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Abstract
During the summers of 2011 and 2012, surface ozone concentrations were monitored using
portable 2B Technologies ozone monitors throughout Yosemite National Park. In addition to the data
from the portable monitors, historical and concurrent data for the Central Valley (Merced, Modesto,
Turlock), Turtleback Dome, and Jerseydale were obtained from online sources. Meteorological data for
Crane Flat Lookout and Turtleback Dome were also obtained from online sources to help explain the
ozone data. The results for 2011 indicated that the Yosemite ozone concentrations showed greater
variability between daytime and nighttime values in the west than in the east. The easternmost site
(Tioga Pass) seemed to have lower ozone levels, but also a much more constant and linear trend in the
average ozone diurnal cycle. Comparing the data from all the sites revealed that Crane Flat Lookout had
an inverted average ozone diurnal cycle through July, August, and September. However, in October,
Crane Flat Lookout reverted back to a typical low-high-low diurnal cycle. The temperature data
suggested that the sites experienced similar weather conditions and the HYSPLT back-trajectory
calculations showed that the sites were accessing similar samples of air (at least at the regional level).
However, the wind direction data for July, August and September, indicates that Crane Flat Lookout
receives nighttime air from the south (the highly polluted Fresno area); this may explain why Crane Flat
Lookout has an inverted diurnal cycle during these months.

1. Introduction
Yosemite became a national park in 1890. Ever since then, it has attracted a great number of
tourists because of its well-known granite cliffs, waterfalls, giant sequoias, and biological diversity. In
1984, it was designated a World Heritage Site (YNP Nature and Science). In order to preserve sites
similar to and including Yosemite National Park, the National Park Service (NPS) started monitoring
ambient ozone and other pollutants in the late 1970s. The objective is to obtain a better
understanding of how the air pollution impacts the park and what, if any, preventative measures can
be taken to prolong the existence of the park resources (Air Quality in National Parks, 2002).
Tropospheric ozone, or ambient ozone, is a primary component of smog. While stratospheric
ozone protects the world and its organisms from dangerous UV rays, tropospheric ozone is a danger to
the world and its organisms. Since ozone is a very reactive oxidizing agent that is detrimental to flora,
fauna and humans, it is identified as one of the six criteria pollutants by the United States
Environmental Protection Agency (EPA, 2011).
Tropospheric ozone has a cumulative effect on plant life as the plants are stationary and unable to
escape the pollution. A study on pine needles showed “chlorotic mottling due to elevated ozone levels
in the Sierra Nevada” (NPS Air Quality). In some plants, the high ozone levels affect their ability to
produce and store food, while others experience leaf-deformities (EPA: Ecosystems). Plant growth as a
whole becomes depleted and limited. As for human health, tropospheric ozone is “a respiratory
irritant” that “produce symptoms analogous to a sunburn inside the lungs” which can result in
“coughing, sinus inflammation, chest pains, and scratchy throat” (NPS Air Quality, EPA: Health)
Constant interaction with a high concentration of ozone will eventually lead to “permanent lung
damage and reduced immune systems” (NPS Air Quality, EPA: Health). Some extreme cases can result

in premature death. Because ozone has such severe effects on both plant life and human health, it is
imperative to study the distribution of ground-level ozone and find ways to reduce its concentration.
The photochemical reaction which produces tropospheric ozone has already been extensively
studied (Crutzen et al., 1999). The general chemical equation involves volatile organic compounds
(VOCs) and nitrogen oxides (NOx) with the presence of light (hv):

Eqn. 1
VOCs include both anthropogenic and biogenic volatile organic compounds. Anthropogenic compounds
include hydrocarbons that are produced from factories and manufactures, etc., while biogenic
compounds include hydrocarbons produced by vegetation like isoprene. In fact, it should be noted that
emissions by plants are much larger than the sum of all anthropogenic emissions; the anthropogenic
emissions amplify the effects of these VOCs (Jacob). In general, NO is initially produced by burning fossil
fuels, and then later reacts with hydrocarbons to produce NO2, which is then broken apart by sunlight to
yield O atoms. The O atoms then react with O2 to produce ozone (O3). (The specific chemical reactions
and detailed explanations can be found in Jacob’s Introduction to Atmospheric Chemistry.) As a result
of this sequence, urban areas are expected to have higher ozone concentrations. In addition, conditions
with more light intensity are more conducive to the production of ozone. The more sunlight, the
warmer the environment, the more ozone is produced.
In contrast to the urban areas, remote areas, like Yosemite National Park, are expected to have
lower ozone levels. However, with the heavy automobile traffic through Yosemite due to tourism,
Yosemite experiences emissions of VOCs and NOx which can increase local ozone production. Most
tourists visit during the summertime – June, July, August, and September – and they tend to limit their
visit to Yosemite Valley.

2. Methods and Procedures
2.1 Portable Ozone Monitors
Surface ozone concentrations were measured with portable 2B Technologies Model 202 ozone
monitors. The monitors are small and lightweight, and consume only about 4 watts of power making
them ideal for remote locations that are off the grid. For these remote locations, solar panels were
installed facing due south. Of the Yosemite sites, only Tioga Pass had access to AC power. The
monitors were mounted in weather-proof plastic cases that were set up with 12-V lead-acid batteries.
The batteries were connected to solar charge controllers to allow the solar panels to recharge the
batteries when necessary.
2.2 Ozone Measurements
The air samples were collected at a height of about 2 meters from the ground through a 47-mm
diameter Teflon filter which was protected with a rain shield. The filter was connected to a 6.35-mm
diameter Teflon inlet tube that led directly to the ozone monitor. Ozone concentrations were
measured every 10 seconds, and 5-minute averages were calculated and logged in the monitor. The
data were downloaded about every four weeks to prevent the monitors from reaching their memory
capacity which would result in loss of data. Using a data serial port cable, the data were downloaded
and subsequently converted into hourly averages for further analysis.
2.3 Ozone Monitor Calibration
The monitors used in Yosemite for the summer of 2012 were calibrated by 2B Technologies prior to
their deployments. 2B Technologies claims that their monitors have precision and accuracy greater
than 1.5 ppb for ozone levels between the range of 0 – 100 ppb. Calibrations at Saint Mary’s College of
California prior to deployment generally showed agreement with the claims made by 2B Technologies;

there was a discrepancy of 2 ppb (at most) between the monitors that were subjected to co-located
comparison testing. To run these comparison tests at Saint Mary’s College, the monitors were set up
side by side at the same location with the sampling inlets close by one another to collect the same
sample of air. Data were collected over a two day period and were logged as 5-minute averages to
simulate actual data collection in Yosemite. Similar calibration tests were conducted for summer 2011,
producing very similar results.
2.4 Sample Locations Specificity
The details for the sample sites are listed in Table 1 along with start and end dates of the data
collection. The data timeline is for 2011 rather than 2012 because 2011 is a complete data set. The
data set for 2012 is still ongoing – the data collected so far are not (yet) sufficient to make useful
comparisons. Figure 1 shows the specific site locations.
Table 1: Site Locations and Sample Periods
Site

Abbreviation

Elevation

Latitude

Longitude

Start Date

End Date

(m)

Day of Year
(Sample
Period)

Crane Flat

CFL

2022

37.7595°

-119.8206°

July 7

October 15

188-288*

T14

2413

37.8404°

-119.5906°

July 7

October 15

188-288**

TP/T-Pass

3031

37.9110°

-119.2570°

July 7

October 13

188-285***

Lookout
T-14
Marker
Tioga Pass

*missing data for October 6-7, 2011 – bad time stamps from monitor
**missing data for July 19 – August 2, 2011 – bad time stamps from monitor
***missing data for July 30 and September 13, 2011 – bad time stamps from monitor

Figure 1a: Map of sample locations
Turtleback Dome is listed because it will be used more extensively in later analysis.

Figure 1b: Geographical map of Crane Flat Lookout and Turtleback Dome in reference to Yosemite.
Orange  Crane Flat Lookout
Red  Turtleback Dome
Green  “Yosemite National Park center

2.5 HYSPLIT Back-trajectories
In order to have an understanding about the effects and influences of transported polluted air, the
Hybrid Single-Particle Lagrangian Integrated Trajectory (HYSPLIT) model was used to carry out backtrajectory calculations (Draxler and Ralph, 2010). These calculations attempt determine the source of
the polluted air.
2.6 Online Data
2.6.1 Meteorological Data for Crane Flat Lookout from CDEC website

For in-depth analysis of Crane Flat Lookout, additional meteorological data was gathered from the
California Data Exchange Center website. In particular, wind direction was important in determining
where the polluted air was being transported in from.
2.6.2 Turtleback Dome Data from National Park Services website
To have a more comprehensive understanding of ozone concentrations and wind patterns in Crane
Flat Lookout, data for Turtleback Dome were obtained from the National Park Service website. Since
Turtleback Dome is the closest site to Crane Flat Lookout, data for this site were used to make
comparisons.
2.6.3 Central Valley Data from CARB
Additional data for various Central Valley sites were obtained for general comparisons. The Central
Valley is west of Yosemite National Park boundaries so it is of interest to see if there were any
correlations since it would seem that the coastal winds would blow and transport the polluted air of
the Central Valley in to Yosemite.
3. Results
3.1 Daily Averages
Daily average ozone values were calculated for all Yosemite sampling sites, including Turtleback
Dome. As seen in Figure 2, the four different sites appear to have similar ozone trends, which indicate
that the sites experienced similar temperature and weather conditions.
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Figure 2: Presents the daily averages for the Yosemite sites in 2011.

3.2 Ozone Diurnal Cycles
The average ozone diurnal cycles presented in Figure 3 are for the month of July 2011. The
Yosemite sites displayed more consistent ozone concentrations compared to the Central Valley sites.
The Central Valley sites have a very typical diurnal cycle for ozone – low levels of ozone in the early
morning and a peak at mid-afternoon and then back down to low levels as the sun sets. A careful look
at the Yosemite sites also supports this typical diurnal plot for ozone, with one exception: Crane Flat
Lookout. Crane Flat Lookout has an inverted diurnal plot.
Figure 4 presents an overview of average diurnal cycles for ozone levels throughout the months of
the sampling period. Notice that in October, Crane Flat Lookout has a typical diurnal cycle. For a better
perspective of the unique diurnal characters for Crane Flat Lookout, the data were compared directly
to only Turtleback Dome as depicted in Figure 5. Crane Flat Lookout starts with a high-low-high diurnal
cycle in July and shifts to a low-high-low diurnal cycle by October.

The x-axis for these graphs is in hour (hour 0 = hour 24 of the day). The y-axis for these graphs is in
mean O3 (ppb). Each of the data points were calculated by getting hourly averages for each of the
months of sampling.

Figure 3: a sample of average ozone diurnal cycles – July 2011

Figure 4: average ozone diurnal cycles are plotted side by side for easy comparisons between the
months of the sampling period.

Figure 5: average ozone diurnal cycles for Crane Flat Lookout and Turtleback Dome for the different
months are plotted side by side for a more direct easy comparison.

3.3 Temperature Diurnal Cycle – CFL and TD
With Turtleback Dome being in such close proximity of Crane Flat Lookout, it seems intuitive that
the two sites would experience the same regional transport of background air and similar
meteorological conditions, which would therefore lead to similar ozone concentrations and diurnal
cycles. As a preliminary assessment, the diurnal cycle of the temperatures at both sites were
compared. As depicted in Figure 6, the two sites have similar temperature trends.
It should be noted that Crane Flat Lookout temperature data are data collected in 2006. The data
for 2011 were not available online. The present analysis therefore assumes that general trends remain
constant from year to year.

Figure 6: average temperature diurnal cycle for Crane Flat Lookout and Turtleback Dome for the
different months are plotted side by side for to depict similar trends that the two sites possess.

3.4 HYSPLIT back-trajectories - CFL and TD
The ozone diurnal cycle for Crane Flat Lookout in October had resemblance to a typical diurnal cycle,
making it stand out from its pattern of having an inverted cycle. HYSPLIT back-trajectories were
calculated for Crane Flat Lookout and Turtleback Dome for October 7, 2011 in an attempt to determine
where the air being measured is has come from. Figure 7 displays the results from the HYSPLT model.
According to Figure 9, the two sites are experiencing the same air.

Figure 7: results of the HYSPLT model back-trajectory calculation for Crane Flat Lookout and
Turtleback Dome for the October 7, 2011.

3.5 Wind Direction – CFL and TD
In addition to back-trajectory calculations, wind direction data from CDEC were used to more
accurately determine source of the transported-in air. The wind direction data were computed as
diurnal cycles – Figure 8. The diurnal cycles were then translated to a compass, as seen in Figure 9, to
comprehensively understand the wind behavior throughout a typical day at either one of the sites.

Mid-afternoon is when both sites experience similar wind direction. In the early morning and
nighttime, the sites drastically differ from one another. Notice that October is an exception to this
trend.
It should be noted that Crane Flat Lookout wind direction data are from 2006. The data for 2011 are
not available online. It is once again assumed that the general meteorological trends remain constant
from year to year.
The x-axis is in degrees and the y-axis is in hour of the day for Figure 8.

Figure 8: average wind direction diurnal cycles for Crane Flat Lookout and Turtleback Dome for the
different months of sampling period.

Figure 9: translation of Figure 8 to Cartesian/compass points, coupling these results with Figure 1b
will help locate the sources of the air being transported in to Crane Flat Lookout and Turtleback
Dome.

4. Discussion
There are a variety of factors that influence ozone levels in Yosemite. This discussion portion of the
paper will attempt to answer a few questions and offer a few suggestions as an attempt to understand
the results.
4.1 General Trend – West to East
Going from western sample sites to the eastern sample sites, there is a trend of decreasing daytime
ozone levels and increasing nighttime ozone levels as seen in Figures 2,3, and 4. To the west, the
Central Valley sites have the most pronounced diurnal cycles and peak at higher levels of ozone during
the day time. This is due to the NOx titration that occurs at nighttime. The titration process requires
high levels of NO emissions (i.e. from combustion sources); therefore urban areas like the Central Valley
experience low levels of ozone at night (Sillman). During the daytime, the urban areas experience
elevated ozone concentrations because there are more precursor emissions available. Within Yosemite
National Park, Crane Flat Lookout has relatively higher ozone values, while Turtleback Dome has a more

pronounced diurnal cycle and T-14 has a less pronounced cycle and Tioga Pass has nearly a linear cycle,
with hardly any variance between daytime and nighttime. As one travels east and into more remote
areas, the titration process is less pronounced at nighttime because there are no large fresh NO
emissions in these areas. The diurnal cycles of the remote areas more likely reflect the surrounding
topography and mixing dynamics rather than local photochemical production of O3 (Burley, 2007).
Tioga Pass has a more linear diurnal cycle with average ozone levels staying rather consistently at
about the same value throughout the day which is possibly because it is located where there is high
traffic and the topography of the area probably acts as a pocket that keeps the polluted air there
throughout the day.
4.3 Unique Diurnal Cycle for Crane Flat Lookout
As noted previously, Crane Flat Lookout has a unique average ozone diurnal cycle. Rather than
having a typical low-high-low cycle, the site has an inverted cycle (high-low-high). Not only does the
site have an inverted cycle, but it also experiences a change in the diurnal cycle in October. None of
the other sites sampled have diurnal cycles that shift like that of Crane Flat Lookout. The inverted cycle
and shifted cycle are more obvious in Figure 5.
Because Turtleback Dome and Crane Flat Lookout are close in proximity, it is intuitive that the two
sites should experience similar air and weather conditions. Figure 6 compares diurnal temperature
data for the two sites which supports the hypothesis. The two sites have very similar temperature
trends. The point of interest is to then explain why Crane Flat Lookout has such a different diurnal
pattern.
In an attempt to make sure that the two sites are indeed experiencing the same air, HYSPLIT backtrajectories were calculated as seen in Figure 7. According to Figure 7, the two sites are experiencing

very similar air samples that are coming from the same general areas. However, when inputting
necessary site information to the HYSPLIT model, it was noted that the spatial resolution of the model
is only about 40 km. Looking at a map and the coordinates of the two sites (Figure 1 and 2), the sites
turn out to be less than 40km apart, thus the model fails to resolve any potential transport differences
that may exist.
Wind direction data from the CDEC and National Park Service websites were used to determine a
general wind pattern of air samples coming in through the sites since HYSPLIT did not have sufficient
resolution. Based on Figure 8 and 9, the data are showing that during the day time, Crane Flat Lookout
and Turtleback Dome are getting wind from about 230°, which geographically translates to south
Central Valley region. This explains the relatively high ozone concentrations. However, during the
nighttime in the summer, Crane Flat Lookout is receiving air from about 150°, translating to southFresno Foothills area, while Turtleback Dome is receiving air from about 60°, which is a higher elevated
region within Yosemite National Park. This explains why Crane Flat Lookout has higher ozone levels at
nighttime; Fresno area produces very dirty air because of its urbanization. Meanwhile, Turtleback
Dome is getting air from areas within the park – much cleaner air in comparison with air from Fresno.
In October, wind direction during the nighttime changes – Crane Flat Lookout is getting air from about
160° while Turtleback Dome is getting air from about 130°. On a map, these data translates to roughly
similar regions, west of Fresno. This region has cleaner air, thus the ozone values for the month of
October are significantly lower. Temperatures in October also drop, as reflected in Figure 6. With the
decrease in temperature, ozone levels decrease because the rate of ozone formation is reduced.
5. Conclusions
Data collected during 2011 in Yosemite National Park display a number of spatial trends in ozone
levels. From west to east, there seemed to be a decrease in variation of average ozone levels between

daytime and nighttime which can be explained by NOx titrations. Because the western sites are more
urbanized there are more available fresh NO to initiate the titration, therefore these sites would have
much lower ozone levels at nighttime. More interestingly, the data revealed the unique inverted
diurnal ozone cycles at Crane Flat Lookout. The HYSPLIT model was unable to explain why Crane Flat
Lookout shows such unique behaviors, but analysis of the wind direction patterns of the two sites
provided some insight. Although the wind direction correlates to the inverted diurnal cycle as well as
the shift that occurs in October, it is -- by itself -- not sufficient evidence. These are just preliminary
analysis and assessment based on limited data. Currently, an analogous data set is being collected for
2012. Once the data are processed, the methods of analysis can be replicated using 2012 data. Results
are expected to be very similar.
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