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ABSTRACT 

The primary goal of this study was to verify the influence of stratospheric air to 

Houston’s surface ozone. The stratosphere contains approximately 90% of the 

atmospheric ozone, making it a potent ozone source to the free troposphere. 

Measurements of various chemical species and meteorological parameters were used to 

identify stratospherically enhanced airmasses in the Spring 2012.   Our results showed 

higher 7Be and HgII concentrations at the surface were associated with atmospheric layers 

with high O3, low relative humidity, and enhanced potential vorticity. While irreversible 

mixing is common between the upper troposphere and lower stratosphere in the 

springtime, this analysis determined that a source of strong subsidence is needed in order 

to propagate this mixing down to the surface. For Houston, this means a cold frontal 

passage or a prolonged period of high pressure over the area. In order to see strong 

stratospheric signals, the low pressure system must be strong and pass close to Houston. 

This study shows the stratospherically impacted air is usually not expressed immediately 

at the time of frontal passage, rather the mechanism of descent is associated with 

subsidence of the post-frontal high pressure.  Consequently, high 7Be concentrations are 

associated with surface winds from the south. While this study utilizes 24-hour integrated 

7Be samples, our results show that a 6-hour bulk aerosol samples would still be well 

above the 7Be limit of detection.  Use of 6-hour sampling would allow for better 

resolution of the nature and timing of the downward transport UT/LS air to the surface. 

This study is the first to utilize HgII measurements as a tracer of stratospheric air at the 

surface.  Post-frontal air shows a clear enhancement of HgII for several days suggesting a 

relationship to ozone levels in the surface layer.
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1.0 Introduction 
 

While much of the ozone problem in Houston, TX stems from the large commuter 

population and petrochemical industries surrounding the region, other factors also play a 

role in contributing to surface ozone levels. Since the implementation of the 

Environmental Protection Agency National Ambient Air Quality Standards (EPA 

NAAQS) in 1971, the annual 8-hour maximum ozone concentration for Houston, TX 

has shown an overall decrease due to industry’s reduction of both NOx and volatile 

organic compound (VOC) emissions.  Even with this decrease, Houston still exceeded 

the 75 ppbv ozone standard nearly 50 times in 2011. With reductions in these standards, 

focus is shifting to understanding background ozone. Because of its location at 29°N, 

Houston is in a prime location to receive descending stratospheric air as a result of the 

Hadley circulation, which if able to reach the surface could have important influences on 

surface ozone. 

In her Ph.D. dissertation, Christine Haman noted an interesting phenomenon in 

the seasonal levels of ozone over Houston. While it is generally understood that there is 

a springtime maximum, the “low ozone” spring days exhibit an overall higher amount of 

ozone than do the fall low ozone days (Figure 1). While only ~5 ppbv, this may be 

enough to breach compliance on many post-frontal days due to an increasing 

background ozone concentration (Allen, et al., 2003; Langford et al. 2012; Neuman et 

al. 2012). This finding raises the question, what is the cause of the ozone and from 

where is it coming? 

Williams et al. (2009) noted that background ozone levels often breach the 75 

ppbv limit, especially in the mid-latitudes. If stratosphere-to-troposphere exchange 
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(STE) is a cause of high ozone events, future air quality control policies will need to 

account for STE. Currently, exceedances are determined by a three-year average of the 

fourth highest maximum 8-hour average concentration 

(http://www.gpo.gov/fdsys/pkg/FR-2008-03-27/html/E8-5645.htm). This policy allows 

regions one day of exceedances to account for meteorological and natural occurrences 

(wild fires, planned burns in a region upwind, etc…) factors without penalty. If STE 

events are found to be a large and common phenomenon, these allowances may need 

adjustment. 

Figure 1: From C. Haman’s Ph.D dissertation, “mean…diurnal evolution of ozone for high and 
low ozone days (black and gray) and high and low spring ozone days (dark green and light green) 
using the combined days from 2009 and 2010…measured at the UH Moody Tower.”  
 
While ozone in the stratosphere shields life from harmful UV radiation, high 

levels at the surface are harmful to both plant and animal life (Lin, et al. 2012). Most 

commonly, ozone is related to respiration issues, affecting the young, elderly, or those 

with a predisposition to respiratory problems. The EPA notes that “repeated exposure 

may permanently scar lung tissue” 

(http://www.epa.gov/oar/oaqps/gooduphigh/bad.html). Many studies (Lippmann, 1991 

	  Time (UTC) 
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and Bell et al., 2004) note that chronic exposure to elevated ozone levels cause 

“reductions in lung function and increases in respiratory symptoms, airway reactivity, 

permeability, and inflammation.” A recent study noted a correlation (one in every 

twenty cases) between high ozone exposure and preeclampsia in pregnant women 

(Olsson, Mogren, and Forsberg, 2013). In plants, high ozone reduces crop yield, 

increases susceptibility to diseases, as well as reducing overall growth. The EPA 

estimates that surface ozone causes a nearly $500 million loss due to reduced crop 

production every year in the United States alone 

(http://www.epa.gov/oar/oaqps/gooduphigh/bad.html). 

Health hazards resulting from such events combined with the fact that the EPA is 

considering lowering the NAAQS ozone standard, make it vital that an ozone budget for 

the area be produced. Through measurements of beryllium-7 (7Be), lead-210 (210Pb), 

speciated mercury (Hg0, HgII, HgP), carbon monoxide (CO), and ozone (O3) sampled 

from March 9 – May 29, 2012 at the Moody Tower located on the University of 

Houston main campus, we analyzed specific high ozone events in search of a 

stratospheric signal. 

 Houston’s surface ozone exceedances are well-documented and well-studied 

phenomena (Berkowitz et al. 2004, Banta et al. 2005, Rappenglück et al. 2008, Morris et 

al. 2010, and Ngan and Byun, 2011). However, very little is known about the effects of 

upper tropospheric/ lower stratospheric (UT/LS) circulations on surface ozone levels 

despite decades of research (Lin et al. 2012). Within the stratosphere, ozone production is 

a self-contained system- being destroyed as quickly as it is produced. However, the 

troposphere is much more dynamic and causes ozone to be transported both horizontally 
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and vertically Furthermore, ozone is created in the troposphere by photochemical 

reactions with VOCs and by lightning (Cooper et al. 2006, Thompson et al. 2008). 

Because of this dynamic nature, tracers are necessary to identify the source regions of air 

masses.  

The most commonly used stratospheric tracer is beryllium-7 (7Be) due to its 

limited production in the troposphere and its long half-life of ~53 days (Koch et al. 

1996). Due to its cosmogenic production, mainly through spallation of nitrogen and 

oxygen (Doering dissertation, 2007), a large portion of 7Be is contained in the 

stratosphere, with numbers varying from 66-71% (Allen et al. 2003, Gaffney, Marley, 

Cunningham, Kotamarthi, 2005), leaving the remaining to reside in the top one kilometer 

of the troposphere. Typically, the levels of tropospheric 7Be are determined by the 

amount of moisture in an airmass (Feely, Larsen, and Sanderson, 1989). Tropospheric 

7Be is easily washed out of by wet deposition (Feely, Larsen, and Sanderson, 1989, Koch 

and Mann, 1996) giving it a lifetime of 10-36 days (Benioff, 1956) and preventing it from 

“building up.” However, Koch and Mann, 1996 determined that STE events change the 

tropospheric levels much more drastically than rain, and have attributed these drastic 

changes to “convective subsidence, or the descending limbs of the Hadley cell.” Both of 

these criteria occur over Houston and make it a prime location to measure the surface 

effects of stratospheric air. Levels of 7Be are also influenced by the increase of vertical 

motions (Feely, Larsen, and Sanderson, 1989), such as post-frontal subsidence. 

Data from the South Texas Project (STP) show that there is a distinct seasonality 

of 7Be over Texas. 7Be reaches a peak in the springtime, and a smaller, secondary peak in 

the fall season.  
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Figure 2: South Texas Project 1989-2011 monthly averages of 7Be. 

Continental tracers are much more abundant, and signify different surface 

conditions depending on their concentrations, making differentiation of different source 

regions possible. Lead 210 (210Pb) is a widely used continental tracer, as it originates 

from decaying uranium in the ground (Warneck, 364) and has a half life of 22 years. 

210Pb attaches to atmospheric particles, and thus its removal rate varies with the particles 

deposition rate. Generally, its lifetime ranges from a few days to a week. 

Specific forms of speciated mercury also signify ground sources. For this study, 

elemental mercury (Hg0) is analyzed. Hg0 is released from a variety of sources including 

coal combustion and waste incineration (Radke et al. 2007). Because such facilities can 

be found around Houston, it is expected that these levels may be high. However, a 
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decrease in Hg0 correlated with an increase in reactive mercury (HgII) could be a signal of 

stratospheric air. Talbot et al. (2007) found that extremely low levels of Hg0 

corresponded with high O3 levels during aircraft flights over the western US and Pacific 

Ocean. Radke et al. (2007) attributes this conversion from Hg0 to HgII in the stratosphere 

to the presence of “hydroxyl, halogen, and nitrogen trioxide radicals and to a lesser extent 

by ozone.” While Talbot et al. (2007) saw evidence of this conversion in the upper 

troposphere, it is possible that this signal may be quashed by the large amount of local 

emissions. Because of this carbon monoxide (CO) is also analyzed as a continental tracer. 

While CO is not the most ideal tracer to identify local emissions it was used because it 

have coverage throughout the sampling period. Using all of these tracers, we are able to 

identify the source regions of different airmasses (Table 1). 

Source Region 7Be (fCi/m3) 210Pb (fCi/m3) Hg0 (ng/m3) HgII (pg/m3) CO (ppbv) 

Marine ≤ 150 ≤ 25 ~1.8 ~5 ~100 

Continental 150-200 > 40 ~2 ~30 150-200 

UT/LS > 200 ≤ 30 ~1.8 15-20 ~150 

Local ≤ 150 20-35 > 4 > 30 > 150 

 
Table 1: Expected values for each tracer based on source region (assessed from data taken from Moody 
Tower and STP.)  
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2.0 Methods 
 
2.1 Measured Constituents 
 
2.1.1 Beryllium-7 (7Be) and Lead-210 (210Pb) 
 

Located on the top of the north Moody Tower, a high volume Total Suspended 

Particulate (TSP) Sampler takes ~24 hour samples. The samples are collected on PALL 

8”x 10” (20.3cm x 25.4cm) glass fiber filters. Flow rates for the run duration are 

determined by: 

𝑸𝒔𝒕𝒅 =
𝟏

𝒎 𝑯𝟐𝟎 𝑷𝒂
𝟕𝟔𝟎

𝟐𝟗𝟖
𝑻𝒂 − 𝒃

 

where: Qstd  = actual flow rate as indicated by the calibration orifice, m3/min 
H2O  = orifice manometer reading during calibration, in. H2O 
Ta  = ambient temperature during calibration, K ( K = 273 +  °C) 
298  = standard temperature, a constant that never changes, K 
Pa  = ambient barometric pressure during calibration, mm Hg 
760  = standard barometric pressure, a constant that never changes, mm Hg 
m  = Qstandard slope of orifice calibration relationship 
b  = Qstandard intercept of orifice calibration relationship.  
 

The flow rates averaged 1.660 m3/min, with a standard deviation of 0.036 m3/min 

(highest value: 1.722 m3/min, lowest value: 1.530 m3/min). The samples are collected, 

folded- so as to maintain the integrity of the sample, placed in bags and frozen until 

shipped, approximately every two weeks to University of New Hampshire (UNH) for 

analysis by direct gamma spectrometry. Once at UNH, as in Dibb (1990), each filter is 

pressed into a 4mL polyurethane vial. As the 7Be particles decay to lithium-7, gamma 

radiation is emitted and measured. The analysis process uses “a germanium well detector 

connected to a microprocessor-based multichannel analyzer” (Dibb, 1990). The 

germanium well detector counts the photons and sends this data to the multichannel 
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analyzer. This component then displays the different photopeaks of the charged particles, 

allowing the amounts of 7Be and 210Pb to be calculated.  

These samples were then compared to 7Be samples taken from the South Texas 

Project Nuclear Operating Company (STP), located about 70 miles southwest of 

Houston, for the same time period. It was expected that there may be some issues with 

the flow rates towards the end of the sampling period due to a dying pump motor, but 

upon further comparison, our data showed flow issues for the entire time period. Because 

the TSP was not calibrated during or after the campaign, the corrections “m” and “b” 

values in the above equation were unknown. In order to better align out samples with 

those taken from the STP, a ratio was taken between their observed 7Be samples, and the 

Moody Tower average for the same time period. This ratio served as the new, more 

correct “m” value. The original Moody Tower values were then multiplied by this ratio in 

order to achieve a more proper alignment with those seen from the STP (Figure 3). 

 

Figure 3: Moody Tower averages (red line) compared to South Texas Project weekly samples 
(blue line). Black line shows the daily Moody Tower samples for the sampling period. 
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2.1.2 Mercury 
 

Also located on the top of the north Moody Tower are the elemental mercury 

(Hg0), reactive mercury (HgII), and particulate mercury (HgP) samplers. For this study, 

only Hg0 and HgII were analyzed. Ambient mercury samples are analyzed using a suite of 

TEKRAN instruments: Hg0 is analyzed using Model 2537A & B, HgII using Model 1130, 

and HgP using Model 1135.  The analysis phase begins with the “zero-flush” 

(http://www.tekran.com/files/facts_1135_r102.pdf) in which zero air fills the system to 

be later utilized as a gas carrier for the rest of the analysis procedure. Next, the pyrolyzer 

is heated for subsequent use for conversion of various forms of mercury into the 

elemental phase. The next step is to trap the particulate bound mercury by heating the 

particulate trap, which “desorbs” the HgP. The Model 1135 analyzes particles found on 

this filter. The Model 2573 analyzes all mercury released during this process, as it will be 

in the form of Hg0. Finally, the denuder found in the Model 1130 is heated, which 

releases the HgII which had been previously trapped. The pyrolyzer and particulate traps 

remain heated during this time, allowing the HgII to pass through the entire system 

without loss. 

2.1.3 Ozone 
 

Rounding out the Moody Tower instrumentation is the TECO 49i, which utilizes 

a dual beam UV-photometer to measure surface ozone. Lefer et al. (2010) describes this 

process in more detail. 

Also being utilized to measure ozone are electrochemical cell (ECC) 

ozonesondes, launched from the University of Houston Launch Facility. These sondes are 

launched in conjunction with iMet RSB radiosondes in order to monitor GPS location, as 
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well as meteorological parameters such as temperature, relative humidity, and wind speed 

and direction. With pre- and post-frontal launches, these sondes give a vertical profile of 

the ozone, from the surface to ~30 km. Pre-frontal launches provide a baseline to which 

post-frontal profiles can be compared. The post-frontal launches are meant to track 

potential stratospheric air being brought down as the air subsides on the backside of the 

cold front. 

The ECC ozonesondes work on a basic electron-transfer principle. The sonde is 

composed of two Teflon chambers, an anode and cathode. As in Komhyr (1969), stronger 

(saturated) and weaker (0.5-2%) concentrations of potassium iodide (KI) are placed in 

each chamber, respectively. The chambers are connected by an ion bridge, which 

facilitates the transfer of electrons from one chamber to the other. After the initial prep, 

done 3-7 days before a launch, the solutions have time to reach equilibria (Komhyr, 

1969). 

    3I-ÄI-
3 + 2e- (anode) 

    2I-ÄI2 + 2e- (cathode) 
 
 Ambient air flows into the cathode chamber and the ozone begins to react with the KI 

solution. This causes an electrical imbalance that is resolved by a flow through the ion 

bridge (Komhyr, 1969). 

    2KI + O3 + H2O  2KOH + I2 + O2 
 
In order for the iodide to return to equilibrium, electrons flow across the bridge causing 

the iodide to once again have a negative charge (Komhyr, 1969). 

    3I-  I-
3 + 2e- (anode), 

    I2 + 2e-  2I-(cathode). 
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This transfer of electrons results in an electrical current. This change is proportional to 

the amount of ozone present. The iMet radiosonde sends data back to the launch facility 

once every second, giving a detailed profile of the atmosphere above. The typical rise rate 

for the entire system is ~5 m/s (Morris et al. 2010). 

2.2 Classification of Stratospheric Air 
 
2.2.1 Forecast 
 
 In order to predict the presence of stratospheric air, the near real time (45 minute 

delay) GOES East CONUS Water Vapor Imagery and Hydrometerological Prediction 

Center (HPC) forecast surface maps were utilized to monitor the progression of cold 

fronts to identify the best potential for detecting stratospheric air. The HPC maps (surface 

analyzed, 1-3 day forecast, and 3-7 day forecast) allowed for us to monitor as well as 

prepare for the next cold frontal passage. 

2.2.2 Analysis 
 
 A first step in forecasting STE is assessing the downward movement of the 

tropopause seen in University of Albany’s Dynamic Tropopause maps. These maps show 

the theta at 2 PVU in the atmosphere, low-level relative vorticity (that suggests the 

strength of a passing front), and wind barbs (which assist in the identification of strong 

jets) associated with the passing front. These maps are generated every six hours, which 

allows the evolution of low pressure systems to be seen easily. In conjunction with the 

Albany PV maps, high-resolution PV profiles were created using the National Centers for 

Environmental Prediction (NCEP) reanalysis data (1° x 1° x 18 levels x 6 hours). 

Danielsen (1968), as well as other studies indicate that PV is a useful indicator of STE, 
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especially when coupled with radioactive tracers.  PV vertical and horizontal structures 

are compared with the vertical ozone and RH structures. 

 Post-frontal ozonesonde launches varied in time after the frontal passage. As the 

campaigned progressed, both immediate post-frontal and 2-3 days post-frontal launches 

were conducted in hopes of being able to “trace” the stratospheric air through its descent. 

However, during the initial phases of the campaign, post-frontal launches were only done 

in conjunction with high ozone events. The ozone profiles were analyzed for layers found 

to have the following characteristics: low RH (generally <10%) and an increase in ozone 

mixing ratio (generally >10 ppbv) in respect to the lower layer. However, some layers 

were determined to be of interest with RH >10%, as mixing occurs in the descending 

airmass. The RH for these layers in the PBL should not exceed 40%, as this is the typical 

value seen one day post-frontal for Houston. 

 After identifying the layers of interest, HYSPLIT backwards trajectories were 

created in order to assess the vertical motions of the parcel. Plotting vertical motions 

helps determine whether surface air is being mixed upward or upper tropospheric air is 

being mixed downward. A large number of these cases showed “artificial” descent as the 

air parcels travelled over the Rocky Mountains. In some cases, this descent may be strong 

enough to mix down the upper reaches of the troposphere. If this occurs, the tropopause 

may be pulled down as well, causing intrusions of stratospheric air. If no low pressure 

system is associated with the parcel, it is unlikely that the parcel will continue to descend 

once away from the mountains. 

 The last three analyses the stratospheric potential of a parcel. To further our 

analysis, the beryllium-7 (7Be) and lead-210 (210Pb) samples were analyzed. A high spike 
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in 7Be signifies the presence of stratospherically enhanced air, while a 210Pb spike 

signifies a large contribution from continental sources. An ideal case would consist of 

high 7Be values, with low 210Pb values. However, as winds shift to the north after a 

frontal passage, it is expected that there will be an increase in both values. 

 Finally, elemental and reactive mercury (Hg0 and HgII, respectively) samples were 

analyzed for any visible stratospheric signature. Stratospheric air should cause a spike in 

HgII with a corresponding decrease in Hg0. However, this same situation can occur with a 

large amount of local emissions, as can be seen in the Moody Tower data. To help 

identify local emissions, Moody Tower CO was also examined. When both HgII and CO 

values are high, the source is more likely local. When CO is lower than typical and HgII 

is high, this is an indication of STE. 

2.3 Determining the “Strength” of Cold Fronts 

 For this study, the American Meteorological Society (AMS) Glossary definition 

of a cold front was used to determine whether or not a boundary should be considered a 

cold front. This definition reads “Any nonoccluded front, or portion thereof, that moves 

so that the colder air replaces the warmer air; that is, the leading edge of a relatively 

cold air mass” (http://glossary.ametsoc.org/wiki/Cold_front). Using this definition, a 

strong cold front is one whose temperatures behind the front are much cooler (>10°) than 

the temperatures ahead. Because it is believed that cold fronts are the main mechanism 

for transporting high 7Be to the Houston boundary layer, a method of determining how 

much 7Be a cold front can mix downwards is needed. Figure 4 shows the surface sites 

used to determine the difference in temperature for pre- and post-frontal conditions. If a 
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cold front is “stronger” there should be more subsidence, which will enhance the 

downward motion needed to create stratospheric intrusions yielding higher levels of 7Be. 

Figure 4: Surface map showing the sites used to identify the strength of the front, indicated by the 
stars. The same points were used for each frontal passage. 
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3.0 Results 
 

Figure 5 shows the time series of 7Be and 210Pb for the entire sampling period (82 

days). Dark vertical lines indicate cold frontal passages (C-FROPAs) over Houston, 

though the timing of the passage cannot be seen on this chart. It is clear that both 7Be and 

210Pb levels are highly variable, and are not necessarily anti-correlated with each other 

immediately following a C-FROPA. The STP data show that the average 7Be level for the 

spring is 200 fCi/m3, meaning that the spikes of 7Be seen in Figure 5 clearly indicate that 

some stratospherically enhanced air influences the Houston surface. 

 

Figure 5: 7Be (blue) and 210Pb (green) levels over Moody Tower from 9 March – 29 May 2012. 
Cold frontal passages (C-FROPA) are delineated by the black lines. 

 
Also present on this chart is 210Pb, known for its use as a continental tracer. Both 7Be and 

the amount of 210Pb tend to increase after a C-FROPA. The increase of 210Pb is a result of 

northerly winds, seen on the backside of a cold front, bringing more continentally 

influenced air to Houston. 
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In order to better determine the contribution of local sources to surface ozone, a 

few other constituents were measured. Figure 6 shows HgII levels for the corresponding 

time period, also taken from Moody Tower. It is believed that a stratospheric signature 

should be present in the HgII data, and possibly the Hg0 data. As previously mentioned, 

HgII should increase and Hg0 should decrease in stratospheric air. When plotted with the 

C-FROPAs, it appears that HgII levels seem to increase similarly to ozone and 210Pb in a 

post-frontal regime. This relationship will be further analyzed on a case-to-case basis in 

the next section. However, upon examination, a general trend in the Hg0 data is difficult 

to see and thus this data will not be focused on as much as the HgII data.   

 
Figure 6: HgII (pink) levels from Moody Tower from 10 March – 29 May 2012. As in Figure 5, the 
black lines delineate C-FROPAs. 
 
Using CO helps identify events caused by local emissions (Brioude et al., 2007). 

Figure 7 shows the levels of CO and O3 measured at Moody Tower for the sampling 

period. Some high O3 events seem to be closely correlated with a large CO event, while 

other high spikes in CO are not associated with any high O3 days. The correlated events 
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are most likely occurring during times when Moody Tower was experiencing 

northeasterly winds. Winds from the north/northeast can bring, not only long-range 

pollution, but also a local plume of O3 precursors from the Houston Ship Channel causing 

both CO and O3 values to increase. Conversely, there are a few reasons for the non-

correlated events. One reason may be that the surface winds were too strong to allow the 

ozone to build up in one area. Another explanation is too much cloud cover for large 

amounts of ozone to be created. Similarly, some of the high CO events could have 

occurred overnight- thus still lacking the necessary UV radiation to create ozone. 

 

Figure 7: CO (orange) and O3 (red) levels measured from Moody Tower from 1 March – 31 May. 
 

Because meteorological conditions play such a large role in ozone formation and 

transport, this data also will be analyzed. Figure 8 shows the conditions at Moody Tower 

over the sampling period. Beginning with the top panel, most of the precipitation 

corresponds to a pressure drop, indicative of a C-FROPA about to occur. C-FROPAs can 

also be seen clearly in the temperature and wind direction plots. After many of the frontal 

passages (with a few exceptions due to pre- and post-frontal conditions being mixed) 

wind speeds decrease to ~5 mph. This is ideal for ozone formation, for if the wind speeds 
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get much higher than 8 mph (Lefer et al., 2010), the molecules are scattered and kept 

from building up in one particular area. While the meteorological impacts on O3 and 7Be 

(Feely, Larsen, Sanderson, 1989, Koch and Mann, 1996), are well understood, the 

impacts on 210Pb are not as well understood. To better understand the extent to which 

meteorological factors impact these tracers, a detailed analysis will be discussed in the 

next few sections. 
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Figure 8: Meteorological data taken from Moody Tower for 10 March – 29 May. Top panel shows 
pressure (black) and precipitation (blue). Middle panel shows RH (green) and temperature (red). 
Bottom panel shows wind direction (purple) and wind speed (orange). 
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4.0 Case Studies 

4.1 Case Study 1: 19-29 March, 2012 

4.1.1 Case 1 - Synoptic Conditions 

 A low pressure center, located in the panhandle of Texas, remained relatively 

stationary from 17 March until 19 March when it began to push northeastward towards 

Illinois. The initial cold frontal passage (C-FROPA) occurred over the Houston area at 

18:00Z on 20-March (Figure 9), cooling temperatures from an average of 77.8°F to an 

average of 62°F.  Over the next 24 hours, the three small lows merged to form one. This 

merging over the Texas/Oklahoma border caused southerly winds to prevail over 

Houston even though the C-FROPA had already occurred. A short time later the low split 

into two and continued to move northeast. The low furthest to the south created a 

pressure trough to its southwest, presumably due to the merging and splitting both lows 

had undergone. Once this boundary passed over Houston, north winds began to prevail. It 

is under these post-frontal conditions that Houston tends to experience high ozone events. 

From 23-29 March, high pressure prevailed, and kept wind speeds low and the skies 

clear. 
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Figure 9: 20 March surface map, courtesy of NOAA. C-FROPA has just occurred over Houston 
 

4.1.2 Case 1 - Surface, Ozonesonde, and Radiosonde Data 
 
 Three ozonesonde launches were performed after the secondary boundary 

passage: on 23, 26, and 27 March 2012. The 23 and 26 March were afternoon launches, 

meant to measure the ozone peak, while the 27 March was a morning launch, meant to 

measure the ozone in the residual layer. 

 The ozone profile on 23 March indicates three areas (Figure 10) of potential 

stratospheric influence: from 0-1.5 km, from 2-3.5 km, and from 4-7.5 km. The first layer 

shows dry air at the surface (~20%) increasing with height to 50%. While increasing RH 

through the boundary layer is typical, this layer shows much lower than normal RH 

values even for a post-frontal situation. The ozone also increases, starting from ~60 ppbv 

at the surface and increasing to ~80 ppbv at the top of the boundary layer. These levels of 

surface ozone mixing ratios are typical for a 1-day post-frontal situation. 
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Figure 10: Ozonesonde profile for 23 March 2012 launched from the Houston Launch Facility. 
Layers 1 and 2 not shown. Layer 3 discussed below. Image courtesy of TOPP 
 
The second layer is from 2-3.5 km. Here, the RH drops off rapidly, but only 

through a shallow layer, reaching a minimum of ~10% at its lowest point. In this layer 

ozone peaks near 80 ppbv then drops to ~60 ppbv. Both features suggest mixing of a 

stratospheric parcel with the surrounding troposphere. 

The third layer resides between 4-7.5 km. Overall, this layer is characterized by 

exceedingly dry air, with RH generally <10%. There is a small exception near 9 km. 

Ozone concentration increases to ~70 ppbv and begins to oscillate slightly. These 

oscillations seem to correspond with the shifts in RH, once again suggesting mixing 

between the stratospheric parcel and the surrounding troposphere. While 70 ppbv in the 

free troposphere is pretty common with stratospheric influences (Morris – 2012 TCEQ 

3	  
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report), it does verge on the higher end of the measurements and generally cannot be 

explained by local emissions. 

 
Figure 11: Same as Figure 10, but for 26 March. Layer 1 not shown. Layers 2 and 3 discussed 
below. 

 
The 26 March launch (Figure 11) shows similar layers of interest, indicating that 

the stratospheric parcels have not been thoroughly mixed yet. The first layer is the PBL, 

from the ground up to ~2 km. At the surface, RH has increased from the previous day, to 

a typical post-frontal 45%. The rest of the boundary layer is much more moist, reaching 

near 90% RH. Ozone increases through the PBL, beginning near 74 ppbv and increasing 

to ~90 ppbv. However, an increase in ozone alone is not enough to prove stratospheric 

influence. Other data will be needed to identify the origins of this airmass. 

 The second layer (~2-7 km) shows much more stratospheric potential. At 3 km, 

the RH drops below 10% and remains low until 7 km. This exceedingly dry air and >70 

2	  
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ppbv ozone layer strongly suggests stratospheric influence. It is unlikely that local 

emissions would reach this altitude, as most remain trapped in the (PBL). However, 

mixing can occur making it possible for upwind sites to influence free tropospheric ozone 

levels. Though, it seems unlikely that an upwind source would have a strong enough 

influence to keep this whole layer near 70 ppbv. 

 The third layer, residing near 8.5 km, is closer to the “textbook” signature of 

stratospheric air. There is a ~20 ppbv increase in ozone, accompanied by a 65% drop in 

RH over roughly 1 km.  At this altitude local emissions have no influence because the 

planetary boundary layer (PBL) serves as a boundary helping to inhibit the exchange of 

pollutants from the surface to the free troposphere. Thus, an increase in ozone can be 

attributed to one of two things: transport from an upwind source or vertical transport from 

the stratosphere. Other stratospheric entrainments can be seen as the RH begins to 

decrease again—some with ozone levels reaching >100 ppbv.  

 The third launch on 27 March (Figure 12) was performed in the early morning. 

These launches measure the amount of residual layer ozone from the day before. The 

rapid increase in ozone, jumping from ~10 to 80 ppbv in the first kilometer, indicates a 

large residual pool of ozone. As the day progresses, this layer will get entrained into the 

growing boundary layer, increasing surface ozone. This, mixed with the ground 

emissions for that day, generally causes the second or third day of an event to be even 

higher than the first (Ngan and Byun, 2011). 

The second layer seen in the 26 March flight is still visible in the 27 March flight. 

However, the layer only now extends to 6 km and has a slightly elevated RH. Though, 

this could be due to the launch being performed when RH is at its peak. Ozone levels for 
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this layer remain around 70 ppbv, signifying little change in the composition of the air 

overnight. 

 

 
Figure 12: Same as Figure 10, but for 27 March. Layer 1 not shown. Layers 2 and 3 discussed 
below. Image courtesy of TOPP. 

 
 The third layer from the 26 March flight has become well mixed by 27 March, 

with RH values in the 60% range. Nevertheless, a new area of interest can be seen around 

11.5 km. Here, RH decreases rapidly, and ozone spikes to ~250 ppbv and is clearly 

stratospheric. This drop in RH suggests that this may be the tropopause. With this and the 

thinness of the layer in mind, it is unlikely that it contributed to any later ozone events. 

4.1.3 Case 1 - HYSPLIT Analysis 

 Eighty-four hour backward trajectories were run to better assess the presence of 

stratospherically enhanced air for both the 26 March and 27 March launches. Trajectories 

2	  
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were created for each layer analyzed in the previous section. As well, 168-hour 

trajectories were created to show source regions and the influence of lows on the parcels. 

 From the 26 March ozonesonde sounding, three layers of interest were analyzed: 

from ~0-2 km, ~2.5-8 km, and ~11-12 km. The 168 hour backwards trajectory for the 

boundary layer shows descending air being entrained after the C-FROPA. The affect of 

the low pressure system on the parcels is also apparent. Large descent subsequent to the 

passage is evident from the 1000 m line, dropping from ~3000 m AGL to the ground in a 

matter of ~36 hours. This air remained at the surface until 26 March. 

The trajectories for the 2.5-8 km layer show little vertical motion suggesting only 

low entrainment into the PBL. The 11-12 km trajectory shows good descent on all levels. 

However, at the time of descent, the parcel was located over the mountains, which could 

strongly influence the composition of the parcel. When combined with already low 

pressures due to the cyclone moving through the area, the descent off the mountains may 

enhance the potential for stratospheric intrusions. 

The second ozonesonde launch was at 12Z and shows two layers of interest: the 

first from ~2-6.5 km, and the second at ~11.5 km. Analyzing the 84 hour trajectory for 

the 2-6.5 km layer, we see little vertical change. However some sinking motion can be 

noted for the 4000 m layer, while the 2000 m layer shows ascent. Because this sounding 

was taken right as the sun was rising, vertical motions in the PBL would be inhibited due 

to stable conditions. Vertical motions should become enhanced as the day progresses. 

 

 

 



	  27	  

 

 

 

 
Figure 13: 27 March 2012 HYSPLIT 168 hour backwards trajectory for the boundary layer and 
lower free troposphere over Houston, TX. 

 
The trajectory for the second layer shows ~600 m of descent for all levels just 

before 00Z on 27 March. While this vertical displacement is not enough to prove 

stratospheric origins, it does help to explain the large spike of ozone measured near 11 

km. This layer may only have remnants of a stratospheric intrusion mixed in with it, 

causing the thin, high ozone peak. 
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Another 168-hour backwards trajectory was created for 12Z on 27 March (Figure 

13). Because there was no afternoon launch, this trajectory helps to reveal the progression 

of the airmasses. The descent from the low pressure system can be clearly seen, as well as 

the moderate descent from ~00Z on 27 March. This trend is also seen later in the day 

when looking at both the 500-1500 m and 2000-3000 m layers, signifying entrainment 

into the PBL. 

4.1.4 Case 1 - Potential Vorticity  
 
 Using the University of Albany’s archive, the dynamic tropopause was analyzed. 

These maps show theta (K, in colors, representative of the tropopause height), wind 

direction and speed, as well as low-level relative vorticity (contour lines). For this time 

period, the typical tropopause height for Houston is ~340K. On the day of the C-FROPA, 

20 March, the low-pressure system can be seen moving into the area. Here, theta surfaces 

only reached to ~294K, signifying that the tropopause is significantly lower than normal.  

Figure 14: a.) Albany PV map for 20 March 18Z. Wind barbs are in black, low level relative vorticity is in 
solid black contours, and colors represent theta surfaces (K). b) Same as a, but for 22 March at 12Z. 

 
On 22 March at 06Z (Figure 14a), the lowered tropopause is almost right over 

Houston. The tropopause height has descended to ~330K. Through the next 12 hours, a 

a	   b	  
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small tail of the subsidence flows over Houston, before moving northeastward. The 

movement of the dynamic tropopause closely mimics the trend seen in the 1000 m parcel 

in Figure 10. From this point on, the tropopause remains at a relatively normal height, 

roughly 336K.  

4.1.5 Case 1 - Beryllium-7 and Lead-210 
 
 Prior to the low tropopause height discussed above, the beryllium-7 (7Be) was in a 

relatively normal range, ~200 fCi/m3. However, once the low nears Houston on 21-23 

March, 7Be levels peak around 280 fCi/m3. The highest measurement on 22 March 

(Figure 5) reaches 310 fCi/m3. Throughout the course of the event, 7Be levels remain 

elevated, generally staying around 260 fCi/m3. Since 7Be is mainly in the stratosphere, 

this parcel has been stratospherically enhanced. There is a small increase in 7Be and a 

decrease in 210Pb, just after the main peak in 7Be (~26 March).  

 Unlike 7Be, 210Pb is produced at the surface and is a continental tracer. During the 

peak of 7Be, there is a peak of 210Pb as well. This is due to the northerly flow experienced 

after a C-FROPA. Hence, an increase in continental influences is to be expected. The 

peak of 210Pb does not occur until 28 March, the second day of the four-day event. The 

previous four days show 210Pb levels gradually increasing, signifying a building 

continental influence. Conversely, 7Be signals peak from 21-22 March, and then begin to 

decline. The offsets of the peaks suggest that the stratospherically enhanced air remained 

long enough to influence the first day, 26 March, and possibly the second day, 27 March. 

However, the decrease in the 7Be and increase in 210Pb suggests the third and fourth days, 

28-29 March, should be classified as a photochemical event. 
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4.1.6 Case 1 - Elemental and Reactive Mercury 
 
 In the presence of stratospheric air, there is a distinct drop in elemental mercury 

(Hg0), essentially to zero, with a rapid increase in reactive mercury (HgII) (Talbot et al. 

2007, Radke et al. 2007). 26 March (Figure 6) shows a large spike in HgII with a 

moderate drop of Hg0, which corresponds with the small increase seen in the 7Be data. 

However, a rapid increase in HgII can result from both the presence of stratospheric air 

and a large amount of local emissions (Talbot et al., 2007). A large spike in CO is 

present, indicating the in HgII peak is likely from local emissions. 

The second largest spike in HgII occurred around midnight 24 March, local time, 

and is correlated with a large spike in CO. It is interesting to note that this CO spike was 

much larger than the one on 27 March. This difference seems to be due to a high 

emission from the Ship Channel, based on wind direction. For any of the other increases 

of HgII, it is hard to see a corresponding decrease of Hg0, which suggests local emissions. 

When looking at the overall post-frontal trend, there seems to be gradual increase in HgII. 

This could be due to the slow entrainment of stratospherically enhanced air. 

4.1.7 Case 1 – NCEP PV Profiles 

 Figure 15 shows the vertical PV profiles for 19-23 March. It is clear to see that 

the pre-frontal and days of a C-FROPA show are typically within the average range 

(black line with error bars) for PV over Houston. However, the two days post-frontal 

(after 20 March) show clear indications of stratospheric enhancements. The 21 March 

profile shows this enhancement reaching from ~6-2 km. The previously analyzed 

dynamic tropopause maps consider the tropopause to measure 2 PVU. Thus, stratospheric 

air is indicated by any value higher than 2 PVU. This peak on 21 March reaches 3 PVU 
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suggesting that this is a stratospherically enhanced layer. On 22 March, more 

stratospheric enhancement has occurred. The small increase in PV seen near the surface 

on 23 March indicates downward mixing of the enhancement. The large enhancement 

seen on 22 March at 7.5 km is no longer seen in the 23 March profile. 

Figure 15: NCEP PV profile for 19-23 March. Black line indicates the average of all days during 
the sampling period with one standard deviation. Lines marked with an asterisk indicate frontal 
passages. Lines marked with an ‘X’ indicate secondary boundary passages. 
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4.1.8 Case 1 - Synopsis of 19-29 March Case 
 
 The period of 23-39 March 2012 showed large enhancements of ozone at both the 

surface and throughout the free-troposphere. Surface ozone levels peaked above 80 ppbv 

for four consecutive days. For the first two days, HYSPLIT trajectories show large 

subsidence in the lower layers, and indicate parcel entrainment into the lower levels. 

Dynamic tropopause maps indicate descending tropopause heights strong enough to 

create irreversible UT/LS mixing. 7Be data shows high values, well above average, and a 

slow decrease over the last few days of the high ozone event. 210Pb increases as 7Be 

decreases, indicating a change of source from the upper atmosphere to continental and/or 

local sources. HgII levels mimic the increasing ozone, and suggest largely local 

production. However, the small initial jump may show some stratospheric enhancement. 

4.2 Case Study 2: 18-19 April 2012 

4.2.1 Case 2 - Synoptic Conditions 

 A low pressure system pushing through Tennessee created a draping cold front 

that passed over Houston on 17 April at roughly 06Z. Winds turned easterly before 

becoming stagnant as another low pressure system moved off the Rockies and into 

Oklahoma. By 20 April, another C-FROPA would occur in Houston. Similar to the 

previous case, Houston’s typical post-frontal conditions mixed with pre-frontal 

conditions. 

4.2.2 Case 2 - Surface, Ozonesonde, and Radiosonde Data 
 

On the 18 April launch, there are five layers of interest (Figure 16). In the PBL, 

ozone increases to 74 ppbv with RH increasing with height from 30%. The surface ozone 

only reached ~63 ppbv on this day. The second layer (2.5-4.5 km) RH decreases with 
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ozone levels maintain ~75 ppbv. The third layer is located from 5-9 km. Here, RH levels 

decrease and ozone increases to ~100 ppbv. 

 

 
Figure 16: Same as Figure 10, but for 18 April. Layer 5 not shown. Layers 1, 2, 3, and 4 discussed 
below. Image courtesy of TOPP. 
 
The fourth and fifth layers look almost identical to the third, but with higher 

ozone concentrations. In the 10.5-13 km layer, ozone reaches ~140 ppbv, and in the 13.5-

15 km layer it reaches ~180 ppbv. The proximity of these two layers to one another 

suggests that they may be two intrusions merging as they progress downward. Merging of 

the layers will be addressed in the HYSPLIT model run analysis. 

4.2.3 Case 2 - HYSPLIT Analysis 
 
 The 18 April PBL backwards trajectories show descent in most of the layers, with 

all three wrapping around the passing cyclone. Because the lower two layers originate in 

the Gulf, low 210Pb levels would be expected. Potentially higher 7Be levels may be seen 

1,	  2	  
3	  
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due to recirculation events. At 10-12 km, there is clear evidence of stratospheric origin- 

with sharp descent (~1 km) found in all three layers.  

 On the 19 April, the boundary layer once again shows descending air, though not 

with the same magnitude of the 18 April trajectories. All three parcels were influenced by 

the Rocky Mountains, as were the upper layers of the troposphere. As this air descends 

over the mountains, the downward “pull” intensifies. This, combined with a passing low 

could be enough to enhance a stratospheric intrusion. 

4.2.4 Case 2 - Potential Vorticity 
 
 For the duration of this event, the subtropical jet pushed southward, lowering the 

overall tropopause heights. However, there is little change in heights as the front passes 

Houston. Heights dropped only to 330K towards the end of 19 April, which is due to the 

second low pressure system moving into the area. Nevertheless, this could have 

influenced the surface ozone. From 18-19 April, tropopause heights generally remained 

at 336K. 

4.2.5 Case 2 - Beryllium-7 and Lead-210 
 

On 18 April, 7Be reached ~264 fCi/m3, suggesting relatively small stratospheric 

influence. However, on 19 April, there is a large spike in 7Be. Here levels reach ~323 

fCi/m3, much higher than the 200 fCi/m3 average.   

 For these two days, 210Pb levels remain moderate with 18 April reaching ~22 

fCi/m3 and 19 April reaching ~23 fCi/m3. Because this change is much smaller than the 

change in 7Be, it seems reasonable to suggest that the ozone seen at the surface on 19 

April was of continental origins. 
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4.2.6 Case 2 - Elemental and Reactive Mercury 
 
 No significant spike or drops were seen in either Hg0 or HgII for this time period. 

However, the general increase in HgII levels is still present after the front passes. 

4.2.7 Case 2 – NCEP PV Profile 

 Figure 17: Same as in Figure 15 but for 15-19 April. 

The 15-19 April PV profiles show the largest enhancements occurring on the 

same day as the FROPA. One-day post-frontal shows that there are decent enhancements 

(~1 PVU) reaching to the surface. By two days post-frontal, the PV enhancements are 
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decreasing at the surface, suggesting that the stratospheric influence at the surface is 

decreasing. 

4.2.8 Case 2 - Synopsis of 18-19 April Case 

 This case showed little ozone enhancements at the surface with both pre and post-

frontal ozone maximums reaching ~60 ppbv. However, large enhancements were seen 

aloft. The ozonesonde launches indicate the presence of stratospheric intrusions in the 

mid and upper troposphere. For 18 April, the low level trajectories show a good amount 

(~1 km) of descent for most layers, with parcels originating from both the continent and 

marine airmasses. This suggests that descent is mainly due to the passage of the C-

FROPA rather than the topography. Over the two days, the average tropopause heights 

were lower than normal, due to the subtropical jet pushing further south. Heights 

generally remained around 336K, dropping to 330K for a short period on 19 April. 7Be 

levels increased greatly on 19 April, reaching ~323 fCi/m3, which suggests entrainment 

of stratospherically enhanced air. This is strengthened by the relatively small increase in 

210Pb over the same time period. 

4.3 Case Study 3: 14-18 May 2012 

4.3.1 Case 3 - Synoptic Conditions 

 Two low pressure systems moving off Mexico merged over Houston on 12 May 

2012. While over Houston, a stationary front formed. This strengthened into a cold front 

as the low moved off into the Gulf. The next eight days were characterized by high 

pressure. Winds remained stagnant until 18 May when the prevailing southerlies took 

over. 
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4.3.2 Case 3 - Surface, Ozonesonde, and Radiosonde Data 
 

Four ozonesonde launches were performed on 14, 16, 17, and 18 May. The first 

two profiles show something not seen before in other cases- a large stratospheric 

intrusion reaching down to 10 km with ozone mixing ratios >300 ppbv! While the 

tropopause height remains near 17 km, this large enhancement indicates high UT/LS 

vertical mixing rates between the troposphere and stratosphere. 14 May (Figure 18) 

shows another peak around 8.5 km with RH reaching 10% and ozone increasing from 

~90 ppbv to ~110 ppbv. As well, ozone values in the free troposphere are higher than 

normal (from 70-90 ppbv). However, the moist conditions at these levels do not indicate 

a fresh intrusion of stratospheric air. 

 
Figure 18: Same as Figure 10, but for 14 May. Layers 1 and 2 discussed above. Image courtesy of 
TOPP. 
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Figure 19: Top image. Same as Figure 10, but for 16 May. Layer 1 discussed above. Image 
courtesy of TOPP. 
Figure 20: Bottom image. Same as Figure 10, but for 17 May. Layers 1, 2, and 3 discussed below. 
Image courtesy of TOPP. 
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By 16 May (Figure 19), the second layer has become mixed with the surrounding 

air indicated by increasing RH values. However, ozone values remain around 90 ppbv. 

The last two launch profiles look vastly different than the first.  

The 17 May (Figure 20) profile shows dry air at the surface- RH about 25%, and 

increasing to ~80% by 2.5 km. Surface ozone levels begin around 90 ppbv at the surface 

and increase to ~110 ppbv from 0.5 km until ~2 km.  From this point upwards, the profile 

indicate some mixing with RH values maintaining 10-15% and ozone oscillating around 

80 ppbv. Above 12 km, the remnants of the large stratospheric intrusion are still visible, 

though the amount of ozone has now decreased to ~200 ppbv.  

Figure 21: Same as Figure 10, but for 18 May. Layers 1 and 2 discussed below. Image courtesy of 
TOPP. 
 
The 18 May profile (Figure 21) looks similar to the previous day, however it is 

apparent that the amount of stratospheric influence has decreased, likely due to dispersion 

of particles. Surface ozone now only reaches ~70 ppbv while RH remains at <10% above 
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the PBL. At 7 km ozone increases from 40 ppbv to 100 ppbv. Ozone continues to stair-

step up in mixing ratio showing three well-defined, individual stratospheric intrusions. 

These three intrusions are potential indicators of how mixing affects a stratospheric 

airmass over time. 

4.3.3 Case 3 - HYSPLIT Analysis 
 
 Backwards trajectory 84-hour analysis for 14 May shows descent in the lower 

PBL, but the lifted layer remains relatively unchanged, showing only very mild descent. 

However, at the time of launch, all layers in the PBL show rising air. The first layer’s (~9 

km) backwards trajectories show previous large descent (~1 km over ~12 hours) 

corresponding with the drop in RH and increase in ozone. The next layer is a 

stratospheric intrusion at ~12 km and reaching up to ~15 km where minor oscillations are 

encountered before finally reaching the stratosphere. Backwards trajectories show 

descent similar to that seen in the 9-10 km layer, approximately 1 km over 12 hours. 

 16 May trajectories for the boundary layer show descent in all the layers, though 

to differing extents. The lifted layer shows more stability with the largest ascent seen in 

the 3000 m layer with only minor downward motion indicated by the other two layers. 

The ozonesonde profile for this day showed the large stratospheric intrusion had 

intensified, making it seem as though the tropopause had been pushed down to 10 km. 

However, the tropopause remained at its typical height of ~16 km meaning the intrusion 

was 5 km thick. The new 9-10 km layer was analyzed to see whether the apparent mixing 

had come from below or above. Both the ozonesonde profiles and the backwards 

trajectories indicate that the mixing was from the free troposphere into the bottom of the 

intrusion. 
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 The 17 May flight boundary layer shows two of the three parcels residing on the 

ground, essentially from 14-17 May. The lifted layer shows overall ascent for the last 84 

hours, with a short period of slight descent on 16 May. A large decrease in RH and ozone 

is visible at 3 km on the ozone profile. For a stratospheric signature, ozone should 

increase when RH decreases. However, the high levels of ozone in the boundary layer 

may cause the second ozone layer to seem less impressive. This second layer remains 

relatively constant up to 9 km, indicating stratospheric enhancement. From 3-4 km, there 

is some descent from ~14 May until ~6Z on 15 May. After this point, the layers level off. 

This agrees with the idea that a portion of stratospheric air was mixed downward, causing 

the decrease in the RH. Above this, the strong stratospheric intrusion weakens and seems 

to have become more mixed. A backwards trajectory of the 12-14 km layer shows 

descent beginning on 16 May and continuing until ~6Z on 17 May. After this, only ascent 

occurs. 

 The boundary layer backwards trajectories for 18 May closely resemble those 

from the 17 May. Little vertical motion has occurred since 00Z 18 May both in the PBL 

and free troposphere layers. However, this ozone profile shows three very strong 

stratospheric intrusions. The first backward trajectory, from 10-11 km, shows constant 

descent from 17 May until launch time, with most layers descending >1 km in a little 

over one day. The 13-14 km layer shows rapid descent from ~18Z 17 May until ~3Z 18 

May, dropping most layers about 1 km, though only for a short time. The 15-16 km layer 

shows a similar trend. It begins with good descent as seen in the 10-11 km layer, however 

begins to rise on 18 May. It is possible that, because the airmass moved over the Rocky 

Mountains, the stratospheric intrusions were enhanced. 
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4.3.4 Case 3 - Potential Vorticity 
 
 Moderate tropopause lowering occurs as the lows merge and move off into the 

Gulf. Heights are lowered only slightly at first, from ~348K to ~336K. PV data is missing 

for most of 13 May, though at 18Z the heights show little change from 336K. Heights 

begin to vary slightly on 14 May, but generally remain around this level. Late on 15 May, 

there is another area of lower tropopause heights (330K). Tropopause height remains 

over Houston until 6Z on 17 May, when heights begin rebound. For a brief time on 18 

May, heights lower back to 330K, but are quickly replaced with >372K heights. This 

brief lowering may be the cause of the multiple intrusions seen in the ozonesonde profile. 

4.3.5 Case 3 - Beryllium-7 and Lead-210 
 
 At the time of the C-FROPA, 7Be is low and drops to 150 fCi/m3. However, in the 

following days, there is an increase to ~250 fCi/m3. 7Be drops off after 15 May, 

suggesting that the last few days of this event are mostly due to local emissions. 

 210Pb also shows a large increase through the same time series as 7Be, but 

continues to rise after 15 May. This large increase indicates that only the first few days of 

the event were stratospherically enhanced. By the 18 May, 210Pb has reached its highest 

point of the sampling period, reaching up to ~50 fCi/m3, confirming that these days were 

influenced more greatly by local emissions. 

4.3.6 Case 3 - Elemental and Reactive Mercury 
 
 Through this time period, there are a few small peaks of HgII, but nothing that 

would signify stratospheric air. A small increase is seen HgII after the C-FROPA, but the 

largest peak only reaches ~20 pg/m3. This is larger than the normal background (~10 

pg/m3), but is not overly impressive. Most of the peaks seen in these few days coincide 
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with peaks in CO as well as a large spike in Hg0 from 16-17 May, further indicating local 

emissions. While no singular peak shows stratospheric air, the general increasing trend 

after a C-FROPA is present. These samples point to a large influence from local 

emissions as the cause of the high ozone. 

4.3.7 Case 3 – NCEP PV Profile 
 
 Figure 22 shows an interesting feature not seen in any of the other cases. Here, the 

highest PV enhancement is seen one day before the frontal passage. This could be due to 

the front moving into Houston over night on 11 May and not moving through until 18Z 

on 12 May. On 12 May (C-FROPA) PV levels throughout the troposphere are within the 

normal range. Small enhancements can be seen on the post-frontal days as well, though 

they only reach ~1 PVU. Even though this is small, it is still indicative of some 

stratospheric contribution. 
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 Figure 22: Same as Figure 15, but for 10-14 May. 
 
4.3.8 Case 3 - Synopsis of 14-18 May Case 
 
 Two low pressure systems moving off Mexico merged over the Houston area, 

allowing for the tropopause to be lowered moderately. For the following eight days, high 

pressure reigned giving Houston a pristine post-frontal regime. Surface/boundary layer 

ozone mixing ratios reached ~100 ppbv on 17 May, with 7Be only increasing until 15 

May. 210Pb levels continued to increase steadily through the entire time period, signifying 

continental and local emissions. Little change was seen in HgII, but spikes in CO and Hg0 

are present. Ozonesonde profiles indicate the mid- and upper regions of the troposphere 
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were influenced by stratospheric air, but there is little proof of any reaching the ground 

after 14 May. Because the highest ozone didn’t occur until 17-18 May, it seems that this 

event was more likely due to ground sources. 
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5.0 Discussion 

5.1 7Be and 210Pb Sample Results 

 To reiterate, for an ideal frontal passage with a stratospheric air parcel reaching 

the sampling site, we would expect an increase of 7Be with a corresponding decrease in 

210Pb. However, due to the mixing this parcel would experience and the prolonged 

continental flow, it is expected that both 7Be and 210Pb should increase. Over time, with 

the prolonged northerly flow, 210Pb should continue to increase as more continental air is 

brought to the region. In an attempt to classify stratospheric air Figure 5 data are analyzed 

for two conditions: 1.) A primary increase in 7Be with low 210Pb, 2.) A gradual decrease 

of 7Be with a corresponding increase of 210Pb. Four of the C-FROPAs show an immediate 

increase of 7Be. However, only one (17 April) shows a corresponding decrease of 210Pb. 

The remaining five C-FROPAs show a decrease in 7Be, however the magnitude of the 

decrease varies greatly. A ratio of 7Be to 210Pb was calculated, however the results were 

inconclusive, due to unknown background levels of 210Pb. Without this number, the ratio 

of increase between the two radionuclides cannot accurately be applied as a useful 

indication of stratospheric or continental air. To better understand the causes behind these 

fluctuations, and those not associated with any frontal activity, multiple variables were 

examined. 

5.1.1 Characteristics of FROPAs and Accompanying Lows 
 
 In order to create a stratospheric intrusion strong enough to reach the ground, a 

correspondingly strong jet is needed. In order to quantify the jets, the “strength” of each 

front was determined by averaging the temperatures from three sites ahead and three sites 
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behind the front as it passed over Houston. Figure 4 shows the sites chosen for this 

analysis.  

While this seemed a good proxy to determine the presence of stratospheric 

influence, the small number of frontal passages made it difficult to see any correlation. 

Three rapid C-FROPA caused a situation where post-frontal environments mixed with 

pre-frontal environments. This seems to have inhibited any stratospheric air from 

reaching the ground after the first day post-frontal. 

Because of the large spread of values, the strength of the front not of much help. 

Focus turned towards other factors that could assist in stratosphere/troposphere exchange.  

From the surface maps in the case studies, Houston’s proximity to low pressure center 

was determined. Hypothetically, the closer Houston is to the center of the low, the greater 

the chance for a stratospheric intrusion to be present because of the lower tropopause 

heights. High spikes in 7Be are generally correlated with a low passing close (within 

~600 km) of the Houston area. However, because of the small number of samples, this 

statement needs further study. 

 Nieto et al. (2005) used equivalent thickness to help determine the presence of 

cutoff lows, which are commonly accompanied by stratospheric intrusions. Because the 

equivalent thickness is lower just behind the central point of the low, it stands to reason 

that there would be more forced descent in this region. This increases the likelihood of 

7Be exchange between the stratosphere and the troposphere. This is further indicated by 

the PV and dynamic tropopause height maps. This suggests a second prognostic variable 

for potential stratospheric influence. However, the small number of samples makes any 

definitive answers impossible. These findings should be further analyzed. 
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 Rain events were also analyzed due to the fact that both 7Be and 210Pb succumb to 

wet deposition rather easily. Rain is often found ahead of a C-FROPA, and can be seen in 

Figure 5 as a drop in both tracers usually 1-2 days pre-frontal. Rain events measured at 

Moody Tower explained some of the variations, but not all. After looking at other HNET 

sites (Figure 23), it seems that 7Be levels seen at Moody Tower were sensitive to any 

rainfall within the Houston area. While some dips still remain unexplained, many of the 

largest decreases are explained by the presence of rainfall.  

Figure 23: Rainfall events from all five HNET sites (thin colored lines) overlaid with 7Be 
measurements (thick blue line).  

 
In comparing the STP and Moody Tower samples, the averages generally correspond 

well with each other (R2 = 0.821). Discrepancies may be due to the timing of the C-

FROPAs, as well as the amount of FROPAs occurring during one sampling period. 

Another source of discrepancy may be the location of the STP site, which is not in 

Houston. While weekly samples are adequate to find long-term trends (Figure 24), it is 
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easy to see why daily samples are necessary for proper identification of stratospheric 

contributions in particular ozone events. 

 
Figure 24: Decadal averages of 7Be based on STP data. Moody Tower data is also show to see 
how well the two datasets agree. 

 
In Figure 24, the decadal averages correlated well, with only minor fluctuations, 

generally within on standard deviation of each other. The most important trend in this 

figure is that the distinct maximum in the spring months. When compared to 2012, it is 

clear that this year is highly anomalous to the averages. This suggests that 2012 was a 

good year to sample 7Be events because of the high values both sites measured.  

5.2 Source Regions of 7Be and 210Pb 
 
 Since the highest levels of 7Be should be seen after a C-FROPA they should also 

be associated with northerly winds. Backwards trajectories for these times should show 

descent, for a northerly wind with little or no descent would be more indicative of an 

increase in 210Pb. When 7Be and 210Pb levels were initially plotted on a wind rose, only 

the average daily wind was used. The 1-day source regions, found by utilizing the 

HYSPLIT model, colored the points. The data show the highest 7Be levels were 
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associated with southerly winds originating in the Gulf. However, it seemed implausible 

that marine air should be responsible for high values of both tracers. Later it was 

determined that since ozonesonde and PV profiles show stratospheric air taking multiple 

days to descend, indicating that using the 24-hour source regions with average daily wind 

direction may not be an accurate method. 24, 72, and 120 hour backwards trajectories 

showing 500, 1000, 1500 m layers were created. Source regions for every 6 hours of the 

sampling period were recorded. If a parcel originated from 2000 m AGL or above, the 

source region was marked as descending for that time. The new source regions whose 

parcels showed descent were plotted on a wind rose. The results showed better agreement 

with the idea that high 7Be levels are associated with regions north of Houston. 

 For most of the 24-hour trajectories, little vertical motion can be seen for the 500 

m level. The influence of descent is much stronger in the 1000 and 1500 m levels, with 

the 1500 m level showing the largest number of descending parcels. While most data 

points are focused in the northeast and southerly quadrants, a large majority of the source 

regions are located in the southwestern US and into Mexico. 23 of the 40 parcels showing 

descent have a source region in the southwestern US or Mexico (Figure 25). 15 of the 40 

show a source region coming from the Gulf of Mexico. Of the five high 7Be events (≥ 

300 fCi/m3) shown here, only one is associated with Gulf air.  Those coming from the 

continent may show enhanced descent due to the influence of the Rocky Mountains. 

The 72-hour backwards trajectories are a bit more difficult to assess, as a larger 

number of parcels show descent. Consistent with the previous trajectories, the largest 

number of descending parcels is associated with the 1500 m layer. At 72 hours, a higher 

number of source regions are represented. Here, eleven high 7Be events are found, six of 
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which have their source regions in either the southeastern or southwestern US. Two 

originate from the Pacific, and the final three begin in the Gulf or Atlantic. The wind rose 

shows the influence of marine air on 7Be levels. Gulf/Atlantic air (source region 1 and 2) 

corresponds with very low 7Be levels.  

Figure 25: Source Regions with associated wind rose colors. 
 
Finally, the 120-hour wind roses (Figure 32) shows ten high 7Be events (≥300 

fCi/m3) with large continental influences. Five originate in the Pacific Ocean, three in 

Canada, and two in the northwest U.S. Marine air is seen in this plot as well, though two 

points show 7Be levels >175 fCi/m3. Data points previously marked as high 7Be events 

with the Gulf as their source region now show a Pacific origin, indicative of flow around 

a high pressure system. Several of the backwards trajectories confirm this flow. These 

parcels will be influenced by the Rocky Mountains, which aid descent and may increase 

the stratospheric influence. 
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Figure 26: HYSPLIT 120-hour backward trajectory wind rose, colored by source region. Winds 
measured every 6 hours. The points shown indicate a starting height of 2000 m AGL or above. 

 
5.3 Correlations Between 7Be and 210Pb with Other Constituents 

5.3.1 CO and Ozone 

Even though the variations in 7Be and 210Pb levels have been better described, a 

larger question remains—how much ozone can be attributed to a specific level of 7Be? In 

order to answer this question, the timing of the ozone peak after a high 7Be event must be 

quantified. The maximum amount of ozone (Figure 27) is generally seen ~2 days after a 

high 7Be event. The large exception to this observation occurs around 27 April. During 

this time, a cold front dissipated north of Houston, allowing for the high pressure regime 

to remain in place. This peak in 7Be seems to be a result of both large-scale subsidence 

and horizontal transport from areas behind the front; though little change in tropopause 

height can be seen from the Albany plots. The front may have gotten close enough for 

_	  
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stratospheric air to influence the upper levels, then mix down to the surface. It is most 

likely that an ozone event did not occur because Houston still remained under a marine 

air regime with winds too strong for ozone formation over the city.  

 
Figure 27: Daily maximum ozone plotted with corresponding daily 7Be measurements 

 
 However, not all of Houston’s ozone can be attributed to transport. The Houston 

Ship Channel, just to the east of Moody Tower produces a large amount of ozone 

precursors. In the future, upwind and downwind ozone monitor analysis would be useful 

in quantifying the effect of the Ship Channel. To better see the effect of local sources, O3 

was compared with CO and colored by both 7Be and 210Pb (Figure 28a and 28b, 

respectively).  Figure 28a clearly shows marine air, with low levels of ozone, CO, and 

7Be levels (≤ 150 fCi/m3). The same can be seen on Figure 28b and indicates low levels 

of continental contamination because of the low 210Pb levels. 

 Figure 28a also shows the highest 7Be measurements are associated with a CO 

value of ~150-170 ppbv and an ozone value of ~50 ppbv. This indicates that 

stratospherically influenced air will not cause a rapid increase of ozone, but rather 
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increases the background ozone amounts making it more likely that the following day(s) 

experience a high ozone event. This is due to the entrainment of the residual layer and 

free troposphere as the PBL grows. In her Ph.D. dissertation, Christine Haman found that 

the entrainment rate of ozone varied between 5.0-6.1 ppbv/hour, depending on the height 

of the boundary layer.  

However, there are three points that lie outside of this trend, and show both high 

7Be and CO values. These points occur during the March case study and are 

measurements from right after the C-FROPA. The high CO values are due to only a few 

high peaks created by rush hour traffic. One point is also due to a point source in the Ship 

Channel. Were it not for these few CO peaks, the values would fall within the 150-170 

ppbv CO value. 

The timing of the FROPA is key as well. If a FROPA were to occur overnight, the 

ozone may not increase as much due to the lack of UV radiation, but rather would 

increase because of the stratospheric component. During this campaign, most of the 

frontal passages occurred during the day, generally during the mid-afternoon hours. 

Figure 34b, shows that the highest 210Pb levels correspond with approximately the same 

CO values as seen in high 7Be events, but have higher ozone values. This suggests that 

photochemical production of ozone has a larger influence on ozone levels than does the 

stratosphere. 

7Be and O3 correlation plots only show an R2 value of 0.151. This is consistent 

with other findings (Gaffney, Marley, Cunningham, Kotamarthi, 2005, Thompson et. al, 

2008) though, it does tend on the lower side of those found in Cooper et. al, 2006.  O3 

and 210Pb, have a higher correlation coefficient, though it is only 0.268. Because more 
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ozone precursors are found closer to the surface, this value is expected to be higher. Both 

plots show the marine air signature indicated by low values of ozone, CO, and each 

tracer. 

 

    
Figure 28: a.) Maximum daily ozone with corresponding 7Be measurements.  b.) Same as a, but 
with 210Pb measurements. 
 

5.3.2 Speciated Mercury (Hg0 and HgII) 
 
 As previously mentioned, Talbot et. al (2007) found a stratospheric signature in 

his speciated mercury data. Stratospheric air is characterized by high values of HgII and 

near zero values of Hg0. When looking at Figure 5, three points stand out as having the 

greatest stratospheric potential: 27 March, 21 April, and 22 May. All of these events have 

HgII levels higher than 80 pg/m3 (>100 pg/m3 in the case of 27 March). Only small peaks 

a.)	  

b.)	  
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of CO are associated with each of these events, suggesting limited interference from local 

sources. Little correlation between decreasing Hg0 and increasing HgII can be seen. 

Normally, in the presence of stratospheric air, this correlation suggests that Hg0 is being 

oxidized into HgII (Radke et al. 2007). However, because of the large amount of local 

sources, little changes in Hg0 levels can be seen. The peak on the 27 March corresponds 

to decreasing 7Be levels, and is seen well after the peak ozone event. Similarly, the 21 

April peak also corresponds to decreasing 7Be. However, the next day 7Be increases by 

~100 fCi/m3. This increase makes it more likely that the peak of HgII is associated with 

stratospherically enhanced air. The discontinuity between the HgII and 7Be could be due 

to the timing of the 7Be samples.  

Figure 29: 7Be (blue), O3 (red), HgII (pink) indicating growth of both particles after a frontal 
passage. Fronts are indicated by black lines. 
 
Likewise, the 22 May event is also on the descending side of a 7Be peak. When 

looking at the whole event, rather than individual peaks, these three FROPAs show a lag 

between the 7Be data and the mercury data (Figure 29). After each C-FROPA, the HgII 
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levels begin to increase similarly to the increasing ozone. However, a small increase can 

be seen corresponding to the initial 7Be peak. This is most likely the stratospheric 

signature, leaving the continual growth mimicking ozone to be due to local sources. 

5.4 Ozonesonde Profile Trends 
 
 Although these data have shown that not all ozone events are stratospheric in 

nature, the ozonesonde profiles from the 2012 spring season show a consistent upper 

troposphere structure, resembling a stratospheric intrusion. 9 out of 10 post-frontal 

sondes launched during the campaign show this structure, suggesting that a cold front is 

sufficient enough to create a tropopause fold over Houston. As previously mentioned, the 

proximity to the low and the strength of the low seem to influence whether or not the 

stratospherically enhanced air is seen at the surface. Pre-frontal launches also showed 

UT/LS mixing as well. However, the intrusions were much smaller, both in depth and in 

ozone concentration. Figure 21, while not a typical profile seen over the campaign period, 

exemplifies the changes in stratospheric intrusions as they descend through the 

atmosphere. Interestingly, this profile was taken six days post-frontal. This means that it 

is more greatly influenced by high pressure than by a C-FROPA. Most profiles show only 

one intrusion at the edge of the tropopause, though a few spikes can be seen in the mid-

troposphere. This is the only profile that shows three intrusions and gives a glimpse as to 

how much mixing a parcel may experience as it moves downwards towards the surface. 

5.5 NCEP PV Profiles 
 

For each day of the sampling period, NCEP PV profiles were created. Using these 

vertical profiles, the potential for stratospheric contribution to specific ozone events can 

be further determined. For these charts, at least one prefrontal day, the day of the frontal 
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passage, and the rest of the event (generally three days) were plotted. Two plots stood out 

amongst the rest, for their obvious indication of stratospherically enhanced air reaching to 

the boundary layer. Figure 30 shows these two profiles. Figure 30a represents the first, 

and best case of the sampling period (23-29 March). The frontal passage, noted by the 

starred line, occurred on 20 March. The two days immediately post-frontal show obvious 

stratospheric layers (PVU > 2). As well, the increasing PVU in the very lower layers of 

the atmosphere on the following days suggests entrainment into the boundary layer. 

Figure 30b shows the same plot, but for the 17 April case study. The frontal passage on 

17 April has a very strong stratospheric layer, seen at 4 km, that slowly propagates 

downward. The following day, PV in the boundary layer has been greatly enhanced, once 

again suggesting entrainment. 
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Figure 30: a) NCEP PV vertical profile for 19-23 March. Line with stars indicates a frontal 
passage, and lines with X indicate a secondary boundary passage. Black profile shows average PV 
profile for 1 March – 31 May with 1 standard deviation. b.) Same as in a, but for 15-19 April. 
 
The question now is the cause of the differences between the two cases. 

Stratospheric intrustions are most commonly associated with cutoff lows. While neither 

low was a textbook example of a cutoff, the March case showed a more similar structure 

to one. Because the lowering of the tropopause formed a “cutoff,” and remained 

relatively close to Houston through 21-23 March there was more time for a stronger 

intrusion to form. This explains why the stratospheric signal is so readily seen in the 

profile over mutiple days. The April case did not form a “cutoff” in the PV maps, nor did 

the lowering remain over the Houston area for long. The cold front was strong, and 

brought with it a strong stratospheric PV signal. Due to the quick moving nature of the 

a	   b	  
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system, as well as the pre- and post-frontal regime mixing that began, most of the 

stratospheric signal disappears. 

These PV profiles were then compared to the ozonesonde profile. Looking at the 

March case first, little correlation can be seen on the 23 March flight. The PV profiles 

indicate a small enhancement near the surface that corresponds to the bottom portion of 

the ozone profile. However, when looking at the 18 April profiles, a much stronger 

correlation is seen. Most of the large ozone peaks align nicely with the peaks in the PV 

data. Correlation for the 14 May is also strong, though the only large ozone peak seen on 

this day is in the upper atmosphere. Based on these cases, it seems that, in post-frontal 

conditions, when there is a high peak of ozone (~90 ppbv) it can usually be seen on the 

PV profiles as an enhancement. 

5.6 Springtime Background Ozone 
 
 Christine Haman noted in her dissertation (Figure 1) that background levels of 

springtime low ozone days is typically around 35 ppbv, while typical fall low ozone days 

see levels around 30 ppbv. Our 7Be and HgII measurements suggest that this difference is 

remnant of stratospherically enhanced airmasses. However, a similar study performed in 

the fall would be needed to further substantiate this finding. Because a stratospheric 

parcel undergoes mixing during its descent, a large increase in ozone is not seen at the 

surface. Rather, the background ozone values increase giving the following days a better 

chance of breaching compliance because there is a higher amount of ozone. 
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6.0 Conclusions 
 
 This campaign set out to verify the influence of stratospheric ozone at the surface 

in Houston, TX. Through ozonesonde data, daily measurements of 7Be and 210Pb, and 

high-resolution 30-minute HgII data, it has been shown that stratospherically enhanced air 

can, and does reach the surface with some regularity. These events are generally seen 

after the passage of a cold front, but can also be seen under a high-pressure regime not 

associated with post-frontal conditions as well.  

This study also sought to better understand the most ideal conditions for 

stratospherically enhanced air to be present. Data show that the best prognostic variables 

are the strength of the low and Houston’s proximity to the low. However, the presence of 

rain associated with the lows can cause large variations in the 7Be measured at the 

surface. Therefore, rapid frontal passages may skew the 7Be data, making the measured 

levels much lower than what was actually contained in the parcel. 

 Because a large amount of the stratospheric ozone is mixed into the free 

troposphere, the influence of stratospheric ozone at the surface is moderated. However, 

what is consistently observed post frontal is a dry layer with higher than average ozone 

from approximately 2-5 km.  This diluted, stratospherically influenced air becomes 

entrained into the boundary layer, effectively raising the “background” ozone 

concentration.  Overall, the stratospheric air entrained by the C-FROPAs is increasing 

background ozone at the surface approximately 5 ppbv (Haman et al., 2011).  

 When tracing the parcels from the boundary layer to their source region, the 24-

hour trajectories were generally not representative of the northerly locations expected for 

a post-frontal regime. However, tracing the parcels 72 and 120 hours back show that 
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indeed these air masses had originated north of Houston. It is likely that the 24 hour 

trajectories were showing the influence of the Gulf /sea breeze as well as the influence of 

the flow around the post-frontal high pressure system, thus making it seem as though the 

high 7Be and 210Pb levels were associated with marine air. This explains why both 210Pb 

and 7Be are enhanced at surface in post-frontal conditions. These enhancements are best 

seen in the PV profiles, which indicate the “z component” of the stratospheric parcel, 

whereas the HYSPLIT trajectories only seem to indicate the “x and y components.” 

 In comparing the data taken from the Moody Tower site to that from the South 

Texas Project, it was found that the two averages corresponded very well together, with 

only a few variations. However, in order to better approximate the stratospheric 

contribution to surface ozone, higher temporal resolution samples are needed.  Our data 

show that 6-hour samples would still be clearly above the 7Be limit of detection. Weekly 

samples wash out the highest and lowest periods, making it difficult to determine which 

days are most likely to show this influence. 

 In analyzing the speciated mercury data, it difficult to see any changes in Hg0, 

probably due to the high number of local sources. However, there does seem to be a 

consistent signal of higher levels of HgII, potential from stratospheric air, during post-

frontal conditions.  
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7.0 Future Work 

 In the future, more daily, 7Be and 210Pb measurements need to be taken. The STP 

has a record of weekly averages. However, to increase our understanding of which high 

ozone/exceedances days have a stratospheric contribution, higher resolution samples 

must be taken. Our samples indicate that 6-hour measurements would still be above the 

level of detection. As well, ozonesonde launches at least once daily for three or four days 

post-frontal to track the intrusion’s vertical motions through the atmosphere are a 

necessity. Finally, this experiment should be done over multiple seasons. While 7Be 

levels indicate spring is the season that Houston is most likely to experience high 7Be, a 

complete look at the entire ozone season may produce better results and allow more 

concrete trends to be established. 

 The post-frontal trend seen in the HgII data needs to be analyzed over a longer 

time period. It is possible that this trend could occur over all seasons that experience C-

FROPAs, and determining if higher increases are seen in the springtime would be 

beneficial to future studies. 

 Another critical part of determining stratospheric contributions to the surface is 

removing the local emissions signal from the data. In order to achieve this, upwind ozone 

monitor data should be analyzed. Doing this will allow local emissions, such as rush-hour 

and ship channel emissions to be quantified. Once this quantification is complete and the 

ozone creation rate calculated, a more accurate number may be assigned to the 

stratospheric contribution to Houston’s surface ozone. 
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APPENDIX 

1.0 Detailed Case Study Analysis 
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2.0 Proxies for STE Prediction 

ΔTemperature represents degrees cooled as a result of the C-FROPA. Central pressure is the pressure at the 
center of the low at the closest pass to Houston. ΔPressure is the difference seen at Moody Tower (MT) 
from one day pre-frontal to the lowest pressure on the day of the C-FROPA. Distance to MT is the distance 
to the center of the low, from Moody Tower (MT) at the time of closest passage to Houston. 

Event ΔTemperature 
(°F) 

Central 
Pressure 

(hPa) 

ΔPressure 
(hPa) 

Distance to 
MT (km) 

7Be 
(fCi/m3) 

20-Mar 14.7 1007 3.18 477 310.52 

5-Apr 5.3 1006 3.3 745 254.22 

17-Apr 15.7 1008 1.46 545 323.27 

20-Apr 13.4 1010 4.34 149 300.94 

23-Apr -0.6 1000.3 14.7 769 252.25 

8-May 6.7 1013.4 -1.04 108 169.53 

12-May 2.4 1010 3.56 105 259.71 
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