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Abstract. Systematic changes of the ozone weekend effect
are found over broad areas of Japan. These changes are char-
acterized by (1) spatial reversals from a weekend increase
in the vicinity of huge precursor source areas to a weekend
decrease in the surrounding rural areas, and (2) temporal re-
versals from a weekend increase under relatively unsuitable
meteorological conditions for ozone formation to a weekend
decrease under relatively suitable conditions. We developed
a simple numerical advection–reaction model to explain the
relationship between the duration of advection and the sup-
plied solar energy, which causes the daily maximum ozone
concentration to be lower near the precursor source. Ozone
isopleth diagrams for individual advection durations (equiv-
alent to the distance from the source) for a wide range of
initial precursor conditions show that both VOC-limited and
NOx-limited regimes exist for each advection duration, but
the area of NOx-limited regime becomes dominant as the ad-
vection duration increases because of the increased exposure
of the air mass to solar energy. For given initial VOC and
NOx concentrations, the area remote from the source be-
comes a NOx-limited regime even if the precursor source
area is in the VOC-limited regime. The rate of reduction
of weekend emissions of NOx is larger than that of VOC,
causing a weekend increase in ozone inside an area of VOC-
limited regime near the source, but a weekend decrease in
remote areas with a NOx-limited regime. The boundary be-
tween these two ozone formation regimes depends on mete-
orological conditions: when sunlight intensity and tempera-
ture are relatively low, the change from a VOC-limited to a
NOx-limited regime occurs at a point more remote from the
source than when they are relatively high, which causes a
prevailing ozone weekend increase over a wide geographical
area on days with lower ozone potential. Therefore, obser-
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vations of ozone weekend changes can be interpreted in light
of the theoretical implications of our model; they can be used
for determination of ozone formation regimes, which change
in different locations and under different meteorological con-
ditions.

1 Introduction

Many observational studies have reported weekend ozone
concentration changes in large cities and their surroundings
over the past 30 years. The most remarkable and frequently
observed phenomenon is a rise in ozone concentrations on
the weekend despite a weekend decrease in the emissions of
ozone precursors (the “ozone weekend effect”, OWE). The
OWE has been observed in many cities around the world
since the 1970s (e.g., Cleveland et al., 1974; Elkus and Wil-
son, 1977; Altshuler et al., 1995; and many other studies
cited by Stephens et al., 2008). The most probable, though
not yet well established, cause of the OWE among the six hy-
potheses suggested by the California Air Resource Board is a
larger reduction in NOx emissions than in emissions of non-
methane volatile organic compounds (NMVOCs) in a VOC-
limited ozone formation regime (Heuss et al., 2003).

Two recent findings concerning the ozone weekend effect
are particularly important. First, a spatial reversal of the
OWE, from a weekend increase near the precursor source
area to a weekend decrease in downwind rural areas, has been
reported (Blanchard and Fairley, 2001; Murphy et al., 2006,
2007). Second, a temporal reversal of the OWE may occur at
a single observation point, depending on the meteorological
conditions: a weekend increase under relatively unsuitable
meteorological conditions for ozone formation reverses to a
weekend decrease under more suitable conditions (higher so-
lar intensity and higher temperatures) (Brönnimann and Neu,
1997; Paschalidou and Kassomenos, 2004). These findings
suggest that weekend changes in ozone concentrations reflect
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                          a) NOx5-15h                                b) NMVOC5-15h                    c) VOC/NOx,5-15h
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Fig. 1. Comparison of precursor concentrations between weekdays and Sundays measured from 05:00 to 15:0 LT during 1999–2004. Bars
in (a) and(b) indicate the 95% confidence limits of the mean values.

dynamic phenomena closely related to chemical transport
mechanisms. Though these studies reported only fragmented
observations on the spatial or temporal reversal of the OWE,
Kannari (2006a, b) studied observational data obtained by
continuous monitoring in two metropolitan areas, Tokyo and
Osaka-Kyoto, Japan, and found by a detailed statistical anal-
ysis both spatial and temporal systematic reversals of the
OWE. The present study extends this analysis of ozone week-
end changes to larger areas in Japan. Moreover, Kannari and
Ohara (2009) recently developed a simple theoretical model
to concisely explain the mechanisms behind these system-
atic OWE reversals. According to their model, the ozone
formation regime changes with both distance from the pre-
cursor source and meteorological conditions (e.g., sunlight
intensity), and this regime change causes the OWE reversals.
In this paper, we discuss the usefulness of observations of
OWE reversals for determination of ozone formation regimes
in light of the theoretical implications of our model.

2 Observed reversals of the ozone weekend effect

2.1 Observation data

In a cooperative research project, the National Institute for
Environmental Studies and the many local governmental in-
stitutes for environmental studies in Japan have developed a
historical data archive of hourly monitored data consisting of
the concentrations of many air pollutants and observed me-
teorological parameters for 1972–2004. In this study, we
used the hourly data for O3, NO + NO2 (NOx), NMHC
(hereafter VOC, because the measured concentrations in the
data archive include some oxygenated compounds), and sur-
face meteorological parameters (wind, temperature, humid-
ity, and solar radiation). We defined a valid day of ozone
measurement as one in which measurements were obtained

over 12 or more hours between 05:00 and 20:00 local time
(LT). Similarly, we defined valid days of NOx and VOC mea-
surement those with measurements available for 20 or more
hours of the day. We defined valid monitoring sites as those
with 250 or more valid measurement days annually. For our
analyses, we used monitoring sites on the Japanese mainland
(Honshu) and on Shikoku and Kyushu islands judged to be
valid in every year from 1999 to 2004: 899 monitoring sites
for O3, 251 sites for VOC, and 1015 sites for NOx.

2.2 Weekend changes in precursor concentrations

We classified all days as weekdays (Monday to Friday,
excluding national holidays), Saturdays, or Sundays and
compared mean daytime (05:00–15:00 LT) concentrations of
NOx and VOC at the individual sites over the entire study pe-
riod (1999–2004) between weekdays and Sundays (Fig. 1).
Because Saturday is not a full holiday in Japan, precursor
concentrations on Saturdays fall between those for weekdays
and Sundays (data not shown). Mean daytime concentrations
of NOx decreased by almost 50% on Sundays, whereas VOC
concentrations decreased by only about 20%. Therefore, the
VOC/NOx ratio significantly increased on Sundays by more
than 40% (Fig. 1c). These findings agree with results re-
ported for the United States (Blanchard and Fairley, 2001;
Pun and Seigneur, 2003; Fijita et al., 2003). We consider this
increase in VOC/NOx to be a key factor in ozone weekend
changes. The main cause of this weekend imbalance between
changes in NOx and VOC in Japan is that most heavy-duty
diesel trucks, which emit large amounts of NOx but not very
large amounts of VOC, do not operate on Sundays in urban
areas.
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Fig. 2. (a) An example of cumulative frequency curves of daily
maximum ozone concentrations for weekdays and Sundays, allow-
ing comparison of values at the same percentile rank of O3max. (b)
Number of sites showing the ozone weekend effect, indicated by
the ratio of the daily maximum concentration on Sundays to that on
weekdays (colored scale), according to the percentile ranking of the
ozone concentration. Total number of sites = 899, with data avail-
able for 1999–2004 from 36 prefectures in mainland Japan (Hon-
shu) and Shikoku and Kyushu islands.

2.3 Reversals of the ozone weekend effect

We compared cumulative frequency curves of the daily max-
imum ozone concentration (O3max) at each monitoring site
between weekdays and Sundays (Fig. 2a). By comparing
O3maxbetween weekdays and Sundays at the same percentile
rank, we ensured that we were comparing values under sim-
ilar meteorological conditions (see Fig. 4c and d). Week-
end changes in O3max at all 899 monitoring sites are shown
in Fig. 2b. The ratio of the weekend (Sunday) O3max to
the weekday value (colored scale) changes remarkably with
the percentile rank; namely, most monitoring sites show a
change from a weekend increase at lower percentile ranks to
a weekend decrease at higher percentile ranks.

To investigate the cause of this systematic change in the
ozone weekend effect, we examined the geographical dis-

tribution of Sunday/weekday O3max ratios at each percentile
rank. Figure 3a–d shows the example of the spatial structure
of the OWE changes under the meteorological conditions for
the 70th to 98th percentile ranks of O3max. For comparison,
the spatial distributions of NOx and VOC emission fluxes
from 06:00 to 15:00 LT in July 2000 (Kannari et al., 2007)
are shown in Fig. 3e and f. The VOC emission flux values
include the flux from biogenic sources. Our study area in-
cluded three metropolitan areas, Tokyo, Nagoya, and Osaka-
Kyoto, each of which is an area of very high precursor emis-
sions. At percentile ranks below the 70th percentile, only 2%
of the monitoring sites showed a weekend decrease of more
than 5% in O3max (Figs. 2b and 3a), but at the 80th percentile
rank, areas remote from the high precursor emission sources
showed a weekend ozone decrease (Fig. 3b); moreover, at the
90th and 98th percentile ranks even areas near the precursor
source areas showed a weekend decrease (Fig. 3c, d).

Both a spatial structure of the ozone weekend effect related
to distance from the source area, as described by Blanchard
and Fairley (2001) and Murphy et al. (2006), and system-
atic changes in the weekend difference in relation to mete-
orological conditions, as reported by Brönnimann and Neu
(1997) and Paschalidou and Kassomenos (2004), are appar-
ent in Figs. 2 and 3. We therefore investigated emissions
and meteorological conditions in greater detail in the Tokyo
Metropolitan Area (TMA in Fig. 3a) (Fig. 4). We defined
the regional ozone level in the TMA on each day as the av-
erage of the mean O3max in all 10 km×10 km grid cells in
the area. Figure 4a shows the percentage of monitoring sites
showing any weekend increase (R >1.0) and a large weekend
increase (R>1.1), whereR = O3max,Sunday/O3max,weekday, in
relation to the percentile rank of the regional ozone level.
The number of sites showing a weekend increase dropped at
higher regional ozone levels, consistent with the data shown
in Fig. 2. Moreover, meteorological conditions (i.e., solar
radiation and temperature) were clearly correlated with the
percentile rank of the regional ozone concentration (Fig. 4c,
d), suggesting that the reversals in the OWE as the ozone
level increased were affected by changes in meteorological
conditions, as has already been shown by Paschalidou and
Kassomenos (2004).

Importantly, VOC/NOx between 06:00 and 09:00 LT, cal-
culated using data from the 180 sites monitoring both VOC
and NOx, showed a clear increase on Sundays relative to
weekdays, and also gradually increased with the percentile
rank of the regional ozone level (Fig. 4b).

In the TMA, when the regional ozone level is extremely
high, the surface wind system changes between 09:00 and
10:00 LT from a weak land breeze to a sea breeze and then
develops into a strong sea breeze, on both weekdays and Sun-
days (Fig. 5). Therefore, we inferred that the spatial reversals
of the OWE shown in Fig. 3d occurred along the transport
path from this large precursor source area, in a manner sim-
ilar to the transport from the west coast to inland areas of
central California shown by Blanchard and Fairley (2001).
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a) Ozone weekend ratio at the 70th percentile rank

TMA

b) Ozone weekend ratio at the 80th percentile rank

c) Ozone weekend ratio at the 90th percentile rank d) Ozone weekend ratio at the 98th percentile rank

f) VOC emission fluxe) NOx emission flux

Osaka, Kyoto

Nagoya

Tokyo

Fig. 3. (a)–(d)Spatial distributions of the ozone weekend ratio comparing ozone concentrations on Sundays to those on weekdays at the
(a) 70th, (b) 80th, (c) 90th, and (d) 98th percentile rank of O3max. TMA, Tokyo Metropolitan Area. Panels(e) and (f) show the spatial
distributions of mean NOx and VOC emission fluxes (mg/m2 per hour) for 06:00–15:00 LT in July 2000 (emission inventory EAGrid2000-
JAPAN; Kannari et al., 2007). Biogenic sources are included in the VOC emissions. Tokyo, Nagoya, and Osaka-Kyoto are each at the center
of a high emission flux area. The rectangle in panel f) encloses the target area used for estimating the composition of emitted VOCs (see
Table 1).

These indirect lines of evidence suggest that the reversals
of the OWE shown in Figs. 2 and 3 essentially reflect spatial
changes during chemical transport and are strongly affected
by meteorological conditions. Kannari and Ohara (2009) ex-
plained the mechanism of spatial reversals of the OWE in

relation to meteorological conditions by a very simple the-
oretical model. In the next section, we describe the main
points of this model and its application to our data.
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Fig. 5. Mean observed surface wind vectors at(a) 09:00 LT and
(b) 15:00 LT on weekdays at the 95–100th percentile rank of the
TMA ozone level during 1999–2004. Light (dark) gray areas indi-
cate mountainous areas higher than 300 m (1000 m). Features on
Sundays are similar to those on weekdays.

3 Analysis of reversals of the OWE based on ozone
isopleth diagrams

3.1 Advection–reaction model

It is well known that as an air mass is transported, there
are two chemical regimes for ozone formation (Jacob, 1999;
Jenkin, 2000). Though ozone formation in an air mass is
governed by VOC-limited chemistry just after the air mass
leaves an urban source area, during the air mass’s transport
to a remote area the regime ultimately becomes NOx-limited
as a result of the elimination of NOx by the reaction between
NO2 and OH. Moreover, similarity theory predicts that the
regime boundary at a given time depends only on the ratio
of initial VOC and NOx concentrations (e.g., Sillman, 1999).
This Lagrangian basis regime change can easily be supposed
to be related to the OWE reversals observed on the Eulerian
basis geography. We introduce a simple model to investigate
the mechanism of the OWE reversals by estimating chemical
regime changes for O3max formation in a Eulerian coordinate
system.

This advection-reaction model, which calculates ozone
concentrations in air masses continually arriving at a recep-
tor point from a steady-state emission source, is based on a
Lagrangian transport model, and for simplicity it excludes
diffusion and deposition. The daily maximum ozone con-
centration (O3max) is defined by the maximum value in the

www.atmos-chem-phys.net/10/6765/2010/ Atmos. Chem. Phys., 10, 6765–6776, 2010
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P oint A

P oint B

P oint C

O 3  (ppb)

Fig. 6. Schematic diagram of time-dependent O3 concentrations
calculated at points A (near the source,D = 2 h), B (middle range,
D = 4 h), andC (remote,D = 8 h), by assuming a constant emission
rate (beginning at 07:00 LT) and wind speed, with solar radiation
and temperature dependent on the time of day. Arrows indicate the
advection duration of the air mass bringing O3max. The lengthL of
the precursor source was assumed to be 2 h (indicated by the black
parts of the arrows).

time series for each receptor point (Fig. 6). According to
the Lagrangian model, an air mass originating at the upwind
edge of a source area continues to acquire precursor gases at
a constant rate in the source area, and reactions occur contin-
uously during its advection from its start point to the receptor
point, in both urban and rural areas. The normalized distance
(D) from the upwind edge of the source area is defined as
D =X/U , whereX is the distance from the start point and
U is wind speed. The length of the source area is also de-
fined by the passing durationL (h), assuming a uniform in-
jection rateq (ppb/h) of precursors, and the supplied amounts
of precursors are their initial concentrations, expressed asqL
(ppb). The most important parameters in the model are the
daily changes in solar radiation and temperature; O3max oc-
curs at the time of day when solar radiation and temperature
are highest during the advection (see Fig. 6).

For the model analysis, we used averaged diurnal patterns
of meteorological conditions – namely, solar radiation, tem-
perature, and humidity – over several percentile rank inter-
vals of the TMA ozone level (e.g., Fig. 7), and used the
carbon bond IV (CBIV) chemical reaction scheme (Gery et
al., 1989). We estimated VOC compositions (Table 1) from
source-specific emissions in August 2000 in the area en-
closed by the rectangle in Fig. 3f, as reported in the emission
inventory EAGrid2000-Japan (Kannari et al., 2007), and the
speciation profiles for each source. VOC compositions may
differ between weekdays and weekends, but because we did
not have weekend emission inventory data except for road
vehicles, we used the overall composition as indicated by the
mean emission rates. The source length of the precursors
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lines) and the 75–80th (dashed lines) percentile rank intervals of
O3max in the TMA. Values are for weekdays, but those on Sundays
are similar. Daytime water vapor concentrations (volume mixing
ratios) are nearly constant (2.1% for the 95–100th, and 1.4% for the
75–80th percentile rank interval).

was set toL = 2 h, corresponding to about 20–40 km at wind
speeds of 3–6 m/s. Because precursor emissions are very low
before 07:00 LT in the TMA, we assumed constant emission
rates beginning at this time. This constraint affects the O3max
only at extremely remote points with an advection duration
(i.e., distance from the source) of over 10 h. In the model,
NOx is emitted as nitric oxide, 1 ppb is used as the initial
ozone concentration, and 10−13 ppb as the initial concentra-
tion of all other species.

Examples of downwind O3max distributions calculated by
the model for meteorological conditions in the 95–100th
percentile rank interval of TMA ozone levels are shown
in Fig. 8a, for both a typical weekday initial concentration
(symbol A) and a reduced Sunday initial concentration (sym-
bol B) (based on data shown in Fig. 1). The rates of in-
crease of O3max with D differ between A and B, causing a
reversal of O3max from B>A to A>B at D = 5.2 h, like the
observed reversals of the OWE. Reflecting the properties of
the advection–reaction model, the occurrence time of O3max
(Tmax) delays withD by nearly 0.51D, as shown in Fig. 8b.

3.2 O3max isopleth diagrams

By using the same calculations for initial concentrations of
VOC0 = 10–1000 ppbC and of NOx0 = 1–100 ppb, isopleth

Atmos. Chem. Phys., 10, 6765–6776, 2010 www.atmos-chem-phys.net/10/6765/2010/
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diagrams of O3max were output by the advection-reaction
model forD = 3 and 6 h (Fig. 8c and d, respectively). On
the diagrams, the line connecting maximum O3max values
for each VOC0 (the “ridge line”) is defined as the bound-
ary between the VOC-limited regime (above the line) and the
NOx-limited regime (below the line). This boundary is ap-
proximately linear and is extrapolated to the origin. Thus, we
confirm the similarity of the O3maxregime boundary, denoted
below, which was similarly established on a Lagrangian ba-
sis.
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conditions in the 95–100th percentile rank interval of TMA ozone levels are shown in Fig. 8a, 

for both a typical weekday initial concentration (symbol A) and a reduced Sunday initial 

concentration (symbol B) (based on data shown in Fig. 1). The rates of increase of O3max with 

D differ between A and B, causing a reversal of O3max from B > A to A > B at D = 5.2 h, like 

the observed reversals of the OWE. Reflecting the properties of the advection–reaction model, 

the occurrence time of O3max (Tmax) delays with D by nearly 0.5ΔD, as shown in Fig. 8b. 
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  By using the same calculations for initial concentrations of VOC0 = 10–1000 ppbC and of 

NOx0 = 1–100 ppb, isopleth diagrams of O3max were output by the advection–reaction model 

for D = 3 and 6 h (Fig. 8c and d, respectively). On the diagrams, the line connecting 

maximum O3max values for each VOC0 (the “ridge line”) is defined as the boundary between 

the VOC-limited regime (above the line) and the NOx-limited regime (below the line). This 

boundary is approximately linear and is extrapolated to the origin. Thus, we confirm the 

similarity of the O3max regime boundary, denoted below, which was similarly established on a 

Lagrangian basis. 

∂[O3max]/∂[NOx0] ⋚ 0          if       [VOC0] ⋚ α[NOx0]                      (1)  

    where α is the regime boundary (a constant representing the ratio of VOC0 to NOx0 on 

the boundary) 
whereα is the regime boundary (a constant representing the
ratio of VOC0 to NOx0 on the boundary).

The regime boundary (α) moves as the normalized dis-
tanceD increases (e.g., fromα = 18.8 atD = 3 h to α = 9.7
at D = 6 h; thus, the boundary line revolves counterclock-
wise between the isopleth diagrams) together with increasing
O3max. Therefore,α is clearly an important measure of the
progress of photochemical reactions. Decreasingα means

Table 1. Estimated VOC composition of emissions during 05:00–
15:00 LT in July in the Tokyo Metropolitan Area.

CBIV species groups Volume %

PAR (paraffin carbon bond) 81.77
ETH (ethene) 1.06
OLE (olefinic carbon bond) 1.66
TOL (toluene) 2.67
XYL (xylene) 2.12
FORM (formaldehyde) 1.37
ALD2 (high molecular weight aldehydes) 2.13
ISOP (isoprene) 2.62
NR (non-reactive) 4.59

that the NOx0 concentration that causes the highest O3max
for an arbitrary VOC0 increases continuously withD (dotted
line in Fig. 9). As shown in Fig. 9, the rate of increase of
O3max with D in the VOC-limited regime near the boundary

www.atmos-chem-phys.net/10/6765/2010/ Atmos. Chem. Phys., 10, 6765–6776, 2010
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Fig. 9. An example of O3max growth and changes of the regime
boundary (denoted by the dashed line) with normalized distanceD

for an initial VOC concentration of 500 ppbC (L = 2 h).

is high, but in the NOx-limited regime away from the bound-
ary, the rate of increase of O3max with D becomes low.

3.3 Spatial reversals of the OWE

Points A and B in Fig. 8c and d are the plots of the typical
weekday and Sunday initial concentrations used in Fig. 8a.
It is clear that the OWE is due to a larger reduction in NOx0
than in VOC0 both of weekday and Sunday within the VOC-
limited regime (Fig. 8c); then reversal of the OWE occurs be-
cause the change to an NOx-limited regime occurs earlier on
Sundays than on weekdays (Fig. 8d). Therefore, we conclude
that the observed spatial reversals of the OWE are signals of
a change in the O3max formation regime between weekdays
and Sundays in the stream from VOC-limited to NOx-limited
along the transport path from the precursor source.

3.4 Reversals of the OWE in relation to meteorological
conditions

We also calculated O3max isopleth diagrams for different
meteorological conditions (e.g., Fig. 7) with the advection–
reaction model. Because the regime boundary is the most im-
portant measure of photochemical evolution, we compared
the relationship ofα with D among these different meteoro-
logical conditions (black lines in Fig. 10). For example, if we
assume an urban source with VOC0/NOx0 of ∼15, O3max is
governed by NOx-limited chemistry at points more remote
than D = 3.7 h under the 95–100th percentile rank meteo-
rology; this regime boundary moves toD = 6.4 h under the
65–70th percentile rank. Thus, under less suitable meteoro-
logical conditions for ozone formation, a longer time (i.e., a
longer distance from the source) is required for the change to
an NOx-limited regime. This result directly accounts for the
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95-100 %
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α
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T
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Fig. 10. Changes of regime boundaryα (VOC0/NOx0) with nor-
malized distanceD (hours) under the meteorological conditions of
various areal ozone percentile intervals (black lines). The red line
shows the boundary for ISOP = 5.24% of VOCs (instead of 2.62%;
Table 1), under 95–100th percentile rank conditions. The two bars
are regime boundaries estimated from the observed reversal of the
OWE for TMA (T ) and the Osaka-Kyoto area (OK) at the 98th per-
centile rank of O3max.

024681012
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Fig. 11. Changes in the OWE reversal point with normalized dis-
tanceD, simulated for various percentile rank intervals meteoro-
logical conditions in the TMA. Initial concentrations of VOC and
NOx on weekdays and Sundays are those indicated by A and B,
respectively, in Fig. 8 (VOC0/NOx0= 8 and 11.3, respectively).

observation that the reversal of the OWE occurs at more re-
mote points from the source under less suitable meteorolog-
ical conditions (e.g., Fig. 3d→3c→3b→3a). The relation-
ship between the change in meteorological conditions and the
reversal point of the OWE based on model calculations is di-
agrammed in Fig. 11 for the initial precursor concentrations

Atmos. Chem. Phys., 10, 6765–6776, 2010 www.atmos-chem-phys.net/10/6765/2010/



A. Kannari and T. Ohara: Theoretical implication of reversals of the ozone weekend effect 6773

 OWE reversal line

Fig. 12. Mean observed occurrence time of O3max (Tmax) on 95–
100th percentile rank weekdays for TMA ozone levels during 1999–
2004. Features on Sundays are similar to those on weekdays. The
OWE reversal line is estimated from Fig. 3d.

A (weekday) and B (Sunday, see Fig. 8). The reversal point
shifts to more remote points as the meteorological conditions
become less suitable for ozone formation (lower percentile
rank conditions). Finally, under 65–70th percentile (or less)
rank interval conditions, reversal cannot occur within a sin-
gle transport day with initial precursor concentrations A and
B. Thus, for reversal of the OWE to occur, meteorological
conditions must be more suitable than some critical level.
Though the reversal point may also be changed by chang-
ing the assumed initial weekday and Sunday concentrations,
the results shown in Fig. 11 clearly indicate that a fundamen-
tal relationship exists between meteorological conditions and
the OWE reversal point. Moreover, they reveal the funda-
mental cause of the variation in the number of sites showing
the OWE (compare Fig. 11 with Fig. 2).

4 Discussion

4.1 Change of the regime boundary

The chemical regime boundaryα, an important measure of
the photochemical evolution causing O3max formation that
can be estimated from O3max isopleth diagrams, depends
mainly on the three parameters listed below.

1. Cumulative solar radiation: O3max at more remote
points reflects larger cumulative solar radiation during
the transport process; then has lowerα value than at

points closer to the source (variation along each line in
Fig. 10).

2. Intensity of solar radiation: More intense solar radiation
accelerates photochemical reactions, thus causingα to
decrease more rapidly (the variation among the meteo-
rological conditions shown in Fig. 10).

3. VOC reactivity: We discuss the effect of VOC reactiv-
ity only briefly. The red line in Fig. 10 shows the simu-
lated change inα when the isoprene (ISOP; most reac-
tive in CBIV species) percentage in the emitted precur-
sors is doubled (see Table 1), using the 95–100th per-
centile rank meteorology. This result shows that when
the VOC composition has higher reactivity,α decreases
more rapidly.

We infer that these parameters affect the observed reversals
of the OWE via their effect on the location of the chemical
regime boundary. One additional parameter affecting the at-
tainable minimumα in one day’s transport is the size of the
emission sourceL. The attainable minimum value ofα = 7.8
whenL = 2 h under the 95–100th percentile rank meteorol-
ogy, changes toα = 8.4 whenL = 4 h. Therefore, the transi-
tion to an NOx-limited regime is less likely to occur in areas
downwind from huge sprawling cities than in those down-
wind of compact cities, for emission sources with the same
VOC0/NOx0.

4.2 Applicability of the model to the real world

Several studies using three-dimensional numerical chemical
transport models have reported a change in the ozone for-
mation regime along the transport path (Milford et al., 1994;
Sillman, 1999; Carmichael et al., 2003; Jiménez et al., 2005;
Beekmann and Vautard, 2009). In contrast, the advection-
reaction model is a semi-quantitative model that uses very
simple methodology to show chemical regime changes with
the aim of reproducing observed OWE reversals. Because
these are very complex phenomena in the real world, we note
the applicability of this model in slight detail.

The spatial distribution of the mean observed occurrence
time of O3max (Tmax) is shown in Fig. 12 for the 95–100th
percentile rank interval days in the TMA. ObservedTmax
clearly occurs later in inland areas than in coastal areas, by
about 1 h per 30 km, that is, by (1/3 to 1/2)1D (30 km is
equivalent toD = 2–3 h whenU = 3–4 m/s in the afternoon;
see Fig. 5b). This well-reproduced change is predicted by
the advection-reaction model (Fig. 8b), suggesting that the
model is applicable in the real world.

The rate at whichα changes depends on the rate of elimi-
nation of NOx. A sensitivity analysis of NOx dry deposition
effects in the advection-reaction model, using 0.1 cm/s for
NO and 0.6 cm/s for NO2 (Sillman et al., 1998) with a mix-
ing height of 1000 m, revealed that the rate of decrease ofα

accelerated by about 3%. Therefore, NOx elimination by dry
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Table 2. Values of several parameters estimated from the observed reversals of the OWE in the TMA and Osaka-Kyoto areas at the 98th
percentile rank of O3max.

Item TMA Osaka-Kyoto

Observed VOC/NOx at CUCa during 06:00–09:00 LT (ppbC/ppb) weekdays 8 7
Sundays 11 10

Estimated regime boundaryα by the reversal of the OWE (ppbC/ppb)b
∼10.5 ∼9.4

Observed reversal point of the OWE (distance from CUC)c
∼30 km ∼15 km

ObservedTmax at the reversal point of the OWE (e.g., Fig. 12) (LT) 14:30 14:15
Advection timeD from the source to the reversal point estimated byTmax, assuming
L = 2 h (Fig. 8b)

5.2–5.6 h 4.8–5.2 h

Observed O3maxat the reversal point 120–140 ppb 100–120 ppb

a CUC, Coastal Urban Centerb Mean initial VOC/NOx weighted by 0.8 for Sunday and 0.2 for weekdays.c These values are estimated from Fig. 3d.

deposition would slightly accelerate the change to an NOx-
limited chemical regime. In contrast, dilution by diffusion
probably does not affectα as long as all species are diluted
similarly, which is implied by the similarity of the regime
boundary.

These considerations and, in particular, the agreement be-
tween the spatial and temporal reversals of the OWE pre-
dicted by the model and the observed reversals, suggest that
the properties derived by our model – (a) similarity of the
regime boundary indicated by VOC0/NOx0, and (b) a sys-
tematic decrease ofα with transport distance – accurately
characterize the sensitivity of O3max formation to transport
history, meteorology, and VOC reactivity.

One of the simple but interesting results of this study is the
fact that the release time of the air mass that brings O3max to
a given distanceD from the source is earlier in the day for
more remote points than for points closer to the source (see
Figs. 6 and 8b). This is important information for the devel-
opment of effective countermeasures against ozone pollution
in remote areas, which might include activity controls in ur-
ban areas in the very early morning (before at least 09:00 LT
for D>6 h).

4.3 Judgment of ozone formation regime by observation

Judgment of the ozone formation regime is an important
problem in surface ozone studies (e.g., Beekman and Vau-
tard, 2009). Because theoretical analyses suggest that the
OWE reversal signals a regime change between weekdays
and Sundays, we can utilize the OWE reversal phenomenon
to determine the chemical regime. One of the rough judge-
ment is that “the OWE reversed points in inland areas shown
in Fig. 3a–d have NOx-limited property for O3max formation,
at least on Sundays“ as suggested in Fig. 8d. Further, by us-
ing the model properties in our analysis, we can make some-
what more precise determinations.

The estimated values of several parameters in the TMA
and the Osaka-Kyoto area are summarized in Table 2. If the
observed morning VOC/NOx in a coastal urban center (CUC)

is taken as the initial condition, regime boundaryα where the
reversal of the OWE is observed can be estimated from the
weighted mean values of these initial conditions on week-
days and weekends (AC:CB, Fig. 8d, is estimated to be about
8:2 by isopleths analysis at the reversedD): α = 10.5 for the
TMA and 9.4 for the Osaka-Kyoto area at the 98th percentile
rank of O3max. Roughly estimated distances from the CUC
to the inland reversal point of the OWE are about 30 km and
15 km for these respective metropolitan areas (Fig. 3d). The
observed occurrence time of O3max at the reversal points is
14:30 LT in the TMA (Fig. 12), so the estimated advection
time D from the source to the reversal point is 5.2–5.6 h by
the advection-reaction model, ifL= 2 h (Fig. 8b). Similarly,
D can be estimated to be 4.8–5.2 h in the Osaka-Kyoto area.

These relationships between the estimatedD and the ob-
servedα are also shown in Fig. 10 and compared with model
calculation results. Thoughα in the TMA agrees well with
the model calculations for 95–100th percentile meteorologi-
cal conditions in the TMA,α decreases more rapidly in the
Osaka-Kyoto area than in the TMA. We have not yet per-
formed model calculations for the meteorological conditions
in the Osaka-Kyoto area, but we believe that a relatively
higher solar intensity (about 10% higher than in the TMA)
might explain the more rapidly decreasingα there.

By using theα–D diagrams, we can estimate the chemical
regime for arbitrary values ofD. For example, under the ini-
tial weekday concentrations in the TMA (VOC0/NOx0∼8),
the chemical regime is VOC-limited untilD of about 8 h
even under extremely suitable meteorological conditions
(Fig. 10); thus, a reduction of VOCs or a large reduction in
NOx beyond the regime boundary is necessary for O3max to
be reduced. Needless to say, the chemical regime governing
O3max formation is not stable but varies systematically with
the transport distance, meteorology, and VOC reactivity.

Thus, although many factors can modify the ozone forma-
tion regime in the real world, observation of OWE reversals
is one method that can be used to determine ozone formation
regimes in further research work.
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5 Summary

Over broad areas of Japan, extremely systematic reversals of
the ozone weekend effect are observed in hourly monitor-
ing data collected at many observation sites. The important
features are (1) spatial reversals from a weekend increase in
the vicinity of huge precursor source areas to a weekend de-
crease in the surrounding rural areas, and (2) temporal re-
versals from a weekend increase under relatively unsuitable
meteorological conditions for ozone formation to a weekend
decrease under relatively suitable conditions.

Using a simple advection–reaction model, we estimated
the cause of the reversals of the ozone weekend effect to be a
shift in the regime boundary in the air mass bringing O3max
with distance from the precursor source, with a larger reduc-
tion rate of NOx weekend emissions than VOC emissions
being a necessary condition.

Weekend ozone changes depend on solar intensity as well
as on the VOC/NOx ratio of emissions. Daily cumulative so-
lar radiation in the 95–100th percentile rank interval of the
TMA ozone level is 21.5 MJ/m2 (Fig. 7, TMA is at 35◦ N).
Big cities and their environs anywhere in the world that expe-
rience similar solar intensity to that of the TMA, and where
human activities similarly change on weekends, may show a
similar reversal of the OWE. For detection of weekend ozone
changes, comparison between weekdays and weekends at the
same percentile rank of ozone concentration is a simple and
useful method because it ensures comparison under similar
meteorological conditions.

Furthermore, our theoretical findings indicate that we can
determine the ozone formation regime for the daily maxi-
mum ozone concentration at a specific location under spe-
cific meteorological conditions by observing weekend ozone
changes.
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