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Abstract. Daily maximum ozone concentrations measured at four sites within the Mex-

ico City basin during the winter months are plotted as functions of different meteorolog-

ical parameters that are routinely measured at surface stations. Wefound that ozone

concentrations are most strongly correlated to the increase in daytime temperature and

_'hemaximum daytime wind speed. We also discovered that high ozone values at the

sites in the southern end of the basin occur when winds come out of the northeast. In

contrast, wind direction was found to be uncorrelated with high ozone values at the

. northern sites. From straighOeorward combinations of the meteorological variables, we

derived some simple rules for estimating lower and upper bounds on the ozone concen-

tration. Scatter in the data was too large to give significance to best-fit equations and

statistics. Additionally, a small rawinsonde data set was used to investigate ozone's

dependence on boundary-layer height and near-surface temperature gradient. Results

were inconclusive, however, due to the small size of the data set.

1. Introduction

Mexico City has a serious ozone air pollution problem. In the five year period from 1988 to

1992, ozone levels within Mexico City exceeded the one-hour Mexican air quality standard of

I10 parts per billion (ppb) an average of 335 days out of each year. In that same period, a one-

hour average of 230 ppb was exceeded an average of 94 days per year. These high ozone levels

stem, in part, from Mexico City's large population (approximately 20 million people) and from

its location in a basin surrounded on three sides by mountains. In an effort to help deal with Mex-

ico City's air pollution problem, the Instituto del Petroleo and Los Alamos National Laboratory

have teamed together to model and measure the air flow, pollutant dispersion, and air chemistry in

the Mexico City basin. A description of these efforts can be found in Williams et al. (1993).

This paper deals with one small aspect of the study: the correlation of daily maximum hourly-

averaged ozone concentrations with routine meteorological measurements. Our analysis will be

confined to the winter months when severe ozone episodes commonly occur. In section 2, we will

briefly review the geography of the Mexico City basin, the locations of the monitoring stations,

and the types of meteorological and concentration instrumentation. We list our assumptions and

analysis methods in section 3. We will then present our results in two parts: the first will compare
ozone and meteorological measurements made at four surface-level stations and the second will

utilize upper-air meteorological measurements in the comparison at the same four surface-level

stations. From the correlations, several simple relationships will be derived which may prove to

be applicable to short-term forecasting of lower and upper bounds on the ozone concentration.

2. Description of geography, monitoring sites, and instrumentation

Mexico City lies at approximately 7500 feet above sea level in the southwestern portion of the

Valley of Mexico. Twelve-thousand foot mountains form a U-shaped barrier on three sides, while

an opening exists to the north. Individual peaks extend up to 17,000 feet. Meteorological param-

eters and air pollutant concentrations are measured at twenty-five monitoring sites operated by the



Secretariat of Social Development. For our analysis, we have chosen four sites that measure wind

speed, wind direction, temperature, relative humidity, and ozone. These sites are denoted by the
letters F, L, T, and X and are located in the northwest, northeast, southeast, and central sections of

the city (see fig. 1). Four months of data were used for this study (Jan. 1991, Dec. 1991, Jan.
1992, and Feb. 1992).

The monitoring sites were equipped with cup anemometers, wind vanes, and temperature and

dewpoint sensors. Ozone was measured using chemiluminescent analyzers. Wind detection

instruments were mounted on small towers at a height of ten meters above the surface or rooftop.

Measurements were sampled at one minute intervals and hourly averages were recorded on data

loggers (note: wind speed and direction were obtained by scalar averaging rather than by vector

averaging; for typical turbulence intensities, however, experimental measurements showed that

the one-hour scalar averaging resulted in only a five to thirty percent smaller wind speed than vec-

tor averaging).

Additionally, rawinsonde measurements were made at the Mexico City airport which is

denoted by the letter Y. Wind speed, wind direction, temperature, pressure and moisture were

measured at approximately seventy-five meter intervals from the surface to a height of about five

or ten kilometers. The averaging time for these measurements was a relatively short 15 to 30 sec-

onds. Although these measurements were taken several times daily, only three weeks of data

were made available to us (Feb. 8 - 28, 1991).

3. Assumptions and analysis methods

Ozone formation in the boundary layer is a complex photolytic chemical process which

depends, in part, on the magnitude of solar radiation and the relative amounts of nitrogen oxides,

nitrogen dioxides, and hydrocarbons (see, for example, Seinfeld, 1986). Without direct measure-

ments of the weekly variation in the emissions of these chemical species, we made the simplifying

assumption that the emissions were the same for each weekday. We threw out weekend data

because of the possibility of different weekend traffic volume. Our analysis showed that correla-

tions of ozone with various meteorological parameters improved when weekend data was not
included.

Because direct measurements of solar insolation were not taken, we have attempted to account

for ozone's dependence on sunlight by assuming that the amount of sunlight is proportional to the

daytime temperature rise AT, which we define as the difference between the maximum and mini-

mum daily temperatures (the former usually occurring between noon and 4 p.m. and the latter
between 5 a.m. and 7 a.m.). However, AT may also be proportional to the convective strength of

the boundary layer. Hence, a large AT may lead to an increase in ozone due to more solar radia-

tion and at the same time may reduce ozone levels because of increased vertical mixing by the

convective thermal cells. Note: in order for AT to be proportional to the amount of solar radia-

tion, we must assume that the magnitude of energy transport and conversion processes, such as

evaporation, advection, and heat flux into the ground, does not vary appreciably at each particular

site during the study period.



A complete record of rainfall, which acts to wash out air pollution in the boundary layer, was

not available to us. Rain events may be correlated with high values of relative humidity and
smaller values of daytime temperature rise, which are both measurements that we do have. Fortu-

itously, however, the winter months from December to February average a very low five to ten

millimeters of rainfall per month. During February 1991, light rain events of one millimeter or

less occurred three times, all during night hours.

From the four meteorological variables measured at the monitoring sites, we derived about ten

quantities that may be relevant to the concentration levels of ozone. As mentioned above, we can

calculate the daytime temperature rise AT, which we assume is proportional to the amount of sun-

shine available to drive the photochemical reaction. We computed a vector-averaged wind speed

(i.e., the individual N-S and E-W wind components are averaged and then used to compute the

wind speed) in order to determine the net movement of the ozone cloud within the Mexico City

basin. Vector-averaged wind speeds were calculated for an eleven-hour "daytime" period

between 7 a.m. and 6 p.m. and for an eighteen-hour "night and daytime" period between midnight

and 6 p.m. (WSll v and WS18v, respectively). The eighteen-hour vector-average wind speed was

computed in order to investigate the importance of night time transport of the ozone precursors.

Vector-averaged wind directions were calculated because the prevailing wind direction may deter-

mine: 1) whether "fresh" or "contaminated" air is advected to a particular station or 2) whether

the ozone cloud is flushed out of the basin opening to the north or trapped by the mountains to the

west, south, and east. Additionally, we looked at the ratio of the vector- to scalar-averaged wind

speed (where the scalar-average WS s is determined by a summation of the wind speeds and then

division by the total number of samples) as another possible measure of the net movement of the

ozone cloud. A one-hour average maximum wind speed WSmax was determined from data taken

between 7 a.m. and 6 p.m. The magnitude of the wind speed may be inversely proportional to

ozone concentration for two reasons. First, from similarity theory the log-law velocity profile

shows that for a given surface roughness the wind speed within the surface layer is proportional

to the friction velocity (see, for example, Arya, 1988). The friction velocity is a measure of the

intensity of turbulence or mixing potential of the surface layer and, therefore, is inversely propor-
tional to surface-level concentration. Second, for a finite-sized area source, the Gaussian concen-

tration equation indicates that the concentration is inversely proportional to wind speed (see, for

example, Pasquill and Smith, 1983). In order to evaluate whether ozone concentrations at partic-

ular sites are affected by the prevailing wind direction, vector-average wind directions and the

wind direction at the time of the wind speed maximum were determined. Lastly, eleven hour day-

time averages were obtained for relative humidity and temperature.

For the three weeks of available upper-air rawinsonde data, we have computed the boundary-

layer height and the vertical gradient of potential temperature near the surface. The boundary-

layer height Hbl is indicative of the volume in which the ozone can be mixed and hence may be

inversely proportional to ozone concentration. The daytime boundary-layer height is defined as

the height at which AO/Az first becomes larger than 0.006 °C/m, i.e., the height at which a mod-

erate inversion first occurs. The vertical gradient of potential temperature AO/Az near the



ground is proportional to the magnitude of the heat flux and hence may be indicative of the con-

- vective strength of the boundary layer. A0/Az is based on the two lowest data points in the ver-

tical profile, which are generally about 75 meters apart. We also computed vertically-integrated

wind speeds, but found it had no better correlation with ozone concentration than surface-level

wind speeds. Surface pressure and a near-surface bulk wind shear Au/Az were also obtained
from the rawinsonde data, however, we found no correlations with ozone concentration.

Finally, we point out that the various one-hour average meteorological measurements (e.g.,

maximum boundary-layer height, maximum wind speed) and the maximum ozone concentration

may not have occurred at the same hour of the day. We have not used simultaneously-measured

meteorological data in order that our results might be more applicable to simple forecasting, i.e.,

knowledge of when the maximum ozone concentration occurs introduces another level of com-

plexity. It may be of some interest to note that the majority of maximum ozone concentrations

take place between noon and four p.m., although, ozone maxima occasionally appear earlier in the

day.

4. Results

a). Surface-level measurements at monitoring stations

In this section, we will compare the daily maximum one-hour average ozone concentrations at

a particular monitoring station with the available surface-level meteorological measurements

(wind speed, wind direction, relative humidity, and temperature) at that station. Initially, we will

look at ozone as a function of just one variable using scatterplots and then later plot ozone versus

combinations of the meteorological variables. For consolidation, we will sometimes plot results

for only one station when results for other stations are similar or uneventful.

Figure 2 shows the daily maximum ozone plotted against different measures of wind speed for

Station F. Clearly there is a lot of scatter in all four plots. Upon closer examination, however,

some trends are apparent. For example, when the maximum daytime wind speed is less than

about 5 m/s, ozone concentrations remain above 140 ppb (fig. 2a). When the vector-averaged

wind speed is considered, there appears to be a mild tendency for lower wind speeds to be associ-

ated with higher ozone values and higher wind speeds to be associated with lower ozone values

(figs. 2b and c). In the eighteen-hour vector-average case, we can see that ozone remains above

140 ppb for wind speeds below 1 m/s and remains below 100 ppb for wind speeds greater than 5

m/s (fig. 2c). The scalar-average wind speed gives poor correspondence with ozone levels (fig.

2d). Similar results are obtained for stations L, T, and X.

In fig. 3a, ozone is plotted as function of the daytime temperature increase AT for station E

Here, a relatively strong correlation is seen between high ozone levels and large AT and low

ozone levels and small AT. This trend supports the idea that the daytime temperature increase is

proportional to the amount of available sunlight, and that it is less strongly correlated with the

boundary-layer convective strength. Figure 3b shows that ozone also correlates fairly well with

the average daytime temperature. However, it seems that the correlation occurs because the aver-

age daytime temperature correlates fairly well with the daytime temperature increase (fig. 3c).



Figure 3d suggests that ozone levels remain small when the daytime-averaged relative humidity

is above about fifty percent. This may be due to a higher likelihood of clouds (reducing the

amount of sunlight) and/or rain (leading to the removal of ozone by washout) with higher relative

humidity For low relative humidity, the ozone levels vary widely.

The above results suggest plotting ozone concentration as a function of AT divided by the dif-

ferent measures of wind speed. Figure 4 shows ozone versus AT/WSll, AT/WS18 v, AT/WSmax,

and AT/(WSI8v[W'S18 s) for station F. Clearly, the widest scatter is found when AT/(WSI8v/

WS18 s) is used as the independent variable (fig. 4c), suggesting that the vector- to scalar-average

wind speed ratio is a poor indicator of ozone cloud transport. Grouping of data is fairly consistent

with WSI! v, WS18 v, and WSma x as the denominators (figs. 4a, b, and c, respectively). However,
if we look at all four stations, we see that using WSmax in the denominator yields better correla-

tion than when using WSll v or WS18 v (figs. 5, 6, and 7). Comparison of the scatterplots in figs.

6 and 7 show no significant improvement when the eighteen hour vector-averaged wind speed is

used in place of the daytime (eleven hour) vector-averaged wind speed. This suggests that night

time transport of ozone precursors may be insignificant. We can also see the impact of geographic
location on the highest ozone levels, which are smallest at station L (located near the basin open-

ing to the northeast) and largest at station T (located in the southwest comer of the basin and

encompassed by nearby mountains to the south and west).
As mentioned in section 3, we believe that the eleven hour vector-average WSllv contains

information on the residence time of the ozone cloud over the monitoring station, while the one

hour average WSmax gives an indication of the amount of dilution of the ozone cloud. Since both
the short-term and long-term wind speed averages both affect the ozone concentration in different

ways, we have experimented with numerous ways of combining their effects. We found that the

best results were obtained with ozone plotted as a function of AT/(WSll v + WSmax). The scat-

terplots are shown in fig. 8 for all four stations. Clearly, the data shows a tighter grouping than in

earlier figures. The most scatter is seen at station X (fig. 8d) located near the city center and may
be a result of vacillating local changes in traffic emissions and building-influenced winds.

From fig. 8, some simple rules for ozone levels can be given which are generally applicable to
all four stations:

if AT/(WSII v + WSmax) < 0.5, then 0 3 < 100 ppb;

if 0.5 < AT/(WSll v + WSmax) < 1.0, then 0 3 < 230 ppb; and

if AT/(WSll v + WSmax) > 1.0, then 0 3 > 100 ppb.

Notice that there are several data points that do not satisfy these rules. Unfortunately, a simple

rule cannot be obtained from fig. 8 for the highest ozone concentrations. Since the daytime vec-

tor-average wind speed is a difficult variable to predict, a simple rule for ozone levels can also be

obtained from fig. 5 using the more easily predicted AT and WSmax:

if AT/WSma x > 1.5, then 0 3 > 100 ppb.



We next look tbr relationships between ozone concentration and prevailing wind direction. In

fig. 9, we have plotted the daily maximum ozone concentration as a function of the daytime vec-

tor-averaged wind direction. Results appear to be site specific. At station F, the data is widely
scattered and no obvious grouping of data is seen (fig. 9a). We were expecting that surface-level

winds from the north-northeast would bring fresh air and push the ozone cloud south, thus reduc-

ing ozone concentrations at the northwestern site. However, it turns out that relatively small wind

speeds are present when the wind directions are between 0 and 120 degrees (fig. 10a), and hence,

concentrations may be larger due to their inverse relationship with wind speed magnitude. At sta-

tion L, the data is again widely scattered and we find two unexpected results (fig. 9b). First, when
winds are between 30 and 150 degrees, i.e., they are coming from a relatively lighter populated

region, the concentrations are all above 100 ppb. In this case, winds are somewhat lighter again

(fig. 10b). Second, we find that all ozone values above 150 ppb occur when winds are between 30

and 180 degrees. Several possible explanations for the above results can be proposed, but not

substantiated: 1) local emissions from vehicles may be transported by the wind from the north - a

map of the Mexico City basin shows several major roadways to the north, northwest, and north-

east of stations F and L; 2) the upper-level wind direction may be opposite to the surface-level

winds, resulting in transport of polluted air aloft which is eventually mixed down to the surface in

the afternoon by the growing mixed layer; 3) if blocked by the U-shaped mountains at the south-

ern end of the basin, the north-northeasterly winds may recirculate the air from the city center

back to the northern monitoring stations along the base of the mountains; 4) if the ozone cloud

already fills the entire basin, north-northeasterly winds would result in negligible net movement

of the ozone cloud due to the U-shaped mountains at the southern end; 5) winds originating from

the north-northeast are slowed down by mountain blockage and the smaller winds lead to less dis-

persion of the locally-produced emissions; and/or 6) relatively fresh air is advected to the northern

monitoring stations with somewhat lower ozone concentrations, but ozone levels are not reduced

as much as usual since there are fewer NOx's to "eat up" the ozone.

At station T, we find a noticeable grouping of large ozone values when the winds are coming

from the east-northeast (fig. 9c). Ozone concentrations of 250 ppb and above are only present

when the winds are between 30 and 100 degrees. The occurrence of these large ozone values

most likely results because polluted air is carried from the northeast-lying city center and is then

trapped by the mountains to the south and west of station T. Ozone concentrations are relatively

small when the wind directions are between 180 and 280 degrees, presumably because fresher air

is being transported from off the mountains. At station X, we find similar results, although not as

well defined (fig. 9d). Ozone concentrations above 200 ppb occur, with one exception, when the

wind direction is between 0 and 140 degrees. Although winds from any direction would carry

polluted air to station X, winds from the north-northeast would result in trapping of pollutants

within the basin and thus perhaps lead to higher levels near the city center. Furthermore, fig. 10

shows that there are no large daytime vector-averaged wind speeds when the wind direction is

between 0 and 120 degrees, so that concentrations may be larger, in part, as a result of the lighter

winds. The relatively moderate wind speeds may be a result of mountain blocking effects and/or



large-scale synoptic trends associated with northerly flow.

From fig. 9, some simple rules for ozone levels can be devised for each station:

Station F: if 0 < WDll v < 120, then 03 > 100 ppb;

Station L: if 30 < WDll v < 150, then 03 > 100 ppb;

ifWDllv<30orWDllv>180, thenO 3 <150ppb;

StationT: ifWDllv<30orWDllv> 100, thenO 3 <250ppb;and

Station X: ifWDllv> 140, thenO 3 <200 ppb.

If contradictions occur when using the two different sets of rules based on AT/(WSI1 v + WSmax_

and WDI1 v, we recommend that the rules based on the former quantity be used since grouping of
data is better in that case.

Further attempts to improve the grouping of data met with little success. When the daytime-

averaged relative humidity and absolute temperature were combined with AT/(WS11 v + WSmax),

the scatter in the data increased. Likewise, separating the meteorological data into categories

based on the prevailing wind direction led to correlations showing no improvement at best.

Finally, no noticeable improvement in the grouping of data was obtained when ozone was plotted

against ATn/(WSllv + WSmax), where n was varied between 1/2 and 5/2 in increments of 1/2.

b). Comparison of upper-air meteorological measurements with ozone concentrations

From the upper-air measurements, two important quantities for pollution transport can be

derived: the boundary-layer height (Hbl) and the near-surface maximum daytime temperature gra-
dient A0/Az. Unfortunately, their effects on ozone concentration in the Mexico City basin are
hard to determine because of the small amount of rawinsonde data that was available to us. Plot-

ting ozone concentration as function of AT/(Hbl (A0/Az)(WSll v + WSmax)), we found that cor-

relation improved for stations T and X and became worse for stations F and L. For illustration,

the results for stations F andT areplotted in fig. 11. Certainly, with more data points the grouping
of data would become more clear.

We also tested ozone's dependence on surface pressure and a bulk near-surface velocity gradi-

ent, but found no correlation. When ozone was plotted as function of the vertically-integrated

wind speed, instead of the daytime maximum wind speed, no improvement was found in the

grouping of data. These results must be interpreted with some caution, however, because of the

small number of data points.

5. Summary

The correlation between ozone and meteorological measurements made at four surface sta-

tions in the Mexico City basin during the winter months has been studied. We found that ozone



was most strongly correlated to the daytime temperature increase and daytime maximum wind

speed. Ozone concentration was an increasing function of the daytime temperature increase,

which we proposed was due to AT being proportional to the amount of sunlight. Ozone was

inversely proportional to the WSmax, which most likely results from the turbulent mixing process

being proportional to the magnitude of the wind speed. Weaker correlation was found between

ozone and the daytime vector-averaged wind speed, an indicator of the net movement of the

ozone cloud. Strongest correlation was obtained when ozone was plotted as a function of AT/

(WSll v + WSmax). We also discovered some grouping of data when ozone levels were plotted

against the daytime vector-averaged wind direction. From our analysis, we proposed some simple
rules for determining upper and lower bounds on the ozone concentrations applicable to all four
stations:

if AT/(WSll v + WSmax) < 0.5, then 0 3 < 100 ppb;

if 0.5 < AT/(WSll v + WSmax) < 1.0, then 0 3 < 230 ppb; and

if AT/(WSll v + WSmax) > 1.0, then 0 3 > 100 ppb.

and rules applicable at particular stations:

Station F: if 0 < WDll v < 120, then 0 3 > 100 ppb;

Station L: if 30 < WDll v < 150, then O3 > 100 ppb;

ifWDllv<30orWDllv>180, thenO 3 <150ppb;

StationT: ifWDllv<30orWDllv> 100, thenO 3 <250ppb;and

Station X: ifWDllv> 140, thenO 3 < 200ppb.

Furthermore, we proposed a rule based on only AT and WSmax for cases where the daytime vec-

tor-averaged wind speed was difficult to determine:

if AT/WSmax > 1.5, then 0 3 > 100 ppb.

Grouping of ozone concentration data was not improved when the daytime-averaged relative

humidity and temperature were combined with the AT/(WSll v + WSmax) term. Filtering of data

by prevailing wind direction did not improve correlations either.

Although it is believed that the boundary-layer height and near-surface potential temperature

gradient are important factors in determining ozone concentrations, only a small section was

devoted to upper-air measurements because only three weeks of data were available to us. When

ozone was plotted as a function of AT/(Hbl (A0/Az)(WSll v + WSmax)), we found better group-

ing of data at stations X and T and more scatter at stations F and L. However, results should be

interpreted with caution due to the small size of the data set.



In conclusion, we recommend that more surface data from the winter months be analyzed to

validate the simple rules for ozone bounds proposed here. It would be of value to analyze data
from different stations and during non-winter months in order to determine if the rules are valid at

different locations and times of the year. One of the unmet goals of this study was obtaining a rule

for determining when the largest ozone concentrations occur. Analysis of more upper-air data

may yield such rules, as large ozone concentrations are often associated with low inversion levels
and weak convection at the surface.
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Figure 1. Topographical map of the Mexico City basin. Contour heights range from 1474to 4925
meters in intervals of 431 meters. The urban area is represented by the yellow region, the surface
monitoring stations are denoted by the red letters E L, T, and X, and the rawinsonde location by
the red letter Y.
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Figure 2. Scatterplots of daily maximum ozone concentration versus wind
speed at surface station F for winter months. Comparison of different wind
speed variables: a) maximum value measured during the daytime (7:00 am
to 6:00 pm); b) vector-averaged during the daytime; c) vector-averaged
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b) ozone versusdaytimeaveragetemperature;c) averagedaytimetemp-
erature versusdaytimetemperatureincrease;and d) ozone versusrela-
tive humidity at surfacestationFfor winter months.
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Figure 4. Scatterplots of the daily maximum ozone concentration versus
temperature and wind speed variables at surface station F for winter
months. Daytime temperature increase divided by: a) daytime (11 hour)
and b) 18 hour vector-average wind speed; c) ratio of 18 hour vector-
averaged to scalar-averaged wind speed; and d) maximum daytime wind
speed.
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Figure 5. Scatterplots of the daily maximum ozone concentration versus the
daytime temperature increase divided by the maximum daytime wind speed.
Measurements during winter months at surface stations F, L, T, and X.

!

Note" x axis units are °C/(m/s).
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Figure 6. Scatterplots of the daily maximum ozone concentration versus
daytime temperature increase divided by the daytime (11 hour) vector-
average wind speed. Measurements during winter months at surface
stations F, L, T, and X. Note: units of x axis are °C/(m/s).
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Figure 7. Scatterplots of daily maximum ozone concentration versus the
daytime temperature increase divided by the 18 hour vector-average wind
speed. Measurements during winter months at surface stations F, L, T,
and X. Note: units of x axis are °C/(m/s).
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Figure 8. Scatterplots of the daily maximum ozone concentration versus
daytime temperature increase divided by the sum of the daytime (11 hour)
vector-average and the maximum daytime wind speeds. Measurements
during winter months at surface stations F, L, T, and X. Note: units of x axis
are °C/(m/s).
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Figure 9. Scatterplots of ozone versus daytime vector-averaged wind
direction. Measurements during winter months at surface stations F, L,
T, and X.
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wind direction. Measurementsduringthe wintermonthsat surfacestations
F, L,T, and X.
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Figure 11. Comparison of scatterplots at surface stations F and X with the
daily maximum ozone concentration as a function of' a) & c) daytime
temperature increase and daytime vector-average and maximum wind
speeds and b) & d) the same, plus boundary-layer height and bulk near-
surface temperature gradient. Rawinsonde measurements taken during Feb.
1991. Note: units of x axis are °C/(m/s)in a) & c) and s/m**2 in b) & d).

u



A I
!




