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tropospheric ozone†
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and Ian C. Faloonad

A simple compartmental model is used to simulate the average (climatic) annual and seasonal distribution of

ozone in the Northern Hemisphere midlatitude troposphere. The model (reminiscent of earlier examples)

consists of a circular set of segments – 4 marine and 5 continental – which span the globe. Each

segment consists of two well-mixed compartments, one representing the free troposphere overlying

one representing the boundary layer. A minimal set of parameters with values taken from generally

accepted and measured behavior is used to describe the ozone sources and sinks within the segments

and inter-compartmental flow and mixing. The model accurately simulates measured seasonal cycles of

ozone throughout the midlatitude troposphere. By virtue of relatively rapid circular zonal flow the model

reproduces the observed nearly uniform free troposphere that behaves as a reservoir, responding to the

combined boundary layer and stratospheric inputs. The distinctive seasonal cycles of the free

troposphere and the marine boundary layer are well reproduced by the strong seasonal dependence of

the loss mechanism initiated by ozone photolysis that yields O1D. The critical role of the marine

boundary layer in the global ozone balance and the constraints that it places on the net continental

production are clearly revealed. Sensitivity analysis identifies which of the basic set of process

parameters most require better understanding. Minimalist models such as this, used in conjunction with

detailed CTM model simulations, can help provide a comprehensive understanding of the climatic

behavior and trends in tropospheric ozone.
Environmental signicance

Ozone is a species of great importance to the Earth's climate and air quality. Generally, our understanding of its spatial and temporal distribution is derived from
extremely complex Earth SystemModels, which treat the atmosphere through detailed Chemical Transport Models. Here we use a simple compartmental model
to simulate the average (climatic) annual and seasonal distribution of ozone in the Northern Hemisphere midlatitude troposphere. A minimal set of parameters
with values taken from generally accepted and measured behavior is used to describe the ozone sources and sinks within the compartments and inter-
compartmental ow and mixing. Minimalist models such as this, used in conjunction with detailed CTM model simulations, can help provide a comprehen-
sive understanding of the climatic behavior and trends in tropospheric ozone.
1 Introduction

The detailed processes determining the ozone distribution in the
Earth's troposphere are extremely complex, involving chemical
and transport processes spanning a large range of temporal and
spatial scales.1With advances inmeasurement and computational
power, computer modelling efforts have increased in complexity,
pplied Chemistry, University of Toronto

, Boulder, Colorado, USA

urces, University of California, Davis,

mation (ESI) available. See

the Royal Society of Chemistry
combining detailed transport and mechanistic chemistry (Chem-
ical Transport Models – CTMs) in an effort to replicate the highly
variable spatial and temporal observations in as much detail as
possible and to understand nature's and humanity's inuence on
the amount of this toxic molecule in the air we breathe.2 Impor-
tantly, ozone also plays a central role in atmospheric photo-
chemistry, controlling the oxidative capacity of the atmosphere,
and thereby inuencing the production of secondary aerosols and
determining the lifetime of short-lived greenhouse gases such as
methane.3 It is also a powerful anthropogenic greenhouse gas on
its own accord, as well as a potent phytotoxin that can impede
uptake of carbon by the biosphere.1

Despite the large variability caused by the vagaries of weather,
clear patterns (climates) are revealed when weather is averaged
over sufficient time and space. This averaged behaviour becomes
reproducible because it responds to and is conned by overall
Environ. Sci.: Atmos., 2022, 2, 1303–1313 | 1303
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constraints governing the behavior of the atmosphere. The
response of the atmosphere on our orbiting, tilted planet to
a nite amount of reproducibly distributed radiant energy yields
the familiar atmospheric superstructure with zonal ow patterns,
overturning circulations and seasonal changes in temperature,
humidity, winds and vegetation. Embedded in this atmosphere is
the minor constituent ozone, delivered from the stratosphere,
transiently formed and destroyed in the troposphere from
precursors both natural and anthropogenic, and lost to the
surface. And though the ozone concentration at a given location
and time may vary to a similar degree as the weather itself, its
average is similarly constrained by average actinic ux, transport
properties and emissions of precursor species.

Over time, as atmospheric modelling efforts have become
more complex and model output more detailed, the connection
of the average response of the atmosphere to the large-scale
driving processes has become obscured by the high variability
of the ne-scale temporal and spatial observations and simu-
lations. Consequently, a realization has dawned of the utility in
developing a ‘hierarchy’ of models4 of varying complexity in
order to assist in the understanding of extremely complex
systems like the Earth's climate. Here we aim to do just that;
viz., develop a simple model that can reproduce reported large-
scale average ozone gradients and seasonal variations at
northern hemisphere midlatitudes with sufficient delity to be
broadly instructive. The model intentionally includes only the
atmospheric processes we nd to be essential, and whose
parameterizations we derive from analysis of properly averaged
observational data. The goals of this exercise are to frame
simple explanations of observations, to separately investigate
the effects of specic ozone sources and sinks, and to provide
a framework for interpreting more sophisticated modeling
results. Such a methodology of intentionally making the
maximum possible number of simplications in order to
reduce a complex problem to some form of its pared-down,
essential core has long been used to great effect in the eld of
geophysical uid dynamics;5 here we apply this approach to the
atmospheric chemistry of ozone.
2 Model description

We focus solely on the northern midlatitudes since they have
been the dominant region of human industrial activities
Fig. 1 Schematic diagram of the 18 compartments representing the nort
boundary layer compartments. Note upward and downward arrows withi

1304 | Environ. Sci.: Atmos., 2022, 2, 1303–1313
leading to the pronounced increase in background ozone
throughout the 2nd half of the 20th Century.6 Late 20th Century
inventories attribute �60% of the global NOx emissions, likely
the most consequential ozone precursor, to the 30–60 N latitude
belt.7,8 More recent emission increases in East Asian subtropical
regions, and other developing megacities, are shiing the
distribution equatorward, but �50% of the global emissions
remain in the 30–60 N band.

The northern midlatitude troposphere is treated as a circular
series of completely mixed compartments (continuous stirred
tank reactors, CSTRs in chemical engineering terminology) with
transport amongst them and chemistry within them included,
as in other atmospheric “box” models. Such compartmental
models have long been used to characterize and investigate
complex systems in diverse scientic elds.9–11 As illustrated by
Fig. 1, nine longitudinal model segments correspond to nine
signicant longitudinal segments of the Northern Hemisphere:
western and eastern North Pacic, western and eastern North
America, western and eastern North Atlantic, and the conti-
nental segments of Europe, central Asia and eastern Asia. Each
segment is divided into a free troposphere (FT) compartment
directly above a boundary layer (BL) compartment. The FT
compartments participate in a circular, west-to-east zonal ow,
receiving ozone from the stratosphere above, while mixing with
the BL compartments below. Transport and reactive processes
are parameterized from extensive studies of their average
measured or modeled properties. Here we concentrate on
annual mean properties and their seasonal cycles that persist
within longer multidecadal trends, currently of much concern
regarding climate modeling and regulatory exercises.

Themotivating principle behind this simpliedmodel arises
from the simplistic 3-cell model of global circulation with weak
easterlies in the tropics giving way to strong prevailing west-
erlies in the middle latitudes, where the mean zonal winds are
an order of magnitude larger than mean meridional compo-
nents, with a less well-dened picture at high latitudes. The ERA
40 reanalysis cross section (Fig. 2) shows that a dominant
current of fast-moving air that circumnavigates the globe is
contained in our selected 30–60 N latitude band. This rapid
longitudinal transport creates a unique environment where the
horizontal advection timescale is less than or comparable to the
net photochemical ozone production and loss12 providing the
necessary conditions for the validity of our simplied model.
hern midlatitude troposphere: free tropospheric compartments above
n BL compartments represent sources and sinks of ozone, respectively.

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2 Cross section of annual mean zonal winds derived from the ERA 40 reanalysis. Isotach spacing 2 m s�1.
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Despite very modest average meridional ows in this latitude
band there is the possibility of signicant mean and eddy (tran-
sient and spatial) transport into and out of the 30–60 N atmo-
spheric channel. Miyazaki et al. (2005)13 calculate the meridional
ozone uxes in both the stratosphere and troposphere using ve
years of the Meteorological Research Institute – Japan Meteoro-
logical Agency (MRI-JMA) ozone reanalysis system on the basis of
mass-weighted isentropic zonal means (similar to the more
common Transformed Eulerian Mean). Their Fig. 3e–h shows
how the polewardmean uxes in themidlatitudemiddle to upper
troposphere are largely compensated by the equatorward eddy
uxes at the same levels and similar equatorward ozone uxes in
the lower troposphere. Nevertheless, even at times of the greatest
uxes in the northernmidlatitudes (winter/spring), the largest net
uxes reported13 of�200 kg s�1 amount to a rate of change in the
20–60 N latitude band of <0.01 ppb day�1.
2.1 Compartment balance equations

Each compartment obeys the following mass balance equa-
tions. The dynamic O3 balance for a given BL compartment can
be expressed as

dXB,i/dt ¼ PB,i � kB,i � XB,i + (XT,i � XB,i)/sB,i (1)

where X is the O3 mole fraction in the usual ppb (nmol mol�1)
units. Here the subscript B denotes the boundary layer, and i
denotes the associated segment. The rst term, PB,i, is a photo-
chemical production term in ppb day�1, the second is a rst
order loss term with the rate constant kB,i bearing the units of
day�1, which includes both surface uptake (dry deposition) and
photochemical losses. The last term is the rate of vertical mixing
with the associated overlying FT compartment denoted by
subscript T,i. The sB,i term is the characteristic mass mixing
time of the boundary layer contents upwards. This mixing time
is oen calculated from Zi, the BL height, and Ve, the vertical
entrainment velocity (sB,i ¼ Zi/Ve).

The dynamic O3 balance for a FT compartment is given by

dXT,i/dt ¼ STEi + (XT,i-1 � XT,i)/su,i + (XB,i � XT,i)/sT,i (2)
© 2022 The Author(s). Published by the Royal Society of Chemistry
The rst term is the inux from the stratosphere in units
of ppb day�1. The second term represents net west-to-east zonal
ow, denoted by subscript u, from compartment i-1 to the
compartment i. The global circulation is completed with the last
compartment owing into the rst compartment. The time
constant su,i is the characteristic zonal ow time through
compartment i. Note that for simplicity, no zonal advection term
is included for the BL compartments due to themuch slower ow
velocity at lower altitudes (e.g., Fig. S1† of Parrish et al. 2021).12

Estimates of the impacts of neglecting this term and other
simplications of the model are presented in Section S8.† The
complete mixing within each compartment assumed here washes
out more subtle spatial distribution aspects (e.g., vertical ozone
gradients in the FT evident in ozone sonde records, e.g., Oltmans
et al., 2008),14 and imparts an exponential distribution of resi-
dence times in each compartment (i.e., air parcels entering
a compartment have a distribution of residence times, t,
proportional to e�t/s). The last term is a companion vertical mix-
ing term with its respective BL compartment. The characteristic
mixing times of paired BL and FT compartments are related by

sT,i/sB,i ¼ mfT,i/mfB,i (3)

where mf is the mass fraction of tropospheric column in the
indicated compartment. Regarding eqn (2), we note that both
photochemical production and loss of ozone each make large
contributions to the ozone budgets of the FT compartments,
but these quantities are difficult to parameterize and are in
close balance globally,15 so we ignore them, assuming that their
contributions nearly cancel (see Section S8†). Any imbalance
would be compensated by a small difference in the production
or loss terms in the BL compartments.

The coupled equation set can be integrated in order to model
time dependent behavior or, the derivatives can be set to zero
and solved algebraically using constant inputs in order to
calculate a notional steady state that would represent annual
means. In place of the specic compartment index, i, the
indices m and c are substituted for general discussions of the
groups of marine and continental compartments, respectively.
Environ. Sci.: Atmos., 2022, 2, 1303–1313 | 1305
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2.2 Model parameters

The tropospheric column is assigned to be the atmosphere
below 220 hPa. For the marine compartments 86% of the
tropospheric mass16 is in the free troposphere (consistent with
a �1000 m interface17) and for continental compartments 79%
is in the free troposphere (consistent with a �1500 m inter-
face17). Topographical effects and seasonal variations are
ignored.

There is general agreement that the predominant source of
ozone to the marine boundary layer (MBL) is mixing (entrain-
ment) from the free troposphere with loss dominated by
boundary layer photochemistry.18,19 We set photochemical
production within the MBL to zero, as it is small compared to
entrainment. The upward mixing time of the MBL, sB,m, is set to
5.9 days (see ESI S2†). This result is generally consistent with
estimates from aircra20 and satellite21 analyses, but is some-
what longer than the 3.9 day value derived from the vertical
MBL entrainment velocity of 0.3 cm s�1 estimated from the
observed ozone diurnal cycle at Cape Grim, Australia.18 ESI S2†
gives further consideration of MBL entrainment, and the
sensitivity of the model results to this transport parameter is
discussed below.

The continental BL compartments are given a value of 2.5
days for upward mixing, sB,c. This yields a downward mixing
time sT,c of 10 days, in agreement with the average convective
transport times reported in Fig. S1† of Parrish et al. (2021).12 As
discussed below, the conclusions of this study are not sensitive
to the exact value of this parameter.

The zonal ow times, su,i, are calculated from the average
midlatitude (30–60 N) ow velocities of the troposphere (200–
800 hPa), reported in Fig. 1 and 2 of Kousky and Ropelewski
(2009)22 and the widths, wi, assigned for each compartment. The
mass averaged zonal ow velocity range between 11 m s�1 in
July to 18 m s�1 in January, values consistent with other re-
ported velocity distributions.23,24 These values give average
global circuit times of 18 to 28 days. The corresponding ow
residence time in each compartment is derived from a median
23 day time. Signicantly, these compartment ow residence
times are shorter than the free troposphere compartment
downward mixing times, and the model predictions are insen-
sitive to the precise choice of this parameter.

Parameters related to the ozone budget are chosen from
published observational analyses and reviews of modeling
studies of the global annual ozone budget. A critical parameter
is the magnitude of stratosphere–troposphere exchange (STE),
which is difficult to measure and is the subject of continuing
research. Ozone ux measurements specic to the northern
hemisphere based on O3/

90Sr correlations25 yield a value of 7.8
� 1010 molecules cm�2 s�1. This ux adds 0.37 ppb day�1 when
mixed into the total midlatitude troposphere. Tracer-derived
mass transfer measurements,26 combined with measured
tropopause ozone mixing ratios, give similar values. The review
of ACCENT suite of models27 cite a global stratospheric source
of 550 Tg year�1; a value of 0.4 ppb day�1 results from this
source when delivered evenly to the midlatitude troposphere.
We choose that latter value for this study; the STE parameter in
1306 | Environ. Sci.: Atmos., 2022, 2, 1303–1313
eqn (2) is given by dividing this value by the free troposphere
fraction of a given longitudinal segment.

Recent modeling studies report a range of total tropo-
spheric photochemical ozone production (natural and
anthropogenic) that are 5–10 times the STE contribution. The
ACCENT cases report 5110 Tg year�1 while the IPCC-TAR
studies report 3435 Tg year�1.27 We select a median global
production of 4300 Tg year�1, and as a crude approximation,
assign 50% of that total to the NH continental BL compart-
ments, consistent with the zonal fraction of total NOx emis-
sions.8 This allocation gives a photochemical production to
STE ratio of 3.9 in the northern midlatitude belt and a global
ratio of 7.9. This assignment results in 50 ppb day�1 ozone
production rates in the continental BL, with a lower amount of
45 ppb day�1 arbitrarily assigned to central Asia. This articial
contrast serves to monitor the effect of regional source vari-
ability in our simple model, and to crudely acknowledge less
industrialization in central Asia. Importantly, the model
results for the MBL and FT are insensitive to this articial
spatial distribution of the total ozone production, although
the spatial distribution of ozone within the continental BL is
affected by this choice.

Ozone is lost from the BL compartments by rst-order loss
rate coefficients, kB,c and kB,m, which account simultaneously
for the manifold of photochemical destruction reactions as well
as dry deposition. Earlier 2D modelling28 indicated that net
photochemical production is largely contained within the
continental BL, consistent with our treatment. See ESI S8† for
further discussion. The magnitude of these coefficients remain
undetermined. Each must compensate for ozone entrainment
from the FT, which in turn depends on the ozone mixing ratios
in the BL compartments and the overlying FT compartments.
The total loss in all BL compartments must balance the total
ozone sources to the troposphere, i.e., total ozone production
within the continental BL compartments plus the total STE to
the FT compartments. Solution of the model involves iterative
variation of kB,c and kB,m until annual mean MBL and FTmixing
ratios converge to 39 ppb and 52 ppb, respectively. These values
are consistent with reported29 mean baseline ozone concentra-
tions at northern midlatitudes. Importantly, these concentra-
tions are observed to be zonally quite similar; for example an
�18% difference in mean MBL ozone concentrations between
the west coasts of Europe and North America29 is the largest
variation in mean zonal ozone at northern midlatitudes of
which we are aware. The “base case” input parameters and
derived kB,I values are summarized in Table 1.

Held (2005)4 discusses the balance between elegance versus
elaboration in the development of a hierarchy of models: “An
elegant model is only as elaborate as it needs to be to capture
the essence of a particular source of complexity, but is no more
elaborate.” Themodel dened here clearly emphasizes elegance
at the expense of elaboration; many complex processes that
affect ozone are not treated (seasonal dependence of interzonal
mixing, boundary layer advection, complex kinetics, etc.). The
impact of the omission of some of the more important
processes are discussed in Section S8 of the ESI.†
© 2022 The Author(s). Published by the Royal Society of Chemistry
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Table 1 Assigned base case parameters and derived first order loss
coefficientsa

Compartment wi deg. mfB,i
su,i
day

sB,i
day

sT,i
day STEi PB,i kB,i day

�1

West Pacic 55 0.14 3.5 5.9 37 0.45 0 0.056
East Pacic 55 0.14 3.5 5.9 37 0.45 0 0.056
West N. Amer. 30 0.21 1.9 2.5 9.4 0.52 50 1.11
East N. Amer. 30 0.21 1.9 2.5 9.4 0.52 50 1.11
West Atlantic 35 0.14 2.2 5.9 37 0.45 0 0.056
East Atlantic 35 0.14 2.2 5.9 37 0.45 0 0.056
Europe 40 0.21 2.6 2.5 9.4 0.52 50 1.11
Central Asia 50 0.21 3.2 2.5 9.4 0.52 45 1.11
East Asia 30 0.21 1.9 2.5 9.4 0.52 50 1.11

a Units: STE and PB,i are given as ppb day�1.
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3 Results
3.1 Stationary state simulation

Fig. 3 illustrates the steady-state result using the parameter
values of Table 1. The solid and dashed line segments give the
ozone mixing ratios in the free troposphere, XT,i and boundary
layer XB,i, respectively. These results illustrate several key
points.

First, the substantial spatial variation in BL source intensity,
from zero over the ocean to nite land sources, results in
signicant variation in the boundary layer ozone contents, but
only minor variation in the overlying free troposphere; this
agrees well with the early suggestion30 and recent conrma-
tion29 that the northern hemisphere free troposphere can be
viewed as a well-mixed ozone reservoir. The time required to
exchange the contents of a free troposphere compartment with
its underlying boundary layer is substantially longer than the
residence time given by zonal ow. Therefore, the free tropo-
sphere serves as a large reservoir mixing with the surface layers
as it ows over them. This damps out its spatial variation, much
like a capacitor in an electrical circuit. This capacitance effect is
Fig. 3 Simulated annual mean ozone mixing ratios (FT solid blue, BL
dashed green) in the 18 model compartments.

© 2022 The Author(s). Published by the Royal Society of Chemistry
also evident in seasonal variability considered in the next
section.

Second, for our chosen MBL mixing time, the derived value
for kB.m is 0.056 day�1 – close to the 0.051 day�1 value deter-
mined in the ESI S1† from measured photolysis rates and sea
surface temperatures. The model results are quite sensitive to
the choice of this parameter. This sensitivity arises from the
counterbalancing “see saw” relationship that exists between the
marine and continental regions in the overall ozone balance.
Together, the boundary layer compartments must remove all
the ozone photochemically produced and injected from the
stratosphere – what the MBL compartments do not remove, the
continental compartments must. This balance depends on the
chosen parameter values. Our particular “base case” result in
Fig. 3 shows a positive ozone gradient between the continental
BL compartments and their overlying FT compartments; this
gradient indicates a net downward ux over the continents. A
modest ozone increase is seen in the MBL compartments from
west to east, which reects the increases in the overlying FT,
accompanied by decreases across the continents. At steady-
state, ozone loss in each MBL compartment, in units of ppb
day�1 from the entire northern midlatitude troposphere, is
given by

LB,m ¼ mfB,m � wm/360 � (XT,m � XBmi)/sB,m (4)

The sum of LB,m over the MBL compartments gives the total
contribution of the MBL to the northern midlatitude budget. In
the above base case, the MBL compartments remove 0.151 ppb
day�1, 38% of the 0.40 ppb day�1 provided by STE. This is less
than the areal percentage of the oceans (�50% from 30 N to 60
N), leaving the continental BL responsible for more than its
share of removal of the STE input. This forces the trends dis-
cussed above.

This “see saw” balance between the marine and continental
regions is affected by the values of the marine parameters.
According to eqn (4) the amount of ozone removed by the
marine layers depends on the height of the boundary layer, Zm,
which determines mfB,m, and on the characteristic boundary
layer exchange time, sB,m. Results from a series of model runs
with various Zm (500 m to 1 km) and sB,m (1 day to 1 week) are
shown in Fig. 4 and 5. In each simulation kB,m, is varied to hold
the mean MBL mixing ratio at 39 ppb, and the ozone removed
by the marine compartments is expressed as the fraction of the
global STE. As this fraction increases, the ozone in the conti-
nental boundary layers (Fig. 4) must increase as these
compartments export more ozone to the FT to maintain the
mean FT mixing ratio at 52 ppb. Since the continental
production is xed, increasing continental BL ozone requires
that the rst order loss rate constant in these compartments,
kB,c, decrease (Fig. 5). Intuitively, kB,c should be unity if conti-
nental boundary layer loss only has to account for photo-
chemical ozone production and none of the STE. It should be
greater than 1 if the continents remove some STE and less than
1 if the marine layers remove more than the total STE; Fig. 5
shows kB,c cross from above to below 1. The marine boundary
layer parameter combination kB,m � Zm increases smoothly in
Environ. Sci.: Atmos., 2022, 2, 1303–1313 | 1307
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Fig. 4 Simulated mean ozone mixing ratios in the FT (red circles) and
continental BLs (green squares) for differentmarine layer removal rates
relative to STE. The vertical dashed line connects base case condition
symbols. Bars indicate the range of values among FT compartments.
The simpler, 3 box model described in ESI S4† predicts the solid lines.

Fig. 5 Derived values of the marine (kB,m – blue circles) and conti-
nental (kB,c – green circles) ozone removal rate constants for different
marine layer removal rates relative to STE. The vertical dashed line
connects base case condition symbols. The simpler, 3 box model
described in ESI S4† predicts the solid lines.

Fig. 6 Effect of total photochemical ozone production, relative to
STE, on the mean ozone content of the FT (red), continental BL (green)
and MBL (blue) compartments. The vertical dashed line connects base
case condition symbols. Bars indicate the range of values among
compartments. The simpler, 3 box model described in ESI S4† predicts
the solid lines.
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accordance with this balance. Notably, these results from the
18-compartment model in Fig. 1 are well represented by the
solid lines in Fig. 4 and 5, which were derived from an analytical
solution to the simpler, 3-box model described in the ESI S4.†

The general picture of the free troposphere serving as
a reservoir is appropriate throughout the parameter range of
Fig. 4 and 5, but It does begin to fail with the most rapid MBL
mixing (sB,m ¼ 1 day, Zm ¼ 1 km) on the far right of the graphs.
At this mixing rate, a substantial portion of the overlying FT is
exchanged during its passage time over an underlying BL
compartment. This compromises the separate identities of the
two compartments and results in a signicant variation (�
�10%) in the ozone levels in the FT compartments as shown by
the bars in Fig. 4. The increased importance of continental
1308 | Environ. Sci.: Atmos., 2022, 2, 1303–1313
removal at low marine ozone removal rates (far le of Fig. 4 and
5) increases the variation in the FT due to the contrasting
central Asia compartment.

Finally, the dependence of ozone concentrations in the
different FT compartments on the total continental photo-
chemical ozone production is of interest, as it gives some
insight into discussions of the historical record of mean
northern midlatitude ozone concentrations.31 Fig. 6 shows the
response of the model to varying continental ozone production
relative to the base case. Expressed as a multiple of the STE
source term, this ratio is varied from zero to 1.5 times the base
case value of 12.9. The mean BL and FT ozone concentrations
respond linearly with all other base case parameters, including
loss rate constants, held xed. The continental loss rate
constant, kB,c, is larger than the marine kB,m (see Table 1)
implying that the losses over land (both photochemical and dry
deposition) are more effective than the marine photochemical
losses. As a result, at low enough production rates, ozone levels
in the continental BL become lower than in theMBL. This cross-
over is consistent with recent discussion of preindustrial ozone
concentrations being larger in the southern hemisphere, which
is dominated by oceans, than in the northern hemisphere,
which has much larger continental areas.32

3.1.1 STE contribution to tropospheric burden. The rela-
tive contributions of the stratosphere and the continental
photochemical production (PB,c) to the tropospheric ozone
burden can be evaluated within this model, since it places all
non-linear aspects of the ozone budget into the determination
of the rst order loss terms in the BL compartments; the model
then consists of a system of linear equations. As such, the
contribution of each source to the burden of ozone in each
compartment is mathematically separable. Discussed further in
the ESI S5,† the STE contribution to the FT and the MBL is
much greater (�23.5%) than its share of the total source (7.3%),
but is smaller (6.8%) to the continental BL; overall STE accounts
© 2022 The Author(s). Published by the Royal Society of Chemistry
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for 22% of the total tropospheric ozone burden. These results
are relatively insensitive to the MBL mixing intensity and
somewhat more sensitive to the continental BL mixing inten-
sity. Interestingly, a global three-dimensional CTM study33

reached a similar conclusion.
In summary, this simple model and the foregoing calcula-

tions illustrate how the ozone contents in all segments of the
northern midlatitude zone are interconnected through a rela-
tively well-mixed free troposphere and the required total zonal
mass balance. The “see-saw” relationship noted above between
the marine and continental regions shows how processes in one
component (e.g. the marine layers) illuminates and constrains
those occurring in the other (continental) layers. This simple
overview of the atmosphere frames the complex measurements
and simulations of tropospheric ozone and, as we discuss later,
can guide and aid in their interpretation.
Fig. 7 Simulated seasonal dependence driven by seasonal cycles in
STE and MBL loss defined by eqn (7) and (10). (a): STE cycle included.
(b): both STE and MBL loss cycles included. Upper (red) and lower
(blue) curves indicate FT and MBL compartments, respectively, with
continental BL compartments in the middle (grey); Central Asia is the
outlier. Observed seasonal cycles29 for the MBL at Mace Head (blue
circles) and the FT from European alpine sites (red squares) are shown
for comparison.
3.2 Seasonal cycle simulation

Time dependence, seasonal cycles as well as long term trends, is
an important feature of mean tropospheric ozone concentra-
tions. Surface and sonde data at marine sites29,34 show that the
MBL and the overlying free troposphere have distinctly different
seasonal cycles. This clearly indicates that mixing between the
two is slow enough to preserve their distinct dynamics. In order
to understand this behavior, we rst introduce into the model
the seasonal time dependence of two critical terms in the ozone
budget for which there is suitable experimental characteriza-
tion: (1) ozone transport from the stratosphere (STE) and (2) the
loss coefficient kB,m in the MBL. The following time-dependent
function is used:

F(q) ¼ hFi � {A + B*([sin(q + 4) + 1]/2)n} (5)

Here q is a calendar day angle in radians given by

q ¼ calendar day of the year � 2p/365 (6)

As discussed in ESI S3,† the function inside the outer
brackets allows variation in amplitude, phase and width of the
seasonal maximum; its average over the year is unity. hFi then
scales the function to give the correct annual average of the
variable F.

3.2.1 Stratospheric input, STE. This complex process
involves ow andmixing characteristics of both the troposphere
and stratosphere at the tropopause.25 The ux from the strato-
sphere to the midlatitude northern hemisphere follows
a reproducible seasonal cycle with the seasonal maximum
occurring in the late spring to early summer and an amplitude
swing of a factor�4.25,35We approximately capture this behavior
with a t to eqn (5) with the parameters in Table S1.† The phase
shi, 4 ¼ �0.87 radians, yields a maximum in mid-May, in
agreement with the tracer-derived STE curve.25 The average STE
value, hSTEi, is set to 0.4 ppb day�1 to match the annual mean
value used above.

3.2.2 Marine boundary layer losses. As discussed above and
in ESI S1,† the major loss of ozone over the oceans is initiated by
the photochemical processes
© 2022 The Author(s). Published by the Royal Society of Chemistry
hn(<350 nm) + O3 / O2 + O(1D)

O(1D) + H2O / 2OH

followed by subsequent steps of the HOx cycle.18,19 There is
strong seasonal variation in both the initiating UV photolysis
step and in the H2O content of the MBL, and these two factors
combine to produce a seasonal variation of the ozone destruc-
tion rate constant, kB,m, with a maximum in July–August and
a minimum in the winter and early spring. This is initially
incorporated in the model by a t to eqn (5) with the parameters
in Table S1.† The average value, hkB,mi is adjusted to match the
annual mean MBL ozone concentration of 39 ppb.

Fig. 7 shows the results of including these time-dependent
parameters, one at a time, into differential eqn (1) and (2) and
integrating. In Fig. 7a the FT is seen to respond to the oscillatory
input from the stratosphere, but the “capacitance” effect of the
FT affects both the amplitude and phase of the response. The
long FT lifetime of ozone and mixing with the constant conti-
nental sources reduce the factor of 4 range of eqn (7) to only
��20% and cause a phase lag of �40 days. The close clustering
of the FT curves arises from the “reservoir” function of the FT.
The MBL compartments respond with a similar oscillation to
that in the FT as they have no internal sources (and no seasonal
loss dependence yet included). A slight further delay results
from the mixing time of the MBL with the FT. The continental
BLs respond to a lesser degree due to their constant internal
sources, which dilute the stratospheric inuence. These
seasonal trends are compared with measured monthly means29
Environ. Sci.: Atmos., 2022, 2, 1303–1313 | 1309
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fromMace Head, an MBL site on the windward coast of Ireland,
and from neighboring European alpine sites (considered to be
dominated by the FT). The seasonal cycle calculated for the FT
matches the European alpine data well. The MBL Mace Head
data differ greatly from the FT however, indicating its distinct
and compartmentalized seasonal behavior.

Fig. 7b shows the results of adding the simulated seasonal
cycle of kB,m of eqn (5) into eqn (1). Here hkB,mi ¼ 0.061 day�1,
similar to the 0.051 day�1 value directly derived from consid-
eration of photolysis rates and sea surface temperature in ESI
S1.† This seasonal dependence produces a marked change in
the simulated MBL seasonal cycle. The late summer maximum
in the MBL removal rate brings the MBL seasonal cycle into
approximate agreement with the Mace Head observations.
Because of the integrating “capacitance” effect of the FT
however, the FT compartments respond to the MBL effects with
a shi in the phase which is mirrored in the underlying conti-
nental BL compartments. That shi causes a mismatch in the
phase and amplitude of the FT seasonal cycle. In the MBL, the
summer losses of ozone appear to begin approximately one
month too early in the simulation. Nevertheless, the gross
features of these seasonal cycles are well reproduced.

The remaining differences between the simulation and
observations can be attributed to two sources: (1) the differ-
ences between our time-dependent STE and MBL loss functions
and their true seasonal behavior, and (2) the hitherto ignored
seasonal dependence of the continental boundary layer sources.
We consider these in turn, with the results presented in Fig. 8.

3.2.3 STE. The STE seasonal contribution is reasonably well
understood, though there is considerable uncertainty in the STE
parameterization, both in its amplitude and phase.35 The
modeling results of Tang et al.35 can be closely matched by eqn
Fig. 8 Improved simulations. (a): modified STE and MBL loss (Table
S1†). (b): inclusion of seasonal photochemical production cycle in the
continental BLs. Format as in Fig. 7.

1310 | Environ. Sci.: Atmos., 2022, 2, 1303–1313
(5) with modied parameters (Table S1†) that increases the STE
magnitude and shis its phase to maximize in early June. These
two changes are well within the parameter uncertainties and
can be expected to lessen the FT phase and amplitude
mismatch in Fig. 7.

3.2.4 Marine boundary layer losses. The MBL losses are
reasonably well determined from the ozone seasonal cycle in the
MBL. As discussed in ESI S1 and S2,† the seasonal dependence
based on the O1D photochemical mechanism differs slightly
from the loss function derived from the observed seasonal cycles.
In particular, the actual losses (gold curve in Fig. S5†) appear to
be delayed by about one month in the late spring compared to
that estimated from j(O1 D) and water vapor (blue curve in
Fig. S5†). This effect could arise from seasonal dependences of (1)
total ozone column, (2) cloud cover and (3) boundary layer height
and mixing intensity. These latter two quantities are very likely
correlated, which should dampen the seasonal variations in their
ratio. The modication of eqn (5) with the parameters in Table
S1† more accurately represents the gold curve in Fig. S5.† Use of
this narrower function is expected to decrease the premature
ozone losses in the late spring evident in Fig. 7b.

3.2.5 Continental photochemical production. Gross
photochemical production of ozone in the continental
boundary layer is the largest term in the total ozone budget, but
its seasonal dependence has been ignored up to this point; the
model has simply treated both this production and the ozone
loss in the continental BL as seasonally constant, with the
magnitude of the loss adjusted to achieve mass balance and
account for the difference between the total sources (net
photochemical production plus STE) and MBL loss. In other
words, the “see-saw” relationship discussed above for the steady
state results also holds throughout the seasonal cycle. This
relationship imposes a covariance between the STE and the net
continental ozone sink. STE and the continents share inuence
on the FT behaviour and precise knowledge of one denes the
behaviour of the other. Here we use the exible time-dependent
function of eqn (5) to arbitrarily introduce seasonal dependence
into the continental sources to improve the seasonal simulation
from that shown in Fig. 7.

Fig. 8 shows that, together with the correction to the MBL
loss function which faithfully reproduces the early (Jan–Mar)
ozone increase, either (1) the adjustment of the STE seasonal
cycle or (2) introduction of a seasonal cycle in photochemical
ozone production over the continents can produce excellent
simulations of the observed behaviour at Mace Head and the
European alpine sites.

Fig. 8a shows that uncertainties in the STE and MBL loss
seasonal cycles are large enough to allow good ts without
including a seasonal dependence in the continental sources.
Fig. 8b shows that continental seasonal behaviour is also able to
produce an excellent t if the STE simulation by eqn (5) is
returned to the initial parameters given in Table S1† and
a seasonal cycle in the continental photochemical production is
introduced by eqn (5) with the parameters in Table S1.† This
function gives a summer solstice maximum in the continental
photochemical production 30% larger than its minimum value
(Fig. S7†). The FT and MBL behaviour are well represented by
© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 9 Comparison of mean seasonal ozone cycles in the continental
BL between the simulation shown in 8b, and observations from
western and eastern North American CASTNET sites (see ESI S6† for
details).
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either of the two simulations in Fig. 8, but the continental BL
seasonal behaviour is sensitive to this choice. The increased
STE ux in Fig. 8a requires the continents to remove more
ozone, creating a larger gradient between the FT and the
boundary layers compared to Fig. 8b. Thus, observations of the
ozone seasonal cycle within the continental BL would be helpful
in further evaluating these simulations; however, care must be
taken to select regionally representative data from the vast set of
continental ozone measurements, given the great spatial and
temporal ozone variability, the greater seasonal variability in
vertical mixing rates over the continents, and the bias of nearby
urban centers. Fig. 9 compares the simulated continental BL
seasonal cycles in Fig. 8b with the mean seasonal ozone cycle
measured at surface sites in the Clean Air Status and Trends
Network (CASTNET) sites of the US EPA (https://www.epa.gov/
castnet). Notably, this comparison has not been used in the
above optimizations of the ts to the MBL and FT seasonal
cycles; thus, it does increase our condence in those efforts. It
is the total net continental sources over all three northern
midlatitude continents that governs the FT behavior however,
so observations from other continents must be considered
before reaching rm conclusions.

The tropospheric ozone column and its seasonal depen-
dence has been measured by satellite over most of the globe.36
Fig. 10 Total tropospheric ozone columnmeasured by satellite (green
circles, right hand axis) with the total column amounts in the simula-
tions in Fig. 8 (triangles, left hand axis).

© 2022 The Author(s). Published by the Royal Society of Chemistry
These data, averaged over northern midlatitudes, are shown in
Fig. 10 and compared with our model results from the simu-
lations in Fig. 8a and b. The model behavior is similar to the
satellite observations, though the satellite measurements show
a maximum later by one month. Since the model constrains the
FT and MBL ozone mixing ratio, the difference in the two
simulations results from the different ozone content in the
continental boundary layers. Introduction of seasonal depen-
dence of the continental boundary layer height could bring the
model results into closer agreement with the satellite data.

4 Conclusions

We have shown that the simple representation of the northern
midlatitude troposphere illustrated in Fig. 1 can simulate with
signicant accuracy observed ozone concentrations and their
seasonal cycles in the MBL, the continental BL and the FT (see
Fig. 8–10). We provide a conceptual model encapsulating the
rst-order atmospheric processes that drive the northern
midlatitude ozone distribution in the background troposphere.
The effects of such processes are oen difficult or impossible to
resolve from the noise of the day-to-day meteorological chaos
observed and mimicked in complex CTMs. The macroscopic
model parameters here represent very complex processes. An
associated Monte Carlo study, described in ESI S7,† conrms
that within the frame of this model the parameter values are
reliable measures of the complicated systems they represent.

Simple studies such as presented in this paper raise the
general question: “How well is average behavior explained by
the behavior of the averages?” Such work can identify over-
arching averaged atmospheric properties, and in parallel with
detailed modelling efforts, can illuminate critical atmospheric
parameters, such as the rate of mixing between theMBL and the
free troposphere highlighted here. Such efforts can guide in the
extraction of such averages from the beautifully detailed results
of modern CTM modelling. Such reasoning could also possibly
identify the reasons for current disagreements among the
simulations of different CTMs. The model's attribution of the
source of the ozone burden – unobservable in nature – agrees
with the ndings of complex CTMmodels33 – this indicates that
our simplied description captures some kernel of the scientic
understanding found in more complex CTMs.

The over-arching averaged atmospheric properties identied
in this work include:

� As rst identied by Junge30 in 1962, and more recently
emphasized,12,29 the northern hemisphere free troposphere can
be viewed as a well-mixed ozone reservoir. Thus, long-term
trends and seasonal cycles are expected (and observed) to
have pronounced zonal similarity. This similarity is a clear
feature of the simulations shown here.

� The primary source of ozone to the MBL is entrainment
from the free troposphere, but the MBL is isolated enough and
has much faster ozone loss processes, so that its ozone seasonal
cycle differs markedly from that in the free troposphere. The
generally accepted picture of an overall springtime ozone
maximum in tropospheric ozone37 requires a more nuanced
description; within the background MBL and the free
Environ. Sci.: Atmos., 2022, 2, 1303–1313 | 1311
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troposphere, the seasonal maxima differ, occurring in April in
the MBL, and in early June in the free troposphere.

� The early picture of ozone in the free troposphere sug-
gested by Junge30 turns out to be approximately correct – ozone
in the free troposphere “exhibit(s) a uniform seasonal variation,
the phase of which is delayed by about 2 months with respect to
the injection (of ozone) into the troposphere” by STE. Here we
nd a shorter lag time, with the free troposphere ozone
maximum nearly coincident with the late spring, early summer
maximum of STE. This occurs in spite of photochemical ozone
production we prescribe to be a factor of 12.8 larger than STE at
northern midlatitudes. This situation arises because the net
seasonal inuence of photochemical ozone production is
largely conned to the continental BL, with no large inuences
in the free troposphere.

Despite the simplicity of the model presented here, it does
provide a useful context for understanding additional rst-
order and second-order features of the northern midlatitude
ozone distribution that can be revealed through observations
and more elaborate model simulations. Some of the more
important omissions of this CSTRmodel and their likely impact
are briey discussed in ESI S8.†

In our view, the primary utility of such a simple model is in
providing the reader/researcher with a mental picture on which
to base evaluation of published literature and the reader's own
measurement or modeling results. As observed in Held,4 “On
the one hand, we try to simulate by capturing as much of the
dynamics as we can in comprehensive numerical models. On
the other hand, we try to understand by simplifying and
capturing the essence of a phenomenon in idealized models, or
even qualitative pictures”. Simple idealized models bring
understanding to real-world measurements as well as to the
computer attempts to simulate reality. Here, our idealized
simple model provides a simple explanation of the average
seasonal cycle of ozone in the northern mid-latitude tropo-
sphere. The simplications in this model have their limits and
reliable measurements as well as complex models test the limits
of the approximations, and can lead to more useful and detailed
pictures. Simultaneously, the simple model identies areas or
subsystems that require more understanding. The two efforts
mutually support each other, correcting each other, in a manner
that is at the heart of science. In ESI S9,† we expand this
discussion to illustrate uses of the basic model. The discussion
is forward looking, prompting questions to be gleaned from
complex measurements andmodel results as well as cautionary,
discussing examples where simple understanding of the over-
arching constraints contained in our model could have been
used to identify problems in measurements or more sophisti-
cated model results.

Author contributions

This paper arose from discussions among four authors (C.
A. M., D. D. P., R. G. D., I. C. F.). C. A. M. developed the model,
performed the simulations and wrote the original dra. M. A.
provided analysis of the ATom data set. All authors contributed
to the critical review and revision of the nal manuscript.
1312 | Environ. Sci.: Atmos., 2022, 2, 1303–1313
Conflicts of interest

The authors have no conicts of interest to declare.

Acknowledgements

We thank Thomas M. Smith, Boyin Huang and Huai-Min (John)
Zhang of the NCEI (National Center for Environmental Infor-
mation) for their assistance with the sea surface temperature
data. I. C. Faloona's effort was supported by the USDA National
Institute of Food and Agriculture, [Hatch project CA-D-LAW-
2481-H, “Understanding Background Atmospheric Composi-
tion, Regional Emissions, and Transport Patterns Across Cal-
ifornia”]. I. C. Faloona would like to thank T. Nathan and D.
Yang for very helpful conversations on the utility of simplied
models in understanding complex phenomena. The authors
would also like to thank M. Prather and H. Guo for sharing and
discussing their modeling data stream from the NASA ATom
project. ERA reanalysis data for Fig. 2 from Kalnay, E. and
Coauthors, The NCEP/NCAR Reanalysis 40-year Project. Bull.
Amer. Meteor. Soc., 1996, 77, 437–471 provided by the NOAA/
ESRL Physical Sciences Laboratory, Boulder Colorado from
their Web site at https://psl.noaa.gov/data/composites/
reference.html

References

1 P. S. Monks, et al., Tropospheric ozone and its precursors
from the urban to the global scale from air quality to
short-lived climate forcer, Atmos. Chem. Phys., 2015, 15,
8889–8973.

2 P. J. Young, et al., Tropospheric Ozone Assessment Report:
Assessment of global-scale model performance for global
and regional ozone distributions, variability, and trends,
Elem. Sci. Anth., 2018, 6, 10, DOI: 10.1525/elementa.265.

3 I. S. A. Isaksen, et al., Atmospheric Ozone and Methane in
a Changing Climate, Atmosphere, 2014, 5, 518–535, DOI:
10.3390/atmos5030518.

4 I. M. Held, The gap between simulation and understanding
in climate modeling, Bull. Am. Meteorol. Soc., 2005, 86, 1609–
1614, DOI: 10.1175/BAMS-86-11-1609.

5 G. K. Vallis, Geophysical uid dynamics: whence, whither
and why?, Proc. R. Soc. A, 2016, 472, 20160140, DOI:
10.1098/rspa.2016.0140.

6 O. R. Cooper, et al., Global distribution and trends of
tropospheric ozone: An observation-based review, Elem. Sci.
Anth., 2014, 2, 000029, DOI: 10.12952/
journal.elementa.000029.

7 M. Kanakidou and P. J. Crutzen, Scale problems in global
tropospheric chemistry modeling: comparison of results
obtained with a three-dimensional model, adopting
longitudinally uniform and varying emissions of NOx and
NMHC, Chemosphere, 1993, 26(1–4), 787–801.

8 Y. Zhang, O. R. Cooper, A. Gaudel, A. M. Thompson,
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