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Findings from previous studies

• High ozone is associated with local 
veering winds (i.e. winds that change 
direction in a clockwise fashion).

• High ozone is associated with regional 
northerly flow; low ozone is associated 
with regional southerly flow.
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C1: SE/S, 93 days (30%) C2: E, 56 days (19%) C3: calm, 69 days (23%) 

C4: N, 41 days (14%) C5: SW, 40 days (13%) C6: strong SW, 2 days (1%) 

Classification of meteorological regimes, May-Sept 2005-2006. (Ngan and Byun, 2008)



C1: SE/S, 35 ppb C2: E, 65 ppb C3: calm,  61 ppb

C4: N,  56 ppb C5: SW, 40 ppb C6: strong SW, 20 ppb

Classification of meteorological regimes, May-Sept 2005-2006. (Ngan and Byun, 2008)

Mean peak domain-wide 1-hour ozone for each cluster.
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Darby, 2005.  Cluster analysis of surface 
observations of wind direction during 
TexAQS 2000.

The sequence of clusters 
shown at left shows the wind 
direction rotation that was 
described by Breitenbach et 
al., 2002. 

Day begins with winds with 
northerly component.  Wind  
direction rotates in a clockwise 
fashion, i.e., “typical” veering.  



Darby, 2005.  Cluster analysis of surface 
observations of wind direction during 
TexAQS 2000.

On Sept 6, 2000, winds 
persisted from the NE for most 
of the day, i.e., steady flow. 



Darby, 2005.  Cluster analysis of surface 
observations of wind direction during 
TexAQS 2000.

The sequence of clusters 
shown at left shows a reversal 
of wind direction, from NW to 
SSE. 

This class of events will be 
called “flow reversals”.  This 
class is less distinct than the 
other two; there are several 
patterns that can be 
considered flow reversals.



High ozone episodes
in Houston

Slow wind direction 
changes

Stagnation at some time 
during the day; 

Rapid direction changes

Typical veering Steady flow Flow reversals

W winds 
shift to S winds

NW winds 
shift to SE winds

Stagnation 
then S winds

Morning NE quadrant winds;
Veering to SE, S

Usually northeasterly flow, 
but can occur with other 

directions.
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September 14, 2006 17:30 CDT



September 14, 2006 19:00 CDT



October 9, 2006 15:15 CDT



October 9, 2006 21:45 CDT























Flow reversals

• Morning winds very light, near stagnant
• Winds usually from the northwest quadrant
• Winds shift rapidly to southerly
• Aged air mass carried over sources of 

fresh emissions, resulting in vigorous 
ozone formation



September 1, 2006 12:15pm 
CDT



September 1, 2006 4:00pm 
CDT



August 30, 2000 2:30 pm CDT



August 30, 2000 6:00 pm CDT



June 1, 2005 
18:45 CDT



June 2, 2005 5:45pm CDT



June 5, 2006 11:30 CDT



June 5, 2006 18:30 CDT



Steady flow

• Winds blow steadily from approximately 
same direction all day

• Easy to determine sources linked to high 
ozone

• Ozone lower on these days than typical 
veering days and flow reversal days











Conclusions

• Local-scale flow can interact with regional-scale 
flow to cause ozone-conducive wind conditions

• Northerly winds can interact with bay breeze and 
Gulf breeze to create ozone-conducive 
conditions.

• High background ozone also can occur during 
northerly flow.

• Southerly flow can enhance the bay/Gulf breeze, 
and usually doesn’t result in high ozone.



• Allen, D., E. McDonald-Buller, T. Thompson, and A. Webb (2006), Analyses of emission reduction strategies for 
attaining the National Ambient Air Quality Standard for Ozone (with concentrations averaged over 8 hours) in the 
perimeter counties of the Houston-Galveston-Brazoria area, Phase II Report, 2/1/2006.

• Allen, D. (2006), Analyses of emission reduction strategies for attaining the National Ambient Air Quality Standard 
for Ozone (with concentrations averaged over 8 hours) in the perimeter counties of the Houston-Galveston-
Brazoria area, Phase III Report, 7/10/2006.

• Banta R., C. Senff, J. Nielsen-Gammon, L. Darby, T. Ryerson, R. Alvarez, P. Sandberg, E. Williams, and M. 
Trainer (2005).  A bad air day in Houston.  Bulletin of the American Meteorological Society, 86(5): 657-669.

• Berkowitz, C. M., T. Jobson, G. Jiang, C. W. Spicer, and P. V. Doskey (2004), Chemical and meteorological 
characteristics associated with rapid increases of O3 in Houston, Texas, J. Geophys. Res., 109, D10307, 
doi:10.1029/2003JD004141.

• Berkowitz, Carl M., Chester W. Spicer, Paul V. Doskey (2005).  Hydrocarbon observations and ozone production 
rates in Western Houston during the Texas 2000 Air Quality Study.  Atmospheric Environment 39 (2005) 3383–
3396.

• Breitenbach et al. (2002), Conceptual Model for Ozone Formation in the Houston-Galveston Area, Appendix A to 
Phase I of the Mid Course Review Modeling Protocol and Technical Support Document, Technical Analysis 
Division, TCEQ, December 13, 2002.  

• Darby, L.S., (2005), Cluster Analysis of Surface Winds in Houston, Texas, and the Impact of Wind Patterns on 
Ozone. J. Appl. Meteor., 44, 1788–1806.

• Davis, J. M., B. K. Eder, D. Nychka, Q. Yang, (1998), Modeling the effects of meteorology on ozone in Houston 
using cluster analysis and generalized additive models, Atmospheric Environment, Volume 32, Issues 14-15, 
August 1998, Pages 2505-2520.

• Langford, A. O., C. J. Senff, R.M. Banta, R.M. Hardesty, R.J. Alvarez II, S. P. Sandberg, and L. S. Darby (2009),   
Regional and local background ozone in Houston during TexAQS 2006, J. Geophys. Res.,
doi:10.1029/2008JD011687, in press. (accepted 24 April 2009). 

• Ngan, F. and D. Byun (2008), The analysis of ozone dependence on synoptic weather patterns, presented at the 
7th Annual Community Model and Analysis System Conference, October 6, 2008.  
http://www.cmascenter.org/conference/2008/slides/ngan_analysis_ozone_cmas08.ppt

• Nielsen-Gammon, J., J. Tobin, and A. McNeel (2005), A Conceptual Model for Eight-Hour Ozone Exceedances in 
Houston, Texas,  Part II:  Eight-Hour Ozone Exceedances in the Houston-Galveston Metropolitan Area.  Research 
report, supported by HARC, TERC, and TCEQ, HARC project H012.2004.8HRA, January 29, 2005.  
http://files.harc.edu/Projects/AirQuality/Projects/H012.2004/8HRA/H12-8HRA-FinalReport2.pdf

• Rappenglück B., R. Perna, S. Zhong, G. A. Morris (2008), An analysis of the vertical structure of the atmosphere 
and the upper-level meteorology and their impact on surface ozone levels in Houston, Texas, J. Geophys. Res., 
113, D17315, doi:10.1029/2007JD009745. Senff et al., 2002.  Spatial and temporal variations in mixing height in 
Houston.  TNRCC Project F-20, 
http://www.tceq.state.tx.us/assets/public/implementation/air/am/contracts/reports/mm/Mixing_Height_Variations_H
ouston.pdf .  

• Sullivan, D. (2009), Effects of Meteorology on Pollutant Trends, Final Report to TCEQ, March 16, 2009.  
http://www.tceq.state.tx.us/assets/public/implementation/air/am/contracts/reports/da/5820586245FY0801-
20090316-ut-met_effects_on_pollutant_trends.pdf


