and net production (PNetO3). Since we have data at only
one site, there is no measure of the gradients and so the transport cannot
be calculated directly. We evaluate it as the residual ozone needed to
balance the net local production and the d(O3)/dt term. The rate d(O3)/dt,
although included, is quite small compared with the sink term putting the
concentration of ozone in a pseudo-steady state.

Fig. 3 The local lifetimes of NO, NO2, and O3 at Yanbu. For ozone
several known sinks are not included because the estimated effect
of all of them combined is less than 10% of the local NO sink for this
site. The daytime lifetime of NO is an upper limit since reactions with
peroxy radicals are not included because of lack of data. For NO2 the
nighttime sink is based on the reaction with ozone, which is
negligible during the day due to the strong photolysis

Fig. 4 The calculated rate of net transport of NOx as TNetNOx= d
(NOx)/dt. For comparison, the rate of change of ozone concentration
is included showing an inverse relationship. The net flux of NOx is
much smaller than the actual influxes and outfluxes of NO and NO2
but it shows a continual transport flow making PNetNO and PNetNO2
≠ 0
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Steady states
A steady-state assumption, when it can be made, is highly desirable
because it converts the differential mass balance equations (7) into
algebraic expressions that are easy to apply and clearly show the
functional dependencies of the concentration on the sources, sinks and
precursors. Steady states arise when there are sustained sources and sinks.
There do not appear to be universally accepted definitions of the types of
steady states that can occur, which contributes to misinterpretations of the
consequences. In this paper we adopt the following definitions: in a normal
steady-state (SS), the concentrations are constant in time over some
suitably long period spanning many measurements, often reflecting
sustained constancy of sources and sinks. In a pseudo-steady state, the
concentrations are not constant between measurements, but adjust
rapidly to changes in sources and sinks at time scales much shorter than
the time between measurements. This makes dC/dt much smaller than the
other terms in the mass balance (Eqs. 5 or 6) and relative to the sinks in
particular. If dC/dt is calculated as δC/δt where δt is the time between
measurements, then a pseudo-steady state occurs (PSSA) if τ « δt, where τ
is the composite lifetime= [1/τChemical+ 1/τTransport+ 1/τOther]

−1. For the
pseudo-steady state to occur it doesn’t matter whether the τ is a chemical
lifetime, transport time or a combination of the two. In this way, transport
processes can push the system into a pseudo-steady state for ozone even
when the chemical processes are out of balance. In a pseudo-steady state
the concentration C (=NO, NO2, or O3) is:

C ¼ P þ TINð Þ= 1=τChem þ 1=τTð Þ (10)

A photo-stationary state (PSS) can occur during daytime when the net
chemical production is zero; that is, the sources and sinks, at least one of
which is photo-chemically driven, are in equilibrium with each other.19,20 A
photo-stationary state cannot occur if there are terms in addition to net
chemical production in the mass balance because dC/dt= 0 will, in
general, require that PNetC=−TNetC+ C/τother ≠ 0.
A hypothetical photo-stationary state (HPPS), defined in this work, is a

calculation of the concentration a gas would have in a steady state with its
chemical sources and sinks. HPSS is not expected to occur in actual
circumstances except in a temporary transitional state. We will use this
concept to apportion the ozone concentration at our sites between local
chemical production and transport.

Validity of steady states
We can catagorize all possibilities to determine when pseudo-steady states
and photo-stationary states can occur for the ozone chemical cycles. Key
variables that affect steady states are: Ozone transport, VOCs through
peroxy radicals and local sources (SNO, SNO2) most likely represented by
transport as TNetNO and TNetNO2. We look at three cases that cover all
possibilities: (1) No VOCs and no transport; (2) VOCs added but no
transport; (3) transport added whether VOCs are present or not.
In the first case, Eqs. (1–3) and (7) show that O3, NO, and NO2 will come

into a pseudo-steady state provided the lifetimes are short enough as
during daytime. Then, PNetO3= PNetNO= PNetNO2= 0. This is the fre-
quently cited text-book situation of a photo-stationary state for O3, NO and
NO2. It leads to the relationship: (O3)PSS= JNO2 (NO2)/K4(NO) (see ref. 20 for
example). The conditions under which this can occur may exist in a
reaction chamber, but not in any real urban environment.
Once the VOCs are added, our second case, peroxy radicals are

produced during daytime and with no transport, Eqs. (1–3) and (7) show
that a photo-stationary state of NO and NO2 can occur if the lifetimes are
short enough but for ozone there can be neither a photo-stationary state
nor a pseudo-steady state because:

d O3ð Þ=dt ¼ PNetO3 ¼ k2 R0O2ð Þ NOð Þ>0 (11)

It should be noted that this condition requires increasing concentrations
of ozone while the normal daily ozone cycle has a decreasing period after
the peak which would be inexplicable with this assumption. If either NO or
NO2 is in a photo-stationary state, the other will be also based on the core
chemical theory. This case is included for completeness and, like the
previous one, cannot occur in any real urban or regional polluted
environment. This is because the transport of NO and NO2 to the
observation site always occurs and cannot be neglected in the mass
balance as we discuss next.
Even though the local lifetimes of NO and NO2 are short, they are

nonetheless transported to the site of the observations from more distant
sources because of the constant re-generation due to reactions R3 and R4
that make NOx a nearly conserved quantity subject only to dilution during

transport and losses by the slower cycle-terminating reactions. Looking at
it another way, the NO and NO2 at the observation site cannot both be
generated locally because their origins are in high temperature combus-
tion in engines. At least one of them must be continually brought to the
site from the sources if both are being observed.
The situation for NO and NO2 is different from other reactive chemical

species such as the peroxy radicals, because of the constant regeneration
between the two as they travel from the source to the point of
observation. For the peroxy radicals, all production and destruction is
local, and the transported air brings only the VOC precursors and not the
peroxy radicals themselves, which, once lost, have to be produced from a
fresh supply of the precursors and not the products of the loss process.
Hence the occurrence of a pseudo-steady state also generates a photo-
stationary state for the peroxy radicals because of smallness of the net
transport term. This is also the case for other fast reacting radicals in the
ozone cycle, such as O or OH. In a general sense, the phenomenon that
leads to NO and NO2 transport is present when there are interactions
between two or more gases, as in catalytic cycles, that make the lifetime of
a gas appear short due to the reaction internal to the cycle, but acts as if it
was long due to the slowness of the cycle-terminating chemical reactions.
So, for point of observation PNetC calculations of NO, NO2, and O3, it is the
local lifetimes that apply, but for the transport of these gases from sources
to the sites of observation the longer lifetimes, due to termination
reactions and dilution are applicable. For ozone too, the local lifetime may
be short, but as the air mass moves away from the site, ozone is
regenerated within this air mass and would thus persist over long
distances as it is slowly lost due to cycle-terminating sinks such as
deposition, and dilution driven by turbulent transport processes.
In the remaining case, when transport is added, whether there are VOCs

present or not, it is apparent from the discussion above that ozone cannot
be in a photo-stationary state (Eq. 7), however it will most likely achieve a
pseudo-steady state (that is, dC/dt = 0 and PNetC= -TNetC+ C/ τother ≠ 0).
Comparing it to the first case, the presence of VOCs alone takes ozone out
of both the photo-stationary state and the pseudo-steady state. Adding
transport restores the pseudo-steady state but not the photo-stationary
state. Equations (1–3) and (7) show that, NO and NO2 cannot be in a photo-
stationary state once transport is included, although they can achieve a
pseudo-steady state due to their short local lifetimes. In this case, PNetNO
=−TNetNO and PNetNO2 =−TNetNO2 and hence are not zero as would be
required by a photo-stationary state assumption. The Yanbu data verify
that major transport of ozone, NO and NO2 is required to explain the
observations as shown in the Figs. 2–4.
The idea is frequently promoted that because of the short lifetimes of

NO, NO2, and O3 they come into steady state very quickly. This is indeed
the case, but we see that it is a pseudo-steady state (PSSA) and it does not
mean that the net chemical production is in steady state (PSS), that is,
PNetC= 0 as is then assumed. The assumption that PNetC= 0 is the contrary
to the conservation law embodied in the fundamental mass balance Eq. (5)
and the preceding discussion about the ever-present transport of all three
gases.
Whether there is a pseudo-state or not can be easily tested by

comparing measured dC/dt to the other terms in the mass balance. For our
case we adopt the criterion: dC/dt= 0 if |dC/dt| ≤ 10% of any of the other
terms, namely production, loss, TIN or TOUT in the mass balance. Applying
this criterion, using the sink term for O3 and NO and the production term
for NO2, we find that at Yanbu, the dC/dt term is <10% of the other terms
for O3 and NO2 and <5% for NO. This establishes that all three gases are in
a pseudo-steady state.
Having established the lack of photo-stationary states for NO and NO2,

we can look at the nexus with the literature where these assumptions were
commonly made. From Eqs. (1–4) we see that:

PNetO3 ¼ k2 R0O2ð Þ NOð Þ þ PNetNO (12)

PNetO3 ¼
X

i

ki VOCð Þi OHð Þ þ PNetNO (13)

In many past publications Eqs. (12) and (13) are used with the invalid
assumption that PNetNO= 0, that is, a photo-stationary state is assumed for
NO and NO2. Net ozone production is calculated as: PNetO3= ∑i ki (VOC)i
(OH) from Eq. (13). It is then used to rank the importance of specific VOCs
in the production of ozone (see ref. 5 for example). This is desirable when
peroxy radicals or JNO2 are not measured. Eqn (12) with the assumption of
photo-stationary state of NO is often used to calculate the concentrations
of peroxy radicals by inversion and using the right hand side of Eq. (1) for
PNetO3, that is, (R′O2)= [JNO2 (NO2) − k4(O3)]/k2(NO).

21–25 It adds
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information when peroxy radicals are not measurable by the available
instrumentation, as is often the case. In both cases the assumption of a
photo-stationary state of NO leads to inaccurate underestimates of the net
ozone production. When direct measurements of peroxy radicals are
available these indirect calculations do not match observations.21 The
disagreement is presumed to be caused by missing chemistry, however, it
is due to the faulty assumption that NO and NO2 are in a photo-stationary
state and hence transport is neglected, when in fact it can act as an
apparent source or sink5,21–25 For instance, a re-interpretation of the
published data from Pabstthum, Germany21 show maximum net ozone
production rates calculated from Eq. (1) were 80–120 ppb/h on some days,
similar to the Yanbu observations reported here. Since peroxy radical
measurements were taken in this experiment, results show that the k2 (R′
O2) (NO) term in Eq. (12) is only ~15 ppb/h or ~20% of PNetO3 from Eq. (1)
for the same days. The rest ~60–70 ppb/h is from the PNetNO term in Eq.
(12). The NO transport therefore, can balance the net ozone production
without requiring unknown atmospheric chemistry.

The Leighton ratio reinterpreted
The classically defined Leighton ratio is ProdO3/LossO3 or:

Φ ¼ JNO2 NO2ð Þ=k4 NOð Þ O3ð Þ (14)

As such it contains the same information as the net ozone production
PNetO3 in the core chemistry R1–R4. It is unity if the circumstances satisfy
the photo-stationary state for all three gases (NO, NO2, and O3) and its
departures from unity are sometimes used as a test of the role of VOCs in a
situation of interest and it is frequently assumed to be determined only by
chemical processes. This assumption however, can be valid only if there is
no net transport of ozone and its precursors.
The Leighton ratio can be interpreted to separate the role of chemistry

and transport. We can ask: What would be the concentration of O3 if it was
in a hypothetical photo-stationary state (HPSS) with the actual or measured
NO, NO2 and JNO2? We can calculate this from measurements as:

O3ð ÞHPSS¼ JNO2�Actual NO2ð ÞActual=k4 NOð ÞActual≠ O3ð ÞActual (15)

(O3)Actual or just (O3) is the actual, measured ozone concentration (O3)
and it can be written as:

O3ð Þ ¼ O3ð ÞHPSSþδ O3ð Þ; (16)

where δ (O3) is the departure of the actual ozone concentration from
HPSS.
By combining (1), (7) and (16) with the assumption that O3 is in a

pseudo-steady state we see that:

δ O3ð Þ ¼ TNetO3τO3; (17)

where τO3 is the lifetime of ozone due to its reaction with NO, that is,
τO3= 1/[k4 (NO)]. We see that the departure from the HPSS is represented
by the net transport of ozone and its lifetime when ozone mass balance
satisfies the pseudo-steady state assumption. The role of VOCs is to
increase the lifetime of ozone by shifting NO to NO2 and is therefore
represented by τO3 in Eq. (17). In this manner, the existence of a pseudo-
steady state does not result in a photo-stationary state.
The δ(O3) is closely related to the Leighton ratio (Φ) as:

Φ ¼ 1� δ O3ð Þ= O3ð Þ (18)

or:

Φ ¼ O3ð ÞHPSS= O3ð Þ (19)

Using Eq. (18) we may interpret the term δ(O3)/(O3) as the fraction of
ozone that comes from import or export of ozone at the site. Then Φ is the
fraction of the locally produced ozone that stays at the site. The upper limit
of the term δ(O3)/(O3)= 1 when (O3)HPSS= 0 and Φ= 0 as at night. Then all
the ozone at the site is imported. If δ(O3)/(O3)= 0, Φ= 1 means that all the
ozone produced stays at the site and nothing is imported or exported in
the net. The δ(O3)/(O3) term can, however, be any negative number if
ozone is rapidly moved out making it less than (O3)HPSS and thus making Φ
> 1. These ideas are applied to the Yanbu data showing the Leighton ratio
in Fig. 5 and the related variable δ(O3) which describes when and what
amount of the ozone at the site is imported or exported.
This method offers further insights in the frequently assumed situation

that peroxy radicals are present but there is no transport. Then δ(O3)=
TNetO3 τO3 is an indeterminate quantity (0/0) under the pseudo-steady
state assumption required to derive this relationship. Therefore, Φ cannot
be calculated using Eq. (18). Assuming that NO and NO2 are in a photo-

stationary state, which can exist if transport is neglected, even though
ozone cannot be in such a state (our earlier Case 2), and using the defining
equation for Φ we see that:

Φ ¼ 1þ τNOO3=τNOR0O2 � 1; (20)

where τNOO3 and τNOR’O2 are the chemical lifetimes of NO with respect
to reactions with ozone and peroxy radicals, that is, 1/k4 (O3) and 1/k (R′O2).
The effect of adding peroxy radicals is to increase the Leighton ratio above
unity. In this case, there is no way for the ratio to be less than 1, yet it is
often observed to be so, as in Fig. (5a) and elsewhere.26–29 The values of
the ratio less than one can only be caused by transport processes.

Data availability
The data used in this study are available as a Microsoft Excel file in the
Supplementary Material.
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