Technical Support Documefur the
May 24, 201QStratospheric Ozone
IntrusionExceptional Event

Prepared by the Technical Services Program
Air Pollution ControlDivision
Colorado Department dtublicHealth and
Environment
October 72011



Table of Contents

1.0 EXECULIVE SUMIMAIY.-.....oiiiiiiiiiiiie e e et s s e e e e e e e e e e e e s amees s s e e e e e e e e aeeaaaeeeeesnneend 4
2.0 Introduction and EVENt OVEIVIEW........ccooviieeiiiiiiiiiieeeee e eeeeeeeeeeteeeme e 6
2.1 Typical Vertical Structure of the Atmosphere as It Relates to Ozone................ 6.

2.2 Tropopause Foldsd Intrusions of Stratospheric Ozone into the Troposphere...9
2.3 Synoptic Meteorological Features of The May 24, 281@tospheric Intrusion....11
2.4 Diagnostic Evidence for High Surface Ozone Concentrations Directly Caused by the

May 24 StratoSpherilntruSION...........ccoiiiiiiiiiii e 17

3.0 Air Pollution Control Division Ozone Monitoring Data and Statistics............ 30

3.1 Data QA/QC and EQUIPMENL........cccoeieieieiiieeeeeees e mmme e 38
4.0 Colorado Department of Health and Environment Air Pollution Control Division

Response Plan for Stratospheric Intrusions of Ozone...............ccoovvveeeeeee. 39

5.0 Summary and CONCIUSIONS. .......uuiiiiiiiiiiiiie e eeeeeee ettt 40

6.0 RETEIENCES:....ii i e A3

Tables

Table 1. Maximum Zhour and &hour Ozone Concentrations at Air Pollution Control
Division Monitors along Col or.ado6s Front

Table 2. Stratospheric Ozone Intrusion Event Data.............ccccoiemni i 32

Table 3. Historical Data SUMMALY.........uiiiiiiii e ceeeiiccee e e e eeerne e e e e e e e e eeeeeaneens 33

Table 4. Historical and Event Related Statistical Data.................oooocecceeee e 34

Figures

Figure 1. Mean height abogea level in meters of the 20@b level for May based on
NCEP/NCAR reanalysis data from 1995 through 2011.............ccoeeeiiiieeeennnn. 7

Figure 2. Vertical mfile of ozone concentrations in ppb versus altitude above sea level from
the May 29, 2009, Boulder ozonesonde launched at 10:10 AM.MST............. 8

Figure 3. Mean sedével pressure contours and relative humidity in percent (right scale) at
11:00 MST on May 24, 2010, from the 18Z initial analysis of the 18Z NAM12

Figure 4. Mean sedével pressure contours, relative humidity in percent (right scale), wind
flow vectors, and cold front over Colorado at 11:00 MST on May 24, 2010,12
Figure 5. 700 mb geopotential height contours, those wind speeds between 20 and 60 knots
(right scale, 239 mph), and wind flow vectors over Colorado at 1IM®JT ......13
Figure 6. 508mb geopotential heights in meters and wind speeds in knots (right scale, only
those above 60 knots or 69 mple alotted) at 11:00 MST on May 24, 2010...13
Figure 7. 508mb wind streamlines and flow directions at 11:00 MST on May 24, 201161
Figure 8. 256mb geopotential heights in meters and wind speeds in knots (right scale, only
those above 75 knots or 86 mph platted) at 11:00 MST on May 24, 2010Q0...14
Figure 9. 25amb wind streamlines and flow directions at 11:00 MST on May 24, 2015
Figure 10. Contours of surface wind gusts in mph between 10:45 and 11:00 MST on May

Figure 11. Contours of surface wind gusts in mph between 11:45 and 12:00.MST..16



Figure 12. Height of the tropopause in terms of pressure levels from the NOAA/NCEP Rapid
Update Cycle (RUC) run at 17Z for forecast hour 19Z on May 24,.201Q.....17
Figure 13. Vertical crossection of IPV in the atmosphere along the Colofad@ming

0T 0 = PP PP PP PPPPPPUPPTTPPP 18
Figure 14. Vertical crossection of IPV in the atmosphere in central Colorado............ 19
Figure 15. Vertical crossection of IPV in the atmosphere along the Colofiddw Mexico

010 ] (o [T PR 19
Figure 16. GOME2 total column ozone in Dobson Units for May 24, 201Q............... 20
Figure 17. OMI Level 3 totaladumn ozone in Dobson Units for May 24, 2010............ 21

Figure 18. Total column ozone in Dobson Units for Boulder, Colorado, for2009......21

Figure 19. Isentropic Potential Vorticity greater than 2 PVU at the 310 K surface from the
18Z run of GDAS 0.5 degree by 0.5 degreodel for 12:00 MST May 24, 20122

Figure 20. Contours of surface dewpoint temperatures in degrees Fahrenheit between 11:45
and 12:00 MST on May 24, 20LQ..........uuuiiiiiieesceeeiicieee e e e e e e aenes s 23

Figure 21. Vertical crossection of relative humidity in percent (only values in the range of 0
to 50% are plotted bottom color bar) relative to altitude above sea level in meters

in the atmosphere in central Colorado...............uuvviiiiimemiiiiiiiiiiie e 24
Figure22. IPV in PVU units at the 310 K potential temperature surface or isentrope and one
hour ozone concentrations in ppb at 12:00 MST on May 24,.2010.............. 24

Figure 23. Linear regression between-twer ozone concentrations and modeled GDAS
IPV for 12:00 MST for 27 surface ozone monitoring sites in Colorado on May 24,

Figure 24. Time series of hourly average ozone concentrations in ppb for My 28126
Figure 25. Time series of hourly average ozone concentrations in ppb for May 24.,. 2710
Figure 26. Contours of oA®ur ozone concentrations in ppb for the hour ending at 11:00

MST, MAY 24, 2010 .. .uuuiiiiiiiiiiiiiieetieeeieeeeeeeeeeea e e e e e e e e e e s s smme e e e e e e e e e e e s s e e e nnnnnnes 28
Figure 27. Contours of oA®ur ozone concentrations in ppb for the hour ending at 12:00

MST, MAY 24, 2010 .. cuuiiiiiiiiiieiiiieeeeeeeieee e e ee e e e e e e e e e e e s e smmr e e e e e e e e e e e e s e e e nnnnnnes 28
Figure 28. Contours of oA®ur ozone concentrations in ppb for the hour ending at 13:00

MST, MAY 24, 2010 .. cuuuiiiiiiiiiiiiiieeseeeeieee e e e e e e e e e e e e e e e e e e s s smmr e e e e e e e e e e e s s e e e annnnnes 29
Figure 29. Contours of oA®ur ozone concentrations in ppb for the hour ending at 14:00

MST, MAY 24, 2010 .. .uuueiiiiiiiiiiiiieeteeeeieee e e ee e e e e e e e e e e e s s ammr e e e e e e e e e e e e s e e ennnnnnes 29
Figure 30. Chtlield Ozone CoNCENTratiONS.........coeeeeiiiiiiiiiime e 31
Figure 31. Historical Ozone Concentrations Box and Whisker. Rlat........................... 36
Figure 32. Front Range Average Ozone Concentrations................eveeeeeerueeeverenneneeen. 37
Attachments

Attachment A: Ozone Action Day Alerts for Stratospheric Intrusior@zafne................. 45



1.0 Executive Summary.

The Colorado Department of Public Health and Environpmfgn®ollution Control Division

has prepared this report for tbiaited State€nvironmental Protection Agency (EPA) to
demonstrate that the el evated ozone concentr a
exceedance of thel@ur National Ambient Air Quality Standard (NAAQS) for ozone at

Manitou Springs on May 24, 2010, was causg@ natural event, specifically a stratospheric

intrusion of ozone. Thisventmeets the criteriautlined by the finafiTreatment of Data

Influenced by Exceptional EvedtRule (72 FR 13560). This report and the analysis and data

contained within iclearly showthat ths exceptional event passed the four required {@$ts

through (dunder 40 CFR 50.14 (3}. These tests are:

(a) The event satisfies the criteria set forth in 40 CFR 50.1(j) wigighires that an
exceptional eMvMeanty,hfafsf encotts reeiarsogquaab|l vy contr
t hat such events are fAi...natural event[s] o
as 40 CFR 50 Appendices | & P specifically list stratospheric intrusions of ozone as
natural events that o@d affect groundevel ozone concentrations.

(b) There is a clear causal relationship between the measurement under consideration and the
event that is claimed to have affected the air quality in the area.

(c) The event is associated with a measured concentiatexcess of normal historical
fluctuations, including background; and

(d) There would have been no exceedance or violation but for the event.

The features and characteristics of an intense surface and upper level storm system over
Colorado on May 24, 2018how that a stratospheric intrusion and associated tropopause fold
affected the Front Range region of Colorado and that this naturally occurring event satisfies the
requirements of test (a):

1) A tropopause height as low as 500limars (mb) in Colorado on May 24 waanomalous
and demonstrateatmosphericonditions typically associated with a stratospheric
intrusion.

2) High values olsentropic Potential Vorticity or IP¥rediagnostic for the presence of
stratospheric air. High IPV valuelse to the surfacen May 24, 2010, were indicative
of the presence of a tropopause fold associated with a stratospheric int\sitoal
cross sections of IPV for May 24 demonstddteat the fold in the tropopause extended
as low as 4 to 5 kilometermbove sea level over central and southern Colorado at midday,
and this was well below the lorigrm mean of 12 kilometers for the month of May.

3) Unusually high total column ozone valiesmeasured by satelliteger Colorado on
May 24, 2010, provide evahce for a lowered tropopause and conditions necessary for a
stratospheric intrusion of ozone into the troposphere.

4) Deep vertical mixing in the planetary boundary layeer central Colorado and parts of
the Front Range on May 24, 201@gs sufficient to nx stratospheric ozone in a
tropopause fold to the surface.
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5) A plot of surface dewpoint temperatures and-baar ozone for 12:00 MST and a
vertical cross section of relative humidity across the state show that dry air under the
influence of astratospheric intrusion and elevated ozone coincided temporally and
spatially with several other indicators of a stratospheric intrusion event on May 24, 2010.

The conditions caused by this intense weather system also satisfy the conditions speesfied in
(b):
1) A strong,statistically significant relationship between losatfaceozone and local IPV
at the 310 degrees Kelvin potential temperature surface proves that the high surface
ozone was caused by an intrusion of stratospheridoair for the intusion of
stratospheric ozone, the high concentrations observed on May 24, 2010, would not have
occurred.

Analysis of ozone monitoring data and meteorological data also prove that this event meets the
requirements of test (c):

1) A statistical analysis of hisrical onehour ozone concentrations for the days from May
17 through May 31 shows that the ém&ur concentrations measured during the May 24,
2010, stratospheric ozone intrusion are outliers and represent a rare event

2) Satellitederived total column oz over Colorado was as high as 425 to 450 Dobson
Units on May 24, 2010. Values in this range are infrequent and well above thHerdong
mean for May of 320 Dobson Units, and this is indicative of conditions favorable for a
stratospheric intrusion.

3) Tropagpause heights over Colorado on May 24, 2010, were anomalously close to the
eart hodés sur f a-odibaalevel whicleis substartiadly Idwer éhan the May
mean of 200 millibars.

Finally, the data and analyses presented in this report proveutiat lthe stratospheric
intrusion the high ozone concentrations would not have occurred. This satisfies the requirements
of test (d):

1) Time series and contours of hourly ozone on May2240,demonstrate that the peak
area of elevated ozone rapidly exad in place over the Front Range region and
gradually moved to the easbrtheast and diminished as the storm system moved
through. Underthesemeteorological conditions, the locations, sequence, andtshnort
nature of pulses in surface ozone prove lthe for a stratospheric intrusion the elevated
ozone would not have occurred.

2) A strong,statistically significant relationship between local ozone and local IPV at the
310 degrees Kelvin potential temperature surface proves that the high surface azone wa
caused by an intrusion of stratospheric-dut for the intrusion of stratospheric ozone,
the high concentrations observed on May 24, 2010, would not have occurred.

3) Furthermorestrong winds at the surface and aloft were recorded over the area that
experienced the highest ozone concentratmm$lay 24, 2010 High-ozone
concentrations from anthropogenic sources are inconsistent with strong winds at the
surface and aloft which will disperse such ozone and inhibit its build’ bp.analyses
contained irthis report show that these high concentrations were caused by natural
phenomenon.
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2.0 Introduction and Event Overview.

On Monday May 24, 2010, a strong spring storm system triggered an intrusion of stratospheric
ozone into the lower portions of the atmosphere as it moved across Colorado. Elevdtedrone
and eighthour ozone concentrations were observed across much of @wi@ee Table 1 for

ozone data for the Front Range region). There was an exceedance-bbtiveo@one standard

at Manitou Springs which recorded a maximum concentration of 76 parts per billion (ppb) and
concentrations just below thel®ur standard akeseral other sitesThis report will demonstrate

that the stratospheric intrusion of May 24 caused the elevated ozone concentrations and that
these elevated concentrations and the exceedance at Manitou Springs would not have occurred
but for the transporéind mixingof stratospheric ozone to the surface.

Tablel. Maximum Xhour and &hour Ozone Concentrations at Air Pollution Control Division
Monitors along Coloradoés Front Range on May

Maximum 1-hour Maximum 8-hour
Site Concentration in ppb | Concentration in ppb

Welby 63 57
Highland 93 73
Aurora East 94 75
South Boulder Creek 71 64
Carriage 96 69
Denver Animal Shelter 86 67
Chatfield 96 75
Colorado Springs Air Force Academy 93 74
Colorado Springs Manitou Springs 91 76
Arvada 89 67
Welch 92 71
Rocky Flats North 76 65
NREL * *

Aspen Park 88 71
Fort Collins- West 75 63
Fort Collins- Rist Canyon 69 60
Fort Collins- CSU 67 58
Weld County Tower 72 64

*Missed due tangoing site configuration.
2.1 Typical Vertical Structure of the Atmosphere as It Relateso Ozone.

For the purposes of this report we will consider three primary zones in the vertical within the
atmosphere. The first of these is the troposphere. The second is the tropopause, a zone of
transition between the troposphere and the third zone, the shratesprhe troposphere is the

lower portion of the atmosphere. It is the layer within which most of the weather that affects the
surface occurs. Naturally occurring ozone and ozone from anthropogenic sources are found in
the troposphere. The stratospher characterized by a deep temperature inversion that typically
separates it from the troposphere. Air within the stratosphere and troposphere do not easily mix.
Very high concentrations of naturally occurring ozone are found in the stratosphetasand t
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ozone reduces the transmittance of ultraviolet light to the surface. Consequently, it is often
referred to as Agoodo ozone.

The depth of the troposphere at any location varies with season and the type of weather system
affecting the area. It alsonves with latitude. It is typically deeper near the equator and

shallower at the poles. Dateovided by the NOAA/ESRL Physical Sciences Division, Boulder
Coloradgq from theirweb site ahttp://www.esrl.noaaayv/psd/, indicates that the mean height of

the top of the troposphere in Colorado during May is about 12 kilometers or 39,400 feet above
sea level (based on NOAA National Center for Environmental Prediction (NCEP) and National
Center for Atmospheric Regehd (NCAR) Reanalysis datasee Kalnay et al., 1996 he top of

the troposphere can be thought of as the location of the tropopause.

The NCEP/NCAR reanalysis data shows that the mean tropopause height over Denver in May is
at the 198millibar (mb) level of the atmosphere. This is based on data from 1995 through 2011.
Figure 1 below shows that the mean elevation or height of the 200 mb level, which is
approximately equivalent to 198 mb, in May is about 12,000 meters or 12 kilometers (~39,400
feet) almve sea level. Atmospheric scientists typically report vertical levels of the atmosphere in
terms of meters, kilometers, or atmospheric preseweds in millibars. These units will be used

in this report, but data will also often be reported in feevalsea level to provide a clearer

frame of reference for those not used to the units used by atmospheric scientists.

NCEP/MCAR Reanaolysis
200mb Geopotential Height {m) Gomposite Mean

MOAA/ESEL Physical Soiences Division ‘ 12240

12210
12180

12120

12120

12090

12060

12030

Do

T15% 119% 1130 1120 1118 110W 109W 108W 107% 106W 105W 104% 105W 102% 12900
May: 1995 to 2011

31N

Figure 1. Mean height above sea level in meters of ther#fD@vel for May based on
NCEP/NCAR reanalysis data from 1995 through 2011
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This is essentially the mean height of the top of the troposphere, the bottom of the stratosphere,
and the tropopause itself. (Dateovided by the NOAA/ESRL Physical Sciences Division,
Boulder Coloradpfrom theirweb site &http://www.esrl.noaa.gov/psdy

The NOAA/ESRL Global MonitoringDivision (GMD) in Boulder Colorado launches

specialized weather balloons equipped with ozone monitors in Boulder on a weekly basis. These
balloon systems are called ozoned®s A plot of ozone concentrations as a function of altitude

for the May 29, 2009, ozonesonde flight is shown in Figuiaaga fromNOAA ESRLGMD at
http://www.esrl.noaa.gov/gmd/ozwv/This vertical obne profile is close to normal for May

and does not show any signs of a stratospheric intrusion event. It also highlights some of the
typical features of the atmosphere in May over Colorado. On this day, the tropopause was
located at about 12.75 kilomeseor 12,750 meters above sea level (roughly 42,000 feet). Ozone
concentrations in the troposphere below this level ranged from 30 to 90 ppb. Surface ozone was
measured at 50 ppb. Ozone concentrations in the stratosphere, however, increased rapidly abov
the tropopause to concentrations near 8,000 ppb at 29 kilometers or about 95,000 feet above sea

level.

Boulder Ozonesonde May 29, 2009, 10:10 MST
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Figure 2. Vertical profile of ozone concentrations in ppb versus altitude above sea level from the
May 29, 2009, Boulder ozonesonde launched &AM MST (data fromNOAA ESRLGMD

at http://www.esrl.noaa.gov/gmd/ozwv/Ozone concentrations are plotted on a log scale to

make it easier to see the full range of concentrations.
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The vertical profilan Figure 2 clearly shows a pronounced separation between the stratosphere
and the troposphere that keeps the very high concentrations of nabtwallying stratospheric

ozone out of the troposphere. Ordinary processes in the atmosphere do allonefexsbhange

of air between the troposphere and stratosphere. Many of these cause subtle changes in
concentrations of ozone in the troposphere and at ground level. Some, however, can cause
dramatic influxes of ozone from the stratosphere to the tropaspfiéie processes that lead to
significant intrusions of stratospheric ozone into the troposphere are briefly discussed in the next
section.

2.2 Tropopause Folds and Intrusions of Stratospheric Ozone into the Troposphere.

Folding of the tropopause can bring a tongue or lobe of stratospheric air downward into the
troposphere in the wake of strong upper level storm systems or troughs. According to Holton et
al. (1995), a tropopause foldiia process in which a thimand ofstratospheric air intrudes more

or less deeplinto the tropospheée 6 This phenomenon and its relationship to ozone has been
the subject of many research papers including classic papers by Danielsen (1968) and Shapiro
(1980). In the midatitudes of thanorthern hemisphere, it is most likely to occur in the spring.
The folding and descent of the tropopause typically occurs south and southwest of the surface
and uppeitevel low pressure systems and behind the advancing cold front associated with a
strongspring storm (Browning et al., 2000). This folding and descent of stratospheric air into
the troposphere brings with it dry stratospheric air, stratospheric ozone, and other chemical
constituents and atmospheric properties associated with the stratdg§ybenaing et al., 2000;
Danielsen, 1968; and Shapiro, 1980). These chemical constituents and properties are often
diagnostic of the intrusion itself in the context of the path and progression of a storm system
across an area.

One of the most importantafjnostic properties of a stratospheric intrusion is isentropic potential
vorticity or I PV. This property is a function
the absence of heating or friction, IPV is conservative. In other wopdscal of air will have

the same IPV as it flows from one location to another. IPV therefore serves as a tracer for
stratospheric air. IPV is high in the stratosphere and low in the troposphere. As a fold in the
tropopause introduces stratospherici@tio ithe troposphere, the intruding air will often maintain

high values of IPV.

IPV has arcane units, but it is usually represented in terms of potential vorticity units or PVU.

Air in the troposphere typically has IPV values of about 1 PVU or lessatfmrspheric

scientists studying the tropopause, the boundary between the stratosphere and the troposphere,
the most common choice of values of IPV considered to be representative of the tropopause is 2
PVU (Kunz et al., 2011). Kunz et al. (2011) have fbtimt IPV at the tropopause can vary
between 1.5 and 5.0 PVU. For the sake of simplicity, however, we will use IPV values of 2 PVU
and higher as indicators of air originating from the tropopause surface or the stratosphere; and
this is consistent with nmy published studies (e.g., Sprenger et al. (2003), and Liniger and

Davies (2003)). It will be shown that PVU values in excess of 2 were found at relatively low
altitudes within the troposphere during the intrusion event of May 24, 2010.
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Anotheratmospheric property that can be used to characterize intrusion events is potential
temperature. Potential temperature is the temperature of a parcel of air if compressed to sea level
pressure without adding or subtracting energy. Potential tempermtdietd increase with

altitude, and it is typically reported in units of degrees Kelvin (K). Kunz et al. (2011) have
shown that at 40 degrees north |l atitude or th
the tropopause tends on average to bethea830 K potential temperature surface during the

months of March, April, and May. In June, July, and August, the tropopause at this latitude

tends on average to be between the 340 K and 350 K surfaces. For late May, one would expect
that on average thteopopause would be somewhere between the 330 K and 340 K potential
temperature surfaces in the atmosphere. It will be shown that the tropopause dipped well below
these levels during the intrusion event of May 24, 2010, and that plots of isentropt@poten

vorticity on the 310 K potential temperature surface show a pronounced intrusion over Colorado.

The work of Langford et al. (2009) demonstrates that stratospheric intrusions can cause elevated
ozone along Col or adods FrNatonal AmbiengAs Qualityd exceed
Standards (NAAQS):

AA deep tropopause fold broug?it5 ppbv of O3 to within 1 km of the highest peaks in
theRocky Mountains on 6 May 1999. Ona@nute average ORixing ratios exceeding

100 ppbv wersubsequentlyneasured & surface site in Boulder, and daily maximum
8-hour O3 concentrations greater or equal to the 2008QS O3 standard of 0.075

ppmv were recorded at 3 offdont Range monitoring stations. Other springtime peaks in
surface O3 are also shown to coincide wilssage of uppéevel troughs and dry stable
layers aloft. These results shtlmat the stratospheric contribution to surface ozone is
significant, and can lead to exceedance of the R0O8QS O3 standards in a major U.S.
metropolitan area.

Langford andcoauthors describe events that occurred in April and May of 2009 that are likely
very similar to the event in question in this report. Bkete of Wyoming Department of
Environmental Quality/Air Quality Division (No Datéps also documented exceedarafdbe
8-hour NAAQS in May of 2007 at South Pass in Wyoming caused by a similar intrusion
phenomenon.

Langford and coauthors indicate that thi§indings support the conclusion of Lefohn et

al. (2001)thab i nt rcandeadaahggh stirface O3 eveitthe western U.S. during

springtime that exceed currdédAAQS standards. Ot her scientists (Kary
have shown that localized or mesoscale tropopause folding occurs along the Front Range. The
passage of a storm system across the taoubarrier leads to a leeward, wavattern

enhancement of the intrusion east of the Divide. Data presented in this report will show that the
pattern of high ozone concentrations in Colorado on May 24, 2010, is consistent with enhanced
folding and downwrd mixing and transport of stratospheric ozone on the eastern side of the
Continental Divide. The Air Pollution Control Division believes that enhanced intrusions just
east of the Front Range have been observed on a number of occasions during tiretgpring

last several years. Because the May 24 event followed the classic pattern of a Colorado
stratospheric intrusion and because of the abundance of supporting data available for this event,
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the analysis that follows will likely serve as a model foumher of events that have been
recorded since 2010.

2.3 Synoptic Meteorological Features of The May 24, 2010, Stratospheric Intrusion.

On May 24, 2010, at 12:00 PM MDT or 11:00 PM MST a deep surface low pressure system was
located just to the north @fenver near the Colorad&yoming border. Figure 3 below shows

the location of the 99fnb surface low at 11:00 MST based on initial analysis data from the 18Z
run of the NOAA/NCEP 1-kilometer grid North American Model (NAM12). A dry air surge is
apparenbver the Front Range just behind a cold front which was moving through Eastern
Colorado. Relative humidity dropped to 20% and lower behind the front. Strong surface
pressure gradients were present over the Northern Front Range. Figure 4 provides clos

view of the surface features with the surface low north of Denver, the cold front in eastern
Colorado with dry air behind it, and wind flow vectors showing strong southwesterly to west
southwesterly downslope flow south of the low.

A closeup view ofthe 700mb features (at roughly 9,840 feet MSL in central Colorado) is
presented in Figure 5. In addition to very strong southerly flow ahead of the surface cold front,
this plot shows strong westerly to southwesterly downslope flow of 40 to 50 knogsthé

Front Range south of Denver and north of the Colofdew Mexico state line.

The surface low was associated with an intense andniiaging uppetlevel trough. Figure 6

shows the 500nb features from the 18Z NAM12 initial analysis for 11:00 MShe trough,

which was moving toward the northeast, was located over Colorado with its axis running from
northwest Colorado through southeastern Colorado. Figure 6 also shows those winds at 500 mb
that were above 60 knots (69 mph). A zone of strong wiragsat the center of the trough over
eastern Colorado, with speeds between 60 and 100 knetd §6&ph). Figure 7 presents the
streamlines or flow directions for winds at 500 mb at 11:00 MST. Winds over central and
eastern Colorado at this jet streawelenvere from the south through southwest. The 500

level was at approximately 18,300 feet MSL in central Colorado.

October 2011 11



98

88

78

68

58

48

38

28

18

; \ S i
Figure 3. Mean sedével pressure contours and relative humidity in percent (right scale) at
11:00 MST on May 24, 2010, from the 1Bitial analysis of the 18Z NAM12 model.
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Figure 4. Mean sedével pressure contours, relative humidity in percent (right scale), wind flow
vectors, and cold front over Colorado at 11:00 MST on May 24, 26i@,the 187 initial
analysis of the 18Z NAMA model.
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Figure 5. 700 mb geopotential height contours, those wind speeds between 20 and 60 knots (right
scale, 2369 mph), and wind flow vectors over Colorado at 11:00 M8May 24, 2010, from
the 18Z initial analysis of the 18Z NAM12 model.
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above 60 knots or 69 mph are plotted) at 11:00 MST on May 24, #0h@the 18Z initial
analysis of the 18Z NAM12 model.
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The 11:00 MST analysis for the 25b level is presented in Figure 8. This is ditsm the 18Z

initial analysis of the 18Z NAM12 model. This map showsgaepotential heights in meters

and those wind speeds above 75 knots (86 mph). Winds over central and eastern Colorado at this
jet stream level were generally between 75 and 100 knots1B6nph). Streamlines or wind

flow directions for 250 mb at 11:0@ST are presented in Figure 9. At this level of the

atmosphere, the trough is also crossing Colorado with an axis tilted along a northwest to
southeast line. The 250b level was at approximately 34,450 feet MSL in central Colorado.
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Figure 8. 256mb geopotential heights in meters and wind speeds in knots (right scale, only those
above 75 knots or 86 mph are plotted) at 11:00 MST on May 24, #0b@the 18Z initial
analysis of the 18Z NAM12 model.
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Taken together, the surface, 700 mb, 500 mb and 2bf@atures show a focus of atmospheric
energy and winds over Colorado. Based on patterns evident in these features and the idealized
model for the location of an intrusion (Browning et al., 2000) , one would expect to observe an
intrusion over central Cotado. Figures 10 and 11 show the surface wind gusts recorded in
Colorado between 10:45 and 11:00 MST, and 11:45 and 12:00 MST, respectively. Winds
routinely gusted between 40 and 60 mph across a wide area of eastern Colorado as the storm
passed throughCrossmountain flow at the surface and 701 level and extending as high as

the 600mb level may have contributed to a mountain wave and enhanced mesoscale tropopause
folding in central Colorado. The area of enhanced downslope winds east of the ngytinéai

dry surface air in this region, and the zone of highest surface ozone described in Section 2.4
support the idea that mesoscale tropopause folding was responsible for high ozone
concentrations in central Colorad8trong winds at the surface and#lwere recorded over the
areathat experiencethe highest ozone concentrations. Hamgone concentrations from
anthropogenic sources are inconsistent with strong winds at the surface and aloft which will
disperse such ozone and inhibit its build up.
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Figure 9. 25amb wind streamlines and flow directions at 11:00 MST on May 24,,76di® the
18Z initial analysis of the 18Z NAM12 model.
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Figure 10. Contours of surface wind gusts in mph between 10:45 and 11:00 MST on May 24,
201Q fromtheUni ver si ty of Ut ah 0 stp/Meosedt bt &ld/indewrgmb pr o d u

Weather station locations are indicated with blue diamonds.

Figure 11. Contours of surface wind gusts in mph betwegtb BHhd 12:00 MSDBn May 24,
2010, from the Univer si ty htp/mesdddstatdn.ddginddigns o We s t

Weather station locations are indicated with blue diamonds.
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