Evaluation and Comparison of Preliminary
M eteor ological Modeling for the August 2000 Houston-
Galveston Ozone Episode

John W. Nielsen-Gammon
Department of Atmospheric Sciences
Texas A&M University

areport to the Technical Analyss Divison,
Texas Naurd Resource Consarvation Commission
February 5, 2002

Contact Information:

John W. Nielsen Gammon

Department of Atmospheric Sciences

3150 TAMU

College Station, TX 77843-3150

Phone: 979-862-2248 Fax: 979-862-4466



SUummary

Thisreport is an evduation of the quaity of MM5 smulations of weather
phenomena during the August 2000 Houston Galveston Ozone episode. The report
serves two purposes. fird, to hep guide find selection of amodd configuration, and
second, to evauate the viability of MCNC' s real-time forecasting system as an
dternative meteorologica model for regulatory work.

The TAMU and MCNC modeling efforts are both based on the MM5 modd.
Primary differencesinvolve the incorporation of andyss information, the Sze of the
domains, the boundary layer parameterizations, and the soil moisture specifications.

Data used for the model evauation include profiler data, surface meteorologica
data, radiosonde data, radar and satellite imagery, and doppler lidar data. The profiler
and doppler lidar data sets are dtill evolving, and subsequent use of profiler datain this
modeling effort will require congideration of both quality-controlled and non-quality-
controlled data. The anadlyss of weather phenomenais conducted using the GEMPAK
software package and TAMU-written converters and scripts.

Ovedl, the TAMU samulations using the MRF PBL scheme (dec6grid4 and
dec30grid4) performed best, with the Gayno- Seaman (dec16grid4) and MCNC
smulaions deficient in various critical errors.

Precipitation was Smulated remarkably successfully with the MRF PBL schemes;
seven to eight days out of ten had no significant precipitation errors. The Gayno-Seaman
run had the proper tempord variation but produced too much precipitation. The MCNC
model did not properly smulate the squal line on August 24, produced rain in the wrong
place on August 25, and failed to produce any rain at al on succeeding days. None of the
mode runs produced the observed outflow boundary on the evening of September 1, and
al but the MCNC mode produced an erroneous outflow boundary on the previous
evening.

Most clouds during the ozone episode were fair weather cumulus which formed a
the top of the boundary layer in the morning and disspated in late afternoon. None of the
mode runs can resolve these clouds, and as aresult the models produce clouds with too
large a horizonta extent. Under such circumstances, the amulation with the fewest
cloudsis usudly the best, and in this case it was the runs with the MRF PBL scheme.
None of the models had the proper day-to-day variationsin cloudiness.

The three TAMU runs had essentialy zero maximum temperature bias, while the
bias for the MCNC run was on the order of 3 C. Thisbiaslikdy originates from the use
of the default soil moisture. All mode runs were able to track day-to-day temperature
variations. It isrecommended that temporaly-varying soil moisture be used in
subsegquent modd runs.

Large- scal e temperature patterns were generdly forecasted well, except for the
MCNC modd in some cases. The land-sea contrast was well-smulated, except for
MCNC, which had too smal a contrast. Another major source of variability was the
urban heat idand, which during this episode was observed to be essentidly nil during the
day and sgnificantly warmer than its surroundings a night. No model smulation
produced awarm nighttime heet idand, possibly because no smulation was able to get
surrounding areas cool enough. Runs with rdatively dry urban soil produce too strong a



daytime heat idand; runs with relaively moist urban soil produce alate afternoon and
evening urban “cool” idand.

Compardive andyss of soundings confirmed that the models nighttime
temperature inversons were too weak or nonexistent. The MCNC runs were particularly
deficient in that regard. During the day, it was found that the MRF PBL runs produced
bias-free mixed-layer depths, while the Gayno- Seaman and MCNC simulations were too
shallow by nearly 20% on average.

Wind smulations on most days were good; frequently the wind fid will evolve
into a more accurate configuration as the model atmosphere respondsto local forcing. A
closelook at August 25 and August 30 suggests that one or both might be successfully
smulated with a photochemica mode using the current, preiminary TAMU grids. The
MCNC modd had erroneoudy weak sea breeze winds because land areas were not
heating up sufficiently.

The vertica gtructure of the wind was dominated by a diurndly-varying component
which seems to have large vertical extent on some days and very shalow extent on
others. Further analyss of the diurna wind cycle and the nocturna low-leve jet will be
described in a subsequent report.
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1. Introduction

During fal and winter of 2001-2002, Texas A&M University (TAMU) is
developing meteorologica smulaions for use by the Texas Naturd Resource
Conservation Commission (TNRCC) as drivers for photochemical mode smulations of
ozone development in the Houston-Galveston metropolitan area. The 0zone episode
being amulated is August 25- September 1, 2000, which occurred during the Texas 2000
Air Qudity Study (TexAQS-2000). The speciad observations from the TexAQS-2000
field program provide an unprecedented data set for specification of the meteorologica
conditions during the ozone event. A description of theinitid phase of the modding
work at TAMU is provided in the report dated December 19, 2001, and titled "Initid
Moddling of the August 2000 Houston-Galveston Ozone Episode”, available from
TNRCC and a http://www.met.tamu.edu/results. This report will henceforth be referred
to as Report 1.

During the field program, meteorologicd models, some coupled to photochemical
models, were run in red time to provide meteorological and chemica forecaststo
TNRCC and to the field program participants. One such model was run by the
Microcomputer Center of North Carolina(MCNC). The ozone forecasts produced by
this modd were encouraging, and there is interest in knowing whether such aforecasting
model can provide meteorological grids for regulatory purposes, even possibly asan
dterndive to the modeling being performed at TAMU.

The purpose of thisreport istwofold. First, we will compare the MCNC moddl
forecaststo TAMU simulations of the same event, with particular emphasis on the ability
of the forecasts and smulations to predict or reproduce the weather phenomenareevant
to the formation and distribution of high concentrations of ozone in the Houston areg, as
those circumstances are presently understood. These key weather e ements include cloud
cover (or its absence), rain (or its absence), the existence and timing of periods of very
light winds, and the wind distribution following periods of very light winds. In addition,
such generic elements as planetary boundary layer (PBL) development and depth,
temperatures, and the diurna cycle of wind will be examined.

The second purpose of this report isto document and eva uate the performance of
severd of the TAMU model runs which are candidates for further development as
smulations for usein photochemicad modding. This evaduation will hdp guide the
selection of a specific modd run as wdl asidentify deficenciesin the mode runswhich
may be addressed at alater date. In this report, we sdlect three model runs and compare
them to each other and to the MCNC forecasts.
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2. Modd Configurations

The modd used by TAMU isMM5, verson 3.4. Two of the modd runs (dec6grid4
and dec16grid4) were described in Report 1. Briefly, they are 4 km nested runs with soil
moisture modifications made to the USGS 24- category land use characteritics in order to
represent the drought characteristics present in the Houston areain late August 2000. A
third modd run (dec30grid4) was not described in Report 1 but is smilar to the other two
runs.

All three modd runs are continuous 10-day smulations, beginning a 1200 UTC
(subtract six hoursfor CST), using Eta Data Assmilation Sysem (EDAS) andysisfor
initid conditions, boundary conditions, and nudging on the 12 km nest which provides
the one-way boundary conditions for the three runs described here. The analys's nudging
congrains the 4-km model smulations to resemble redity, particular in their large-scale
characterigtics.

The mode used by MCNC is MM5, verson 2.12. Theinner nest, which is
evaluated here, usesa 5 km grid spacing. The vertica grid spacing is also somewhat
coarser, asshownin Table 1. In addition, the TAMU runs extend up to anomind
pressure of 50 hPa, while the MCNC runs extend only up to 100 hPa, so the TAMU runs
have five additiond levelsin the upper troposphere and lower stratosphere.

Unlike the TAMU runs, the MCNC runs are a series of consecutive 12-hour
forecast runs. Each fine nest mode run beginsat 1100 UTC or 2300 UTC, eleven hours
after the initiation of two coarser nests. The coarse nests use EDAS anadyses (when
available) for athree-hour dynamic initidization and the Etamode forecasts (when
available) aslatera boundary conditions on the outer nest. Consequently, the MCNC
model output is a sequence of 11 to 23 hour MM5 forecasts.

This difference in setup has consequences for interpretation of the output. Most
noticeably, the MCNC output will tend to have discontinuities at 1100 UTC and 2300
UTC each day, at the temporad boundaries between successve modd runs. Whilethis
discontinuity is artificid, it does not necessarily imply a degradation of mode accuracy.
Effectivey, the MCNC modd run is updated with new wesether information every twelve
hours. The TAMU runs are updated continuoudy, but the information must propagate
into the fine nest from the laterd boundaries. The MCNC fine nest is updated throughout
its domain, dthough the informetion is at least even hours old.

It is not immediately clear which technique would lead to more accurate
amulations, dl other things being equa. The answer depends on many factors, including
the speed at which information penetrates the into the fine domain from its latera
boundaries and the relative accuracy of the MM5 forecasts compared to the EDAS
andyses. It should aso be noted that the MCNC forecadts, while rerun during the fal of
2001, were configured identically to the original forecast runs. More accurate modd runs
could have been produced at MCNC by using analyses instead of forecasts for latera
boundary conditions or by modifying the MM5 modd configuration based on evauation
of model output. Thus, this evauation isacomparison of the accuracy of the MM5 run
in forecast mode to a set of refined MM5 retrogpective smulations.

A second potentidly important difference between the two model runsisthe size of
the innermost domains (Fig. 1). The MCNC domain is much smaller than the TAMU
domain. The MCNC domainisas smdl as possible so that the modd can produce
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forecasts quickly. Based on past

TAMU TAMU MCNC| MCNC Houston modeling experience, the
level height (m) level height (m) inner domain boundaries will not
43 20351 serioudy harm the solution beyond
42 19322 about seven grid points from the
41 18094 mode boundaries. The smulations
40 16904 will aso behave differently because
39 15756 the MCNC smulation in the
38 14651 31 14877 Houston areais more sengtive to
37 13589| 30|  134s7| | [hecharadtenisticsof the coarser 15
36 12568] 20|  12251| | Kmsimulation; information from
35 11586] 28| 1u1a1| | thecoarsedomanwill rexch
e 10577 >7 10124 Houston much more quickly inthe
MCNC run than in the TAMU runs.
33 9615 26 9224 Other model configuration
32 8746 25 8410 differences are rdaively minor and
31 7953 24 7643 aelisedin Table 2. Takenasa
30 1267 whole, neither configuration is
29 6669 23 6915 clearly preferable to the other.
28 6107 22 6223 The s0il moisture
27 5576 21 5579 specification is described more
26 5108 20 4977 completely in Report 1. The
25 4696 MCNC runs used the soil moisture
24 4300 19 4411 availability specified in the land use
23 3919 18 3888 file provided with the MM5 modd!.
22 3553 17 3382 The TAMU dec6grid4 run used
21 3199 drier soil moisture for the land use
20 2858 16 2801 categories common around
19 5508 15 5430 Houston, except the urban category
18 5534 was ]eft ur_10hanged. This _
17 1975 14 2023| | configuration was called *basic”
s0il moisturein Report 1. The
16 1722 13 1683 other two TAMU runs used soil
15 1475 12 1407 moisture availability set to .1 (lower
14 1282 than “badc’) in the land use
13 1139 11 1181
12 998 10 994
11 859 9 844
10 745 8 712 Table 1: Comparison of vertical
9 645 dructure of the TAMU and MCNC
8 565 7 582 model runs. Heightsare given
7 476 6 453 above ground leve for the grid
6 388 point closest to the Downtown
5 300 5 326 Houston profiler/airsonde site.
4 214 4 212
3 128 3 127
2 59 2 65
1 17 1 19

13




Table 2: Comparison of sdected MM5 characteritics and settings

M odel aspect TAMU runs MCNC runs
Model verson 34 212
Grid spacing 4 km (within 12, 36, and 108) 5 km (within 15 and 45)
Verticd hdf-leves 43 31
Innermost nesting one-way one-way
Radiation scheme RRTM Dudhia
Radiation update 30min 10 min
frequency
Cumulus Grdl (none on fine nest) Kain-Fritsch (none on fine
parameterization nest)
Cloud physics Smpleice Smpleice
PBL scheme dec6gridd: MRF Blackadar
dec16grid4: Gayno-Seaman
dec30grid4: MRF
Soil scheme 5-layer 5-layer
Shdlow convection yes no
scheme
Coriolisforce 3-d 2-d
Soil moisture dec6grid4: drier than standard standard
dec16grid4: much drier than
standard, except urban areas
dec30grid4: much drier than
standard, except urban areas
Land use 25-category USGS 25-category USGS

categories around Houston, and .2 (moister than standard to take into account urban
irrigation) in the urban category. This configuration was called “dry” soil moisturein
Report 1.
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3. Data and Software

The present eva uation focuses on the phenomena smulated by the modeling
systems. The specid observations taken during TexAQS-2000 are used to define the key
phenomena of relevance to ozone formation and transport. In this section, we discuss the
observationa data and the tools used to compare the models and observations. Additional
observationd data, such as data from aircraft, was not utilized in this comparison due to
pressing deadlines.

3a Profiler data

The most vauable data set consgsts of profiler data from the six profilers operated
in the Houston- Galveston area during TexAQS-2000 (Fig. 2). These Sites are: Houston
Southwest Airport (HOU), UH Coastd Research Center at Lamarque (LAM), Ellington
Fed (ELL), Houston Downtown (HTN), Wharton Power Plant (TX2), and Liberty
Municipa Airport (LMA).

The profiler data has been quaity-controlled in afour-step process by the
Environmenta Technology Laboratory (ETL) of the Nationad Oceanographic and
Atmospheric Adminigration. In the first step, the moments were examined to manudly
identify periods and eevations in which the sgnas were likely to be contaminated by
migrating birds. 1n the second step, the data was sent through the Webber-Wuertz
agorithm to compute the most representative wind speeds for each hour from the
individud (typicaly) sx-minute vertica scans. In the third step, the output was
manudly viewed at ETL and obvioudy erroneous data points were diminated. In the
fourth step, the data was viewed by John Nidlsen- Gammon of TAMU and compared to
profiler data prior to Webber-Wuertz processing, and additiona suspicious data points
were identified. These points were examined independently by ETL, and some of the
points TAMU identified as suspicious were diminated. ThisETL work was performed
by David White and Allen White.

An dternative source of profiler datais the consensus data archived by NOAA'’s
Aeronomy Laboratory by Wayne Angevine. This data set has not been subjected to any
quality control beyond what was done automaticaly when the data was recorded.

A comparison of the two data sets indicates that the quality control has apparently
eiminated al of the bird-contaminated data and has generated more coherent data,
particularly at night or doft. However, the Webber-Wuertz processing aso tended to
produce hourly observations that were inconsistent with observations at adjoining hours,
while the consensus data was consstent from hour to hour. This tendency was most
common within well-mixed daytime planetary boundary layers, but at least one profiler
seemed unaffected (Liberty) and one profiler seemed affected throughout the day
(Lamarque). The cause of this discrepancy is not known; perhaps the Webber-Wuertz
agorithm is keying on successve observations of fragments of boundary-layer rolls or
other boundary-layer circulations as they pass over the profiler Stes.

Whatever the cause, our extensive analysis of five of the profilers (we have not
examined the Houston Downtown profiler data) suggests that the daytime observations
are clearly improved by Webber-Wuertz at Liberty and clearly degraded by Webber-
Wuertz at Houston Southwest. At the remaining three Sites, the differences between the
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two data sets are more substantial and the better of the two is not readily determined.
Therefore, we Utilize both sets of profiler datain our evaduation of the meteorologica
models. Weretain the ETL bird masking in both data sets. Having both data sets
provides some measure of the error bars associated with profiler observations. As will
become apparent, the differences between the two data sets are not as large as the
differences between the observations and the model outpui.

Complete documentation of this issue will await further consultation with
NOAAJ/ETL. Theissueisan important one, because the profiler datais intended to serve
as the primary data set for data assmilation during the next stage of the TAMU modeing
work.

3b: Sounding data

Radiosondes were launched from three sites during TexAQS-2000. Two of the
stes, a UH Coasta Research Center a Lamarque (HSE, colocated with LAM) and
Houston Downtown (HDT, colocated with HTN) were airsonde Sites, for which
instruments recorded temperature, humidity, and pressure. Balloons were released every
three hours during severd intensive observing periods, once per day otherwise. The
alrsonde data has been through a gross error quality control a Pacific Northwest Nationa
Laboratory (PNL).

The third site, a Wharton Power Plant (WPP, colocated with TX2), used sondes
with Globa Pogtioning System (GPS) technology, thereby measuring windsin addition
to the other meteorologica parameters. Balloons were released up to five times per day
on aregular basis, but GPS wind data was often missng during lower portions of the
ascent. The GPS sonde data has been quality-controlled by ETL, including dimination
of outliers filtering, and interpolation to 10 hPaintervas. In this report, we utilize the
data prior to filtering so as not to diminate any observationd details of the vertica
structure; a gatistica comparison would utilize the filtered (and possibly interpolated)
data

The three sounding launch stes are located in three different environments (Fig. 2).
HDT isin the center of the urban land use type in the MM5 modding sysem. WPPis
just beyond the northwest edge of the urban land use type and is within the dryland
cropland land use type. In the model, given the prevailing wind directions during the
ozone episode, model WPP soundings will be representative of dryland cropland except
during the daytime from the beginning of the modding period through August 29, when
it will be downwind of the urban area. In redlity, WPP islocated within amixed land use
zone, with fields and trees interspersed with suburban development. Findly, HSE is
within dryland cropland as well, but is located close to the coastline. This sounding Ste
will be under a sirong marine influence whenever winds are from the east or the south.

Mode intercomparison at HSE is more difficult to interpret than at the other two
Sites because of the importance of overland fetch. Smal wind direction or speed errors
can produce errorsin the thermodynamic structure at HSE even if the PBL isbeing
handled correctly. Conversaly, anincorrect PBL and an incorrect wind speed can
compensate for each other to produce an apparently accurate sounding profile. Because
of these complications, the present modd eva uation focuses on thermodynamic profiles
at HDT and WPP.
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3c: Doppler lidar data

A scanning CO2 Doppler lidar wasin place at La Porte (LAPin Fig. 2) during
TexAQS-2000. In principle, this observing deviceis capable of producing profiles of
low-level winds which are more accurate than any of the other observing platforms. The
lidar is not subject to bird contamination and is able to profile the lower aimosphere at
very high resolution dmost to the ground. Without this data set, the vertica structure of
the nocturnal low-leve jet would not be known.

Unfortunatdly, during the fild program the eevation angle controller was subject
to errors which varied from scan to scan and day to day. This problem was not thought to
affect the period of the ozone episode meteorologica modding, but when TAMU
scientists plotted vertica profiles of wind speed as afunction of eevation angle, it was
found that the different eevation angles gave different answers for the height of the low-
level jet. A subsequent check of the lidar logs revedled drift problems which were
consstent with the errorsin low-level jet height. Thelidar dataiis presently undergoing
further processing a ETL in an attempt to correct for the eevation angle error.

Pending availability of the corrected data s&t, the lidar wind profiles can not be used
directly. We can, however, glean some information from the uncorrected data Because
wind speeds are not in error, the lidar data are accurate with respect to heights relaive to
the level of maximumwind. In other words the lidar datais unambiguous for such
information as the speed of the jet and the speed hafway between the ground and the
level of maximum winds. Representative vertica profiles of wind speed are shown for
two daysin Fig. 3. Theheight of thelevel of maximum windsislikey to be between
280 m and 400 m. Thewind speed profile is strongly peaked, and decreases nearly
linearly below that level. A downward extrgpolation of the wind profile gives asurface
anemometer wind speed of 2-3 nV/s, or 4-6 knots.

3d: Conventiond data

Conventional data has been compiled by TAMU and posted at
<http://mww.met.tamu.edw/t2k/tnrcc/metdata.html>. This compiled data set conssts of
surface meteorological observations from Nationa Wesather Service (NWS) stations, air
qudity stations collected by TNRCC, and assorted buoys and platforms; geostationary
satellite images, both visble and infrared; and low eevation angle scans a haf-hour
intervas from the Houston/Gaveston WSR-88D, located in League City, Texas. This
data has been visualy inspected for obvious errors.

Because the data originate from a variety of sources, they are not entirely
equivaent. In particular, the TNRCC observing Stestypicaly do not satisfy NWS
standards for exposure. Obstructions near observing sites would be expected to produce
lighter winds, higher maximum temperatures, and lower minimum temperatures. The
height of the temperature sensors at the TRNCC sites (10 m instead of 2 m) would
produce the opposite temperature bias. The relative magnitudes of these two effects are
not known, and the TNRCC sites are dso subject to instrument error and
representativeness bias. Our quantitative evaluation will focus on the stlandard NWS
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Stes, and in assessing the spatid pattern of temperatures, we will require observations at
two or more adjacent sites to be in agreement.

3e Andyss software

The mode output and observations are viewed using GEMPAK, afredy-avalable
meteorologica display package supported by the Nationd Wesather Service and by
Unidata. TAMU-written programs convert the MM5V 3 output into GEMPAK gridded
format (for spatia displays) and GEMPAK sounding format (for vertica profilesand
time series). The MCNC model output was provided to TAMU in verson 2 format and
was converted to version 3 by NCAR-provided software prior to utilization by
GEMPAK.

We specificdly utilize GEMPAK' s cgpabilities to plot horizonta maps, soundings,
and time-height sections. The latter is atwo-dimengond plot with time as the x-axis and
height asthe y-axis. GEMPAK indicates the time of data points by vertica lines on the
plot; the lines extend upward as high as the data, solid if wind detais available and
dashed if only temperature datais available. GEMPAK interpolatesthe datain time on a
regular two-dimensond grid, then draws contours. Where datais missng, GEMPAK
interpolates from adjacent observations. The current verson of GEM PAK does not
indicate if datais missing from the bottom or interior of a sounding, only from the top.
Therefore, verticd discontinuities in the plotted time-height sections may bered or they
may be evidence of incomplete data and linear interpolation, and should be treated with
caution.
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4. Day-by-day Weather Summary

In this section, the wesather for each day during the ozone episode and the two days
prior to the ozone episode is described. A summary of the weather during the episode,
together with daily surface maps, was presented in Report 1. This day-by-day summary
is more detailed, but maps or other datawill not be presented until they are needed for
comparative purposes later in this report.

4a August 23

Convective showers were present just offshore and in East Texas at 1200 UTC,
with a particularly intense cluster of showersin Brazoria County. By 1500 UTC,
showers had aso developed at the common convective initiation points around Houston:
in Galveston and Chambers counties to the northeast and southwest of where Galveston
Bay meets the Gulf of Mexico, and in extreme eastern Harris County just inland of the
head of Galveston Bay. By 1800 UTC, the origind showers had dissipated, and other
showers had come and gonetoo. Remaining showers were mosily at least 50 mi from
downtown Houston. Shower activity steadily decreased the rest of the day, with most of
the lingering activity offshore or near the coast well to the east or southwest of Houston.

The morning shower activity left a blanket of middle to high level cloud over
Houston. Temperatures at most locations did not reach 90 F, a consequence of the
reduced insolation and the presence of cool convective outflows. Winds were light for
mogt of the day, gradualy veering from the northeast in the morning to easterly at 2200
UTC before strengthening from the southeast during the following few hours.

Note: by meteorological convention, winds are described by the direction from
which they are blowing. Thus, a northeasterly wind involves air motion from the
northeast toward the southwest.

4b: August 24

Beginning around 0700 UTC, isolated showers began moving onshore from the
Gulf of Mexico. These showerswould make it afew milesinland before dissipating. A
trangition took place around 1500 UTC, as the offshore showers dissipated and showers
began forming inland near the coast. One large area of showers moved into the Houston
area from Beaumont, while another areaformed west of Galveston Bay. By 1900 UTC,
the two areas of showers had merged into an organized convective sysem. The gust
front at the leading edge of this system progressed west- northwestward, from downtown
Houston at 1900 UTC to the northwestern edge of Harris County at 2130. Intense
showers followed the gust front, while widespread light rain persasted for severa hours
following the firgt line of showers. Rainfal ended throughout the area by 0200 UTC
August 25.

On this day, the squdl line was the key phenomenon. The urban ar and morning
pollutants were replaced by rain-cooled air from the free troposphere in the afternoon.
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4c. August 25

Thunderstorms formed in the unstable airmass on this day as wdll, but by thistime
the area of ingtability had moved down the coast and the convective activity was centered
on the Coastal Bend/Matagorda Bay area. At 2000 UTC a couple of showers formed
near the center of Richmond County, probably aong the outflow boundary of the
Matagorda storms, and aircraft data suggest that the reinforced outflow boundary reached
the western edge of Harris County late in the afternoon. This probably atered the late
afternoon ozone pattern, since the highest ozone had moved west of the city by
midafternoon. A few other isolated showers developed near Liberty in the late afternoon.
Otherwise, skiesin the Houston area were clear to partly cloudy all day. Scattered fair
weather cumulus developed by 1500 UTC and persisted through 2300 UTC.

Surface winds in the Houston area were light from the northeast in the morning,
becoming particularly light and variable around 1600 UTC. Light easterly winds had
become widespread by 1900 UTC, and the few hours of very light winds were probably
ingrumentd in the very high levels of ozone which were observed later in the afternoon.
From 1900 UTC onward, surface winds gradualy strengthened and veered to
southeasterly by 2100 UTC, remaining from the southeast a 10 knots through 0000 UTC.
A locdlized airmass of high ozone followed atrgjectory congstent with these winds,
moving westward away from the ship channel and then northwestward out of the city.
Highsin most areas were in the low to mid 90s.

4d: August 26

Southeast Texas and its surroundings were free of rain showers on thisday. Fair
wegther cumulus developed around 1500 UTC and had pretty much dissipated by 2200
UTC. Overnight lowswere in the low 70s, warmer near the center of Houston. Winds
veered overnight, being light from the south at 0400 UTC and light from the west at 1000
UTC. During the find few hours of the night, the winds became very light and variable,
with a generd northerly direction.

Winds became more uniform as the daytime boundary layer degpened. At 1400
UTC, winds were from the northwest, at 1500 UTC from the west, and a 1600 from the
south. The generdly light winds were locally reinforced by a bay breeze. By 2000 UTC
winds were from the southeast nearly everywhere, and they strengthened from the
southeast during the remaining hours of the day. As a consequence of the bay breeze and
afternoon onshore flow, temperatures were warmest inland. High temperatures ranged
from the low 90s near Galveston bay to the upper 90s northwest of Houston. The highest
0zone was observed by aircraft north of Galveston Bay around 1800 UTC, possibly
originating near the ship channd in the morning. The polluted airmass was carried
northwest by the afternoon breezes, resulting in an exceedance in Conroe.

4e: August 27

Overnight winds closely resembled those of the previous night, except that a steady
westerly flow was present across the ship channel around 1200 UTC. Low temperatures
were near 70 in northern areas, upper 70s near the city center. Rain was completely
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absent overnight; during the morning, afew isolated showers were present to the south of
the metropolitan area, but they did not have an impact on the airmass over Houston.
During mid to late afternoon, afew very smadl showers formed in the Houston area.
Convective clouds were a bit more widespread than on August 26, being present in some
areas as early as 1400 UTC and not disspating until 2300 UTC, earlier a coastd
locations where the onshore flow suppressed convective development.

During the morning, especidly around 1400 UTC and 1500 UTC, winds were light,
with surface observations suggesting a convergence zone in the ship channd area.
Beginning around 1600 UTC, the northerly winds north of the ship channel became
southerly, then southeasterly, increasing in velocity through the day with severd
observations of 15 knots by 2200 UTC and 2300 UTC. High temperatures followed the
same pattern as the previous day too.

4f: August 28

The stronger winds continued overnight, and the winds were dower to veer than on
the previous two days. Winds didn't become southerly until 0600 UTC, and at 1000 UTC
they were from the southwest rather than from the west. Winds were light and varigble
the next two hours, and predominantly from the northeast at 1300 UTC. By 1600 UTC
they had reversed direction again, becoming south-southwesterly before backing to
southeasterly by 1900 UTC. Following the familiar pattern, winds continued to
drengthen from the southeast for the remainder of the afternoon. By evening, winds
were not quite as strong from the southeast as on the previous day.

With no showersin the area, clouds followed the familiar evolution, developing at
the top of the boundary layer in midmorning and dissipating from the coast inland in late
afternoon.

4g: August 29

The overnight and morning hours of August 29 were dmost identical to August 26.
The primary difference was the daytime cloud development, which was confined mostly
to points south and west of downtown Houston. Temperatures were a couple of degrees
warmer as well.

By midday, more substantia differences had become apparent. Winds were il
predominantly westerly across the Houston metropolitan area at 1800 UTC, except for
the Galveston Bay breeze, not becoming southerly until 2000 UTC and southeasterly at
2100 UTC. Thiswind pattern made for ozone which was aso smilar to the ozone on
August 26. The highest values were observed near and northeast of the ship channd in
early afternoon, with tations north of Houston reporting high ozone later in the afternoon
and evening.

The day was essentialy cloud-free, with the exception of afew isolated showers
that developed dong the Louisiana border during late afternoon.
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4h: August 30

Based on examination of profiler and surface observations, August 30 marks a
regime shift from predominantly southeasterly flow (August 25-29, "Regime 1") to
predominantly westerly flow (August 30-September 1, "Regime 2"). The westerly
component developed overnight. Already by 0200 UTC the winds were from the south.
They were from the west- southwest at 0600 UTC and from the west at 1000 UTC.
Unlike previous nights, in which the wind became light and variable around sunrise, flow
persisted from the west and winds continued to veer. At 1300 UTC they were from the
west- northwest and remained from that direction, gradualy strengthening, through 1700
UTC.

Fnally, around 1800 UTC, winds became lighter. Some variation was observed
across the Houston metropolitan area, with winds being from the west in western areas
and from the north in eastern areas. During the following few hours, most winds were
light and variable. Meanwhile, dong the coasts, bay and gulf breeze fronts developed
and winds behind the fronts became onshore. Findly, by 2300 UTC, agenerdly light
south-southeasterly flow had developed over the entire area, even ahead of the bay and
gulf breeze fronts, which appear to have not reached downtown Houston by thistime.

Consstent with the reduced clouds were lower dewpoints, in the upper 50sin the
afternoon except behind the sea breeze front where they were much higher. Congstent
with the reduced clouds and offshore winds, temperatures were higher aswell. Most
locations had high temperaturesin the low to mid 100s. Congstent with the light
afternoon winds, very high ozone was observed in the ship channd area, with the highest
ozone found behind the bay breeze front.

4i: August 31

Agan a 0200 UTC winds were mostly southerly. Actualy, they had adight
easterly component west of the city and were from the southwest at coastdl locations. By
0700 UTC winds were from the west everywhere, and remained from the west through
1200 UTC. Wind speedsat 1200 UTC (3-7 knots) are consistent with downward
extrgpolation of the La Porte lidar data (Fig. 3). From 1300 UTC to 1700 UTC the winds
increased in speed from the west- northwest and then decreased again. Following afew
hours of light and variable winds, southerly winds had developed by 2300 UTC.
Temperatures were even higher than the previous day, reaching the mid 100sin most
locations.

Skieswere clear in the morning. Over the Piney Woods, north and northeast of
Houston, convection began to develop after 1800 UTC, producing some showersin
midafternoon in the Beaumont area and a shower near Liberty around 0000 UTC. Ason
the previous day, high o0zone was associated with the light winds in the afternoon.

4j: September 1

Overnight, winds never developed an easterly component. Winds were from the
south-southwest a 0200 UTC and gradudly veered overnight. By sunrise winds were
light and west-southwesterly, again consstent with the La Porte lidar data. Asthe
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morning developed the winds increased in speed while maintaining a west- southwesterly
direction, reaching 15 knots in places by 1500 UTC. While winds became lighter by the
afternoon, they never truly became light and variable. Nevertheess, some high ozone
was observed over and downstream of the Houston ship channel. By 2100 UTC winds
were from the southwest and had begun intensifying again.

Afternoon dewpoints were in the low 60s instead of the upper 50s, and partly
cloudy skies were common throughout the day. Ason August 31, convection developed
over the Piney Woods, but this convection was much more widespread and produced an
outflow boundary that moved southwestward into the center of Houston by 2300 UTC.
Strong northeast winds were followed by light and variable winds, before the onset of
widespread southwesterlies around 0500 UTC the next day.
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5. Model Evaluation and I ntercomparison

5a: Precipitation

Dally precipitation for the four mode runsisshown in Figs 4-7. Recdl from
Section 4 that precipitation was widespread on August 24 and that showers were so
present on August 23, August 25, August 27, August 31, and September 1. Precipitation
was likely to have had a strong influence on o0zone development during August 23,
August 24, and late on September 1.

The dec6grid4 run (Fig. 4) reproduces the basic aspects of the rain showers quite
well. Augugt 24 is the wettest day around Houston in the smulation. The mode
correctly produces agust front moving northwestward across Harris County between
1800 UTC and 2100 UTC, dthough it underestimates the convective development aong
the gust front within Harris County. Fig. 8 shows the smulated squadl lineat 2100 UTC
August 24. The western edge of the strong east- southeasterlies is marked by aline of
convective clouds (indicated by very low incoming shortwave radiation), with some
resdua stratus clouds farther east. The corresponding radar image (Fig. 9) shows a
amilar structure, with convection dong the gust front to the west and lingering stratiform
precipitation to the east. 1n both the model smulation and the redl atmosphere, any
pollutants in the Houston area would have been swept away by the gust front during the
afternoon of August 24.

Of course, individua rain showers do not closaly resemble actud rain showers.
Because of the grid spacing (4-5 km), individua showers are 10-20 km across, much
larger than observed, and outflows associated with individua showers tend to be too
large and too strong.

Precipitation events on August 23 and 27 were aso successfully smulated. The
dec6grid4 run correctly predicts scattered shower activity in the morning in coastal aress,
athough specific shower locations are not correct. On August 27, the modd correctly
forecasted isolated showers, but the mode developed them too soon and too close to the
coast. Also correct are predictions of no shower activity on August 26, 29, and 30. The
large area of modd-forecasted precipitation on August 28 near Corpus Chridti isabsent in
the observations. Thisareais not upstream of Houston and probably had no impact on
wesether in the Houston area. The model correctly smulates no shower activity in the
Houston area.

The remaining three days are less successful. August 25 saw convective activity
southwest of Houston, with outflow eventualy reaching the edge of the Houston
metropolitan area. The dec6grid4 mode run produced too little convective activity and
limited it to offshore areas. On August 31 and September 1, the dec6grid4 run correctly
located most shower activity in the Piney Woods to the north and east of Houston, but
had the showers too far away from Houston on both days.

On baance, the dec6grid4 mode run underestimated the amount of precipitation
near Houston during the ozone episode, but this underestimate may have little detrimenta
effect on photochemica modd smulations. On days when preci pitation was important,
the mode performed reasonably well during August 23 and exceptionaly well during
August 24. The dry bias prevented showers from developing where they weren’t wanted,
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S0 that days unaffected by shower activity are matched by modd smulations unaffected
by shower activity.

The dec30grid4 modd run (Fig. 5) ismost Smilar to the dectgrid4 run (Fig. 4).
Despite the reduced soil moisture compared to the dec6grid4 run, the dec30grid4 run
produces gpproximately the same amount of precipitation in gpproximately the same
locations. Therainfall on August 24 is more concentrated, but with the same basic
paitern, leading to a squdl line with amilar timing but stronger winds (Fig. 10).

The other Sgnificant difference with the dec6grid4 runison August 31. The
dec30grid4 model produces arainshower in the Liberty area (Fig. 4). Furthermore, this
rainshower develops betwen 0000 UTC and 0100 UTC, about the same time as an actua
isolated rainshower developed in the same area (Section 4). Therefore, this model run
had only two days of poor precipitation smulations, August 25 and September 1.

The dec16grid4 modd run (Fig. 6), which uses the Gayno- Seaman PBL
parameterization, appears to have awet bias. Like the other smulations, dec16grid4
correctly identifies the wettest days, it correctly produces a squdl line moving east to
west (about one hour too fast) on August 24, it produces erroneous (and probably
inconsequentia) precipitation southwest of Houston on August 28, and it underestimates
the precipitation on September 1.

More sgnificant errors of commission occur on other days. On August 25, the
dec16grid4 run places mogt of the convection aong the coast east of Galveston rather
than west of Galveston. On August 27, the modd is correct in smulating severd
showers near the coast and a few isolated showers near Houston, but because of the 4 km
grid spacing and resulting overestimate of the Size of the showers, this* correct” forecast
could have a detrimenta impact on photochemicd smulations. Showers were smulated
on August 28 in the Houston area too, although none were observed.

Despite the underestimate of precipitation on September 1, the modd overestimated
precipitation on the previous day, August 31. The modd was correct in forecasting
widespread showersin the Piney Woods, but showers in northern Harris County were too
close to the Houston metropolitan area and widespread showers smulated offshore were
completely fictitious. In summary, as many asfive days out of ten involved large enough
precipitation errors that a photochemica smulation would suffer.

The MCNC mode run (Fig. 7), like the others, producesiits heaviest precipitation
on August 24. The amount of precipitation east of Galveston Bay on thisday is
underestimated, so thismodel run, adone among the four, does not produce an outflow
boundary moving from east to west across Houston. On August 23, the shower activity is
too concentrated at the mouth of Galveston Bay; the other model runs had scattered
showers adong the coast. On August 25, the MCNC run produces substantial
precipitation (dl of it erroneous) over Texas City.

For the remainder of the episode, the MCNC run produces almost no precipitation.
Thisisthe correct solution on most of the days. Thelack of isolated showers on August
27 and August 31 is probably not detrimenta to the smulation. Like the other modd
runs, the MCNC run fails to produce an outflow boundary on the evening of September
1

In summary, the MCNC run fails to produce a successful forecast involving
precipitation. On most of the days in the ozone episode, this fallureis not an issue,
because the days were mostly sunny and dry, and given that individua convective clouds
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are too vigorous at this scae, the lack of convective clouds on August 27 may be an asset
to aphotochemical smulation. With severd days of sgnificant errors, the MCNC
precipitation is comparable in quality to the dec16grid4 run but inferior to the others.

5b: Clouds

Apart from clouds associated with precipitation, there was aregular daily cycle of
boundary layer cloud development during the first few days of the episode, with scattered
to broken clouds forming around 1500 UTC and dissipating between 2100 UTC and 0000
UTC. Because clouds cover is of primary importance only to ozone formation on the
particular day of cloudiness, we focus on the period August 25- September 1.

A subjective assessment of cloud cover in the Houston area, based on model-

smulated incoming shortwave radiation and visble satellite pictures, isgivenin Table 3.

Day | Time dec6gricd4 dec30grid4 decl6grid4 MCNC | Observed
(UTC)
1500 BKN SCT SCT BKN SCT

25 | 1800 0 0 SCT BKN SCT
2100 0 0 SCT BKN SCT
1500 0 SO BKN 0 SCT

26 | 1800 0 0 0 0 SCT
2100 0 0 SCT 0 SCT
1500 SCT SCT BKN 0 SCT

27 1800 BKN BKN SCT 0 SCT
2100 SCT SCT SCT SCT thin SCT
1500 SCT SCT BKN BKN SCT

28 1800 | SCT,thinto S BKN thin SCT, thinto S SCT SCT
2100 BKN, BKN, SCT, thin 0 ISO

thifmedto S | thimedto S ovC

1500 BKN BKN BKN BKN SCTtoS

29 1800 0 0 SCT BKNmed | ISOtoS
2100 0 0 SCT SCTmed | ISOtoS
1500 SCT SCT SCT 0 SCT

30 | 1800 ISO ISO SCT 0 0
2100 0 0 0 0 0
1500 0 0 0 0 0

31 1800 0 0 0 0 0
2100 0 0 SCT 0 SCTtoN
1500 BKN med BKN med BKN med BKN med

1 1800 SCT med SCT med SCT med SCT med | SCT med?

2100 BKN med BKN med SCT med SCT med

Table 3: Smulated and observed cloud cover during the ozone episode. 0 = no clouds,
SO = isolated clouds, SCT = scattered clouds (less than 50% coverage), BKN = broken
clouds (more than 50% coverage), OV C = complete coverage. Clouds are mostly opaque
unless otherwise specified as thin or med(ium). to S = to the south, to N = to the north.
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The accuracy of the numerica smulationsis best during the second hdf of the
episode. From August 30 through September 1, the smulated cloud cover isin close
agreement with the observations. (On September 1, daytime satellite images were
unavailable, but infrared images before and after suggest the presence of scattered
midlevel clouds)

This good performance is not matched during the first haf of the episode. Cloud
cover was dmost identica from day to day, but the models were erratic. The most steedy
performer was the dec16grid4 run, which, dthough it may have overestimated the cloud
cover, produced clouds on every day from August 25 through August 29. The other three
mode runs show only modest ahility to distinguish between cloudy and not-cloudy days.

Aswith precipitation, the decgrid4 and dec30grid4 runs are dmost identical. Both
underestimate clouds on August 25 and 26 and overestimate clouds on August 28. The
error on August 28, in particular, is atributable to high clouds advected northward into
the area from the fictitious mass of thunderstorms near Corpus Chridti.

The MCNC run overestimates clouds on August 25 and 29 and underestimates them
on August 26 and 27.Thisis adifferent set of erroneous days than the TAMU forecasts,
but the errors are comparable in magnitude. The dec16grid4 run isthe only successful
samulation of clouds. On the other hand, there are no gross errors in cloud amount, such
as forecasts of clear skies when observations indicated broken coverage, or vice versa

Not shown in Table 3 isthe gross error in the structure of the clouds. The daytime
cumulus were typicdly akm or so acrossin the morning, growing to perhaps 4 km later
intheday. Thisscdeissmadler than the Smulations can represent, and neither the
shdlow cumulus parameterization nor the boundary-layer parameterizations used in the
mode runs include a parameterization of solar radiation blockage by boundary-layer
cumulus. The clouds that do develop in the modd are much too large, blocking out large
tracts of the sky at atime. The clouds seemed to be particularly large in the MCNC
smulation, but not enough days are present to enable a definitive pronouncement.

Examples from three of the modds are shown in Figs. 11-13, to be compared to the
vigble satellite image in Fig. 14. There arelarge areas of contiguous cloud inthe MCNC
run (Fig. 11); ozone would be hard-pressed to develop east of Galveston Bay given the
broad swath of cloud that is present there. The dec16grid4 run (Fig. 12) tends to produce
too much cloud, and later in the day (not shown) there is a strong tendency for the clouds
to become organized by boundary-layer rolls which themsdves are unredidtically large
inscale. The dec30grid4 run (Fig. 13) has afew scattered clouds, and on this particular
day looks best. The dec6grid4 run (not shown) issmilar. None of the runs match the
obsarvations (Fig. 14), which suggest afairly uniform distribution of scattered clouds
throughout al but the northernmaost portions of the Houston area.

When such clouds are incorporated into a photochemicad modd smulation, they are
likely to produce erroneoudy large horizontal variations in ozone when the overal cloud
coverage amount is correct, and biased and variable ozone va ues when the overal cloud
coverage amount isincorrect. If this provesto be a problem during the photochemica
modeling, it may be advantageous to specify the incoming radiation from observationd
data rather than use the radiation computed by the meteorological model. A performance
improvement might aso be obtained through finer grid resolution.
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5c: Temperatures

5c1) Maximum and minimum temper atures

In Report 1, the basic temperature performance of severa modd runs was assessed
by comparison with Nationd Wesather Service and Federd Aviation Administration
ASOS (Automated Surface Observing System) stes in the Houston/Galveston area.
Here, the assessment is extended to two recent model runs aswell as to the MCNC run.

Fig. 15 compares the dec6grid4 and dec30grid4 temperature forecasts at eight
gationsin the Houston/Galveston area. The model runs assessed in Report 1 (decogrid4
istypica) dl had awesk cool bias for maximum temperatures and a strong warm bias for
minimum temperatures. The cool bias was weegk or nonexistent for the first few days of
the episode and exceeded 1 C by the end of the episode. Fig. 15 shows that an additional
reduction in soil moisture availability is adequate to eliminate the cool bias. Indeed, the
model has a maximum temperature warm bias of about 1 C during the first half of the
episode and essentially zero bias during the second haf of the episode.

Report 1 suggested that the tempora change in the maximum temperature bias was
evidence that the surface layer of the soil dried out afew days after the rains of August
23-24. Fg. 15 shows that this drying out can be mimicked by reducing the soil moisture
during the smulation. Although other modd errors affect amulations of maximum
temperature, a decrease in soil moigture is the most likely explanation for the temporad
evolution of the mode bias. An optima mode run would incorporate a reduction in soil
moisture between August 26 and August 27.

The 2m temperatures are interpolated between the lowest modd sigmalayer and the
surface within MM5V3.4's MRF PBL scheme, using Smilarity theory consistent with the
MRF PBL parameterization. The Gayno- Seaman and MCNC runs cannot be evaluated in
precisdy the same fashion because 2m (insrument-height) temperatures are not available
asoutput. Ingeed, we shal evduate the maximum and minimum temperatures from the
lowest modd layer. To understand the relationship between lowest-layer temperatures
and 2 m temperatures, Fig. 16 compares maximum and minimum temperatures from the
two levesin the dec30grid4 smulation. In this and the following comparison, the
observing Ste a Brenham (11R) is excluded, asit is beyond the edge of the inner MCNC
modd domain.

As expected, the diurna amplitude (difference between maximum and minimum
temperatures) islarger at 2 m than at 17 m. The maximum temperatures are lower at 17
m by about 1.5 C, which would correspond to a superadiabatic lapse rate as would be
expected during the warmest time of the day. Minimum temperaturesa 17 m are
generdly dightly warmer than at 2 m, suggesting aweek temperature inverson in the
modd. Both 2 mand 17 m temperatures are equaly good at tracking the day-to-day
variationsin temperature throughout the episode. The difference between 17 m
temperatures (the height of the lowest sgmalayer inthe TAMU runs) and 19 m
temperatures (the height of the lowest sgma layer in the MCNC runs) should be
negligible, at most 0.2 C.

At 17 m, the dec16grid4 run issimilar to the dec30grid4 run (Fig. 17). Both
maximum and minimum temperatures are Smilar; differences average lessthan 0.2 C.

The MCNC run, on the other hand, shows consderable differences. Maximum
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temperatures are lower by 2.7 C than the dec30grid4 run, and minimum temperatures are
higher by 0.4 C, resulting in a3.1 C smdler diurnd temperature cycle. Since the other
runs dready had too small adiurnd cycle, the MCNC temperature cycle is very wrong.
The error is congstent with the use of default soil moisture rather than the dry or very dry
soil moisture of the TAMU runs. The true error is probably larger; because the
successive 12-hour MCNC modd runs terminate near the times of temperature extremes,
the plotted maximum and minimum temperatures are actudly the more extreme of two
runs that adjoin each other. Despite the bias error, the MCNC run tracks along with the
other TAMU runs, correctly smulating warmer temperatures during the latter part of the
episode.

5c2) Surface temperature patterns

The pattern of surface temperatures in a given modd smulation will be sengtiveto
the cloud cover digtribution. We first assess the accuracy of the temperature smulations
on August 31, aday with little or no clouds, and then assess the accuracy on August 28,
when considerable clouds were present. Other days, while not explicitly discussed here,
aegmilar.

At 1200 UTC on August 31 (not shown), observed winds were light and westerly.
Surface temperatures were in the low to upper 70s (F), with colder temperatures found
with cdmwinds. The warmest temperatures, in the lower 80s, were found aong the
coast and in the downtown and ship channd areas of Houston. The model runswere
unable to reproduce this temperature variability. The dec16grid4 and dec30grid4 runs
both produced temperatures over downtown Houston that were about 2 F cooler than the
surroundings, and the dec6grid4 run had cooler temperatures of about 1 F over the urban
areas. The MCNC smulation does not predict any temperature anomaly within the urban
areq; its nearly uniform temperatures are perhaps partly a consequence of the finest grid
being initidized only one hour before 1200 UTC.

At 1500 UTC, most temperatures are 85 F to 92 F (Fig. 18). The generd tendency
isfor warmer temperatures to the north and cooler temperatures to the south. If a heat
idand effect is ill present e thistime, it isno morethan 1-2 F. The modd smulations
correctly generate a north-south temperature gradient, with the warmest temperaturesin
the Piney Woods. While observationsin that part of the domain are absent, Conroe is not
warmer than most other stations, so the warmup in the Piney Woods appearsto be
correct. The magnitude of the horizontal temperature gradient, about 6 F from south to
north, is strong enough only in the dec30grid4 and dec16grid4 runs (Figs. 19 and 20),
both of which used very low moisture availability. Second, two of the four runs
(dec6grid4 and MCNC; Figs. 21 and 22) have an urban heat idand a 1500 UTC thet is
approximately 5 F warmer than its surroundings. The other two runs, more consistent
with the observations, show no heet idand at thistime. Overdl, temperatures are dightly
too warm throughout the domain in dl model runs at 1500 UTC, with the MCNC run
having the smdlest bias. In summary, the drier modd runs were the only runsto
correctly smulate either the observed temperature patterns associated with the north-
south gradient or the minima urban heat idand.

No sgnificant changes in the temperature pattern have taken place by 1800 UTC.
The dominant Sgnd is ill a north- south temperature gradient, with no evidence of an
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urban heat idand. Temperatures have risen, and generdly range from 99 Fto 103 F,
except for theimmediate coastline. Again, the dec16grid4 and dec30grid4 get the large-
scale pattern and the absence of a heat idand correct, with temperatures about 2 F warmer
than observed. In both runs, aband of lower temperatures is present northeast of
Houston. This band is associated with aland use category whose moisture availability
has not been modified and is therefore comparatively high. Meanwhile, the decbgrid4
and MCNC runs show a heet idand of about 3 F; outside of the immediate city, the
dec6grid4 temperatures are about right and the MCNC temperatures have become too
low.

By 2100 UTC (Fig. 23), temperatures over land have risen to 102-108 F. Along the
immediate coast where the winds are onshore, temperatures are a bit lower. Away from
the immediate coast, the temperatures appear disorganized, asif during this period of
very light winds the air is responding to the land surface characteridtics in the immediate
vicinity. The dec30grid4 run (Fig. 24) is reasonably accurate, with surface temperatures
generdly between 104 F and 107 F, dthough the large spatid variability in the
observations of temperature is not reflected in the modeled temperatures, which reflect
the piecewise uniform underlying land surface. The mode run actudly has temperatures
cooler by 1 F in the urban areathan in the surroundings, due to the higher moisture
availability there; the temperature anomaly istoo smdl to be confirmed or disproved by
the observations. North of Galveston Bay, overland temperatures are very high, implying
avery strong temperature gradient right dong the coast; the mode reflects this pattern
wdll.

The dec16grid4 modd run (Fig. 25) has been indistinguishable from the dec30grid4
run, but a 2100 UTC the dec16grid4 runis notably worse. Thefault liesina
combination of cloud-topped boundary layer rolls and afew individua convective
showers which drop temperatures beneath them into the mid 80s. Over land, away from
the showers, temperatures at 17 m range from 102 F to 105 F, which is congstent with
the observed surface temperatures.

The dec6grid4 mode run (Fig. 26) isholding true to form. It is about 3 F too cold
except for an erroneous 2.5 F heat idand, but the pattern is otherwise smilar to
dec30grid4 and there are no clouds or convective showers.

The MCNC modd run (Fig. 27) by 2100 UTC is 5-6 F too cold, except in the
middle of the erroneous urban heet idand whereit is only about 4 F too cold. Clouds and
precipitation do not contaminate the MCNC forecast, but the horizonta temperature
gradient along the coast does not seem to be sharp enough. Compared to observations,
the gradient is clearly too broad north of Galveston Bay, and this error cannot be
attributed to the height of the model output because the dec16grid4 run does not share
this problem.

At 0000 UTC September 1, it isdifficult to consider temperature errors
independently of wind errors because the temperature pattern is dominated by the
location of the inland margin of onshore flow. The Gulf ar gopears to have made it
halfway to Houston, based on observations of wind, temperature, and dewpoint. Ahead
of the Gulf (and bay) air, temperatures remain in the low 100s; behind it, temperatures
range from the upper 90s inland to upper 80s dong the coast. All mode runs except
MCNC produce a plausible temperature gradient behind the leading edge of the sea
breeze. Ahead of it, dl three mode runs are within adegree or two of redlity. The
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dec16grid4 run shows no clear temperature pattern, due to the stirring up by the earlier
rain showers, the decogrid4 run persists with an erroneous 2.5 F heat idand, and the cool
idand in the dec30grid4 run hasintensfied to 3F. All three runs show an outflow
boundary advancing from the northeast, which will sweep through the metropolitan area
during the following four hours and erroneoudy ater the armass. The MCNC run does
not have the outflow boundary, and that is the only good aspect to the MCNC smulation
at thistime. Temperatures are till 6 F too cold over land, and the sea breezeis
completdy absent, so temperatures are uniform al the way to the coastline.

We now compare and contrast this temperature evolution with that on a different
day. On August 28 the winds in the Houston area were stronger, so the local-scale
temperature gradients caused by land use variations will be suppressed. On the other
hand, al models produced clouds, whose shadows alter the temperature patterns locally.
In redity, the douds were sufficiently smal and evenly distributed that they had little or
no influence on the temperature patterns.

At 1200 UTC on August 28 the city, ship channel, and coastlines are again the
warmest locations. The contrast in temperature between the urban area and outlying
areasis aslarge as 10 F, as winds have become cam in severa places and robust
temperature inversons have developed. Temperatures range from the upper 60sto the
low 80s. The modds again are much more uniform, with temperatures in the upper 70s
inthe MCNC run and middle 70sin the other runs. Again, al but the MCNC run
erroneoudy deveop relatively cool temperatures in the heart of the urban area.

The rdatively cam winds at 1500 UTC lead to a phenomenon not seen on August
31: hot spots. Both dec6grid4 and dec30grid4 exhibit this problem; an exampleis shown
inFig. 28. Certain locations with land use categories 1 (urban), 7 (grasdand), or 14
(forest) heat up very rapidly near the surface under light wind conditions. The
phenomenon is enhanced by the downward interpolation to 2 m temperatures; a one
sample point, the temperature anomaly was 6.7 C & 2 m, 2.4 C at the lowest sgmalevd,
and 1.1 C at the next lowest Sgmalevd. The phenomenon tendsto occur in
midmorning, and appears to some extent on most of the days in thefirst haf of the ozone
episode; the hot spots did not occur in the stronger winds of the last hdf of the episode.
Thetiming of these events may be rdated to the boundary layer structure: ashdlow PBL,
such asis present in midmorning, may not be deepened rapidly enough by the PBL
parameterization to alow hesat to escape upward. Since these phenomena are shalow,
they are of little or no dynamica consequence.

Aside from the hot spots, the dec6grid4 temperatures are quite accurate compared to
observations (Fig. 29). The modd correctly produces temperatures in the mid to upper
80s. The observationsimply aheat idand of 1-2 F; the dec6grid4 smulation produces a
heat idand of at least 5 F, as on August 31. The dec30grid4 run (not shown) issmilar,
except that the heat idand isamore redigtic 3 F.

The dec16grid4 mode run (Fig. 30) exhibits a pattern of temperatures that does not
seem directly related to land use and istoo cold overdl. The causeisthe extensive cloud
cover (Fig. 12) which produces temperatures below 80 F across much of Houston. This
isan example of the lack of redidtic clouds harming the temperature smulation. The
cloudsin the MCNC run have less of an effect on inferred surface temperatures, which
range from 81 F to 86 F, afew degrees below what was observed.
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The temperature patterns seen on August 31 continue to be masked somewhat
(dec16grid4) or consderably (MCNC) by cloud cover, but the basic land/sea and heat
idand patternsidentified on August 31 are also present at 1800 UTC on August 28.

By 2100 UTC (Fig. 31), the winds have become southeasterly everywhere. The
coastd temperature gradient is now a broad one, spanning about 30 miles along the coadt,
as temperatures rise from 90 F near the coastlineto 98 F inland. The most successful
mode run is dec30grid4 (Fig. 32), which gets both the temperature vaues right and the
temperature pattern right. As expected, decogrid4 isalittle bit colder except for a
fictitious heet idand at the center of Houston. The dec16grid4 mode run has the
opposite problem: alight shower developed over Houston, briefly (and erroneoudy)
dropping temperatures there to the mid to upper 80s. The outlier isthe MCNC run:
because it doesn’'t get the land temperatures warm enough (about 6 F too cold), the
temperature gradient across the land surface is also too weak. The MCNC run also has
itsfictitious heat idand.

To summarize the temperature patterns of the four models, none of them reproduce
the subgtantia nighttime heat idand in Houston and two of them (dec6grid4 and MCNC)
erroneoudy produce a substantia heat idand during the day. Late in the day, the other
two modd runs tend to cool off Houston too quickly compared to the surroundings.
MCNC systematically istoo cold; the dec16grid4 run often has substantial temperature
errors due to the overenthusiastic smulation of clouds and precipitation. MCNC dso
tends to have temperature gradients that are too broad and too weak; otherwise the land-
sea temperature contrast and associated temperature gradients seemed redligtic.

5c¢3) Thermodynamic profiles

The verticd dructure of temperatureisintimately tied to vertical mixing and is
therefore of direct rdlevance to photochemical modeling. We follow a smilar procedure
asin the previous section by focusing on a cloud-free day, taking advantage of the fact
that model temperature biases exhibit a strong degree of congstency from day to day.

The nighttime (1100 UTC) thermodynamic profile at WPP (Fig. 33) is dominated
by the presence of anocturnal low-leve jet. The jet may be responsible, through
enhanced vertica mixing, for the unusualy deep nocturnd inverson, extending from the
ground to about 970 hPa. Aswill be seen later, the model smulations did not reproduce
the low-leve jet correctly. Furthermore, the modd inversion istoo weak by about a
factor of two in most of the smulations, leading to surface temperature errors of 3 C.
The MCNC modd run is Sgnificantly worse than the others: it istoo cold through most
of the lowest 150 hPa and does not have a surface inverson at dl. Shalow dry layers
such asthe one centered a 970 hPa are typicaly not forecasted well, and none of the
modd runs even hints & it.

By comparison, Fig. 34 shows a sounding from asmilar time on August 27. Inthis
ingtance, the lower part of the MCNC thermodynamic profile is much more accurate than
any of the other model smulations. None of the modd smulations, though, has anything
resembling the surface nocturnd inversion found in the observed sounding.

Thefailure to accurately reproduce the nocturnd inverson is common among al
daysand dl modds. Thiserror is congstent with the mean warm biasof 2-3Cin
minimum temperatures.
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Daytime soundings on August 31 are smilar to each other; Fig. 35 showsa
representative set of soundings for 2000 UTC. The PBL extends up unusudly high, to
730 hPa; the unusudly deep boundary layer is accompanied by unusudly high
temperatures. The best mode run with respect to dl daytime soundingsthis day is
dec30grid4, whose temperature profile is indistinguishable from the observations up to
700 hPa. The PBL may be 30 hPatoo deep in this smulation; most other smulations
appear to be 30 hPatoo shallow. The MCNC PBL, however, is much too shalow,
extending only up to 840 hPa.

Statidics for the daytime PBL height throughout the ozone episode are given in
Table4. The PBL height is estimated as the top of the ground-based layer with nearly
uniform potentia temperature and mixing ratio. In early afternoon, the PBL in dec6grid4
was too shalow and in dec30grid4 was too deep, but both averaged the correct vaues by
late afternoon. Systematic underpredictions of the depth of the PBL were made by the
other two modd runs. The pressure error at 2200 UTC was 50-60 hPa, which convertsto
400-500 m. The 2200 UTC hias was consstent in the sense that on none of the eight
days did ether the dec16grid4 or MCNC mode runs have a deep enough PBL.

2000UTC 2200 UTC
(4 soundings) | (8 soundings)
Observations
dec6grid4 815 780
dec30grid4 770 780
decl16gridd 820 840
MCNC 840 830

Table 4: Average pressure (hPa) at the top of the daytime PBL a Wharton Power Plant.

5c4) Summary of model temperature performance

Both the temperature biases and temperature patterns were quite consstent from
day to day during this episode. Maximum temperature biases for al three TAMU runs
were lessthan 1 C, and further improvement seems poss ble with implementation of
tempordly-varying soil moisture. The MCNC modd run was much too cold during the
day, an error gpparently related to excessive soil moisture given the drought conditions
present in southeast Texas during this period.

The urban heat idand was handled poorly by al modds. The nighttime heat idand
was absent in al forecast runs, the TAMU runs actudly had Houston cooler than the
surroundings. During the day, the MCNC and dec6grid4 developed a strong heat idand
incong stent with the observations. Late in the afternoon, dec16grid4 and dec30grid4
began to cool off the urban areas too quickly.

Large- scae temperature patterns were generaly better handled by the TAMU runs
than by the MCNC run. Daytime temperatures were sendtive to clouds; the decogrid4
and dec30grid4 runs had the fewest clouds and were more likely than the other runsto
match the observations when clouds were present.
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No model runs were able to develop sufficiently strong nocturnd inversions avay
from urban aress, leading to awarm bias at night of 2-3 C.

5d: Wind performance

In Report 1, the overall diurna wind pattern was described. Two westher regimes
were identified during the ozone episode. In regime 1, including August 25-29, large-
scae winds were onshore, and over the course of aday thewindsin the lowest 1 km of
the atmosphere tended to trace out a smooth circle. In regime 2, including August 30-
September 1, large- scale winds were alongshore, and a shalow low-leve jet developed at
night as winds traced out an dlipse.

Alsoin Report 1, a procedure was described for assessng model performance in the
amulation of winds. Thewind evolution was divided into three dements: the regular
diurna wind cyde, the large-scale wind, and the remaining wind variations. Model
amulations of the diurna wind cycle tend to be consstent within aregime. Modd
smulations of the large-scale wind are likely to be regime-independent and vary from
day to day. Theremaining wind variations are likely to have a systematic component
associated primarily with land surface variations and a random component associated
with boundary-layer circulations and degper convection.

In this section, we sdlect two days, one for each regime, for careful evauation of
mode performance with respect to the diurnal wind cycle and loca-scadewinds. The
days are chosen to be August 25 and August 30, the two days with the highest ozone
concentrations observed by surface monitors. Previous andyses of these events indicate
that the buildup of high ozone was rdlated to very light winds over severd hours as the
diurna wind cycle momentarily cancelled the large-scalewind. August 30 aso involved
an interaction with the sea breeze front.

Following the spatid analysis of winds for the two days, the models are compared
to profiler observations for the entire episode. Thisandysis clearly identifies the diurnd
wind cycle and the accuracy of the modelsin reproducing it, as well as the dowly-
varying large- scae wind and the accuracy involved in representing it in the models.

5d1) August 25

At 1200 UTC on August 25, light northeasterlies are found across most of the
Houston/Gal veston area, except for northwesterly winds along the western shore of
Galveston Bay gpparently associated with alocal land breeze. The dec6grid4 and
dec30grid4 smulations completely miss the northeasterly flow. They have generdly
very light winds over land and southeasterly winds over the water. Along the coast, a
redigtic land breeze is produced. The MCNC run misses the land breeze completdly but
does agood job with the more important northeasterly flow. Windsin the dec16grid4
smulation are influenced by ongoing convection and are erratic.

At 1500 UTC on August 25, winds have become light and variable near Houston
and farther inland but are from the east-northeast at about 5 kt in coastdl areas. Both
dec6grid4 and dec16grid4 have light and variable winds over central Houston and the
ship channd, where ozone is in the process of developing, but neither mode run
produces the observed light northeasterly flow elsewhere. In dec30grid4, winds from the



southwest are blowing across the ship channel area, in contrast to the observed near-
stagnant conditions there and northeasterlies esewhere. The MCNC run has
northeasterly winds with the right direction, but they are too strong by about 5 kt, also
preventing stagnation in the ship channd area.

At 1800 UTC (Fig. 36), the ozone is rapidly developing and is moving from the
ship channd areatoward the center of Houston. Winds over land tend to be light and
generdly from the east. Stronger east-northeast winds prevail offshore and along the
coagtline. The gulf and bay breezes have begun to develop, as seen by observationsin
Brazoria County and at the head of Galveston Bay.

The dec6grid4 and dec30grid4 winds are smilar to each other; only dec6gridd is
shown here (Fig. 37). Remarkably, despite dlill failing to smulate the coastd
northeagterlies, winds in the ship channd and downtown areas have evolved into a
configuration remarkably like what was observed: light east winds, some directiona
variation. And asthese modes had correctly smulated the land breeze, they now
represent the bay and gulf breezesfarly well.

The dec16grid4 smulation seems to be a couple of hours dow (Fig. 38). Winds
have become cam over land, whereas the observed 0zone had dready started to move.
The gulf and bay breezes are somewhat different in this modd run compared to the
others: the breezes are more robust and tend to have sharper leading edges. This mode
difference isfound on other days aswell. The decl16grid4 run seems more likely to
generate sea breeze fronts.

With air temperatures over land in the upper 80s, the bay and gulf breezes have not
yet developed by 1800 UTC in the MCNC run (Fig. 39). Over land, the winds have
veered to eagterly and, while overly uniform, seem abouit right.

By 2100 UTC, most modd runs correctly have light to moderate southeasterlies
everywhere. The exception is the dec16grid4 run, which has strong systemetic
southeasterlies behind the sea breeze front and light and variable winds ahead of it. In
this case, the modd seems to have overdone the importance of the sea breeze front
compared to the larger-scde diurnd wind oscillation that occurs farther inland as well as
aong the immediate coadt.

In summary, none of the mode runs give a satisfactory smulaion overdl. The
dec6grid4 and dec30grid4 runs are most consistent with the observed winds at the time of
the ozone exceedances. In al but the MCNC run, the diurnd variaion of the wind
looked redligtic; the MCNC diurnd variation was too week.

We now briefly examine the horizontal wind structure at 1800 UTC on the
remaining days of regime 1. The surface datais plotted in Report 1.

The MCNC modd correctly captures the day-to-day varigbility in thewind, placing
the strongest winds on August 27 and the weakest winds on August 29. The model
aways underestimates the strength of the gulf and bay breezes, however. The dectgrid4
and dec30grid4 smulations seem equally as good as the MCNC run, alittle worse on
August 28 but alittle better on August 29. For dl three of these modds, the August 25
wind smulation seemed to be the least accurate day in Regime 1.

The dec16grid4 smulation showed systematic underestimates of the strength of
winds over land in the afternoon. The modd produces large areas of cam winds or
atificidly large boundary layer circulations. For metropolitan-scale transport, the
dec16grid4 smulation seemsto be consgtently inferior.
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5d2) August 30

The anadysis of thisday begins a 1500 UTC, when winds over land were from the
northwest at 5-10 kt. All modd smulations have the winds over land from the northwest
at about 5 kt at thistime. Three hours later, winds over land are dill from the northwest
but weaker. The model winds have weakened as well, essentialy to zero, thereby
continuing to be erroneoudy weak. Because of this, the bay breeze that hasformed in dl
modds extends too far inland in al but the dec16grid4 run.

At 2100 UTC, when very high ozone was present, al modd runs have the right
basicidea. The principd differencesliein the urban-rura temperature contrast and the
wind sresponse. This subtlety is not likely to impact the distribution of high ozone on
thisday.

Finally, a 0000 UTC, winds are out of the south just about everywhere. Model
amulated winds ahead of the gulf breeze are from the southwest in the TAMU
smulations and from the northwest in the MCNC smulaion. While none of the models
do a particularly good job, the TAMU modes are closer to redity. All of the modds
should be able to drive a photochemical model to produce high ozone on this day.

On the following two days of the episode, the models do very well in the morning.
All smulations correctly produce northwesterly flow on the morning of August 31. On
the morning of September 1, the MCNC winds are dightly north of westerly, while the
dec6grid4 and dec16grid4 winds had too much of a southerly component. Only the
dec30grid4 smulation came close to west- southwesterly observed winds.

The dec30grid4 modd run is the only run to correctly smulate the wind directions
ahead of the sea breeze front on August 31. Other runs have winds from the west or
north; al do a decent job with the sea breeze.

The MCNC modd is the only model not to have a strong gust front move through
the area after sundown on August 31. Thisgust front gpparently originated in an area of
showers that developed well to the north. No such gust front appearsin the observations.
Since the outflow boundary moves back north later in the night, it isnot clear that it will
be important to suppressthe gust front. At aminimum, the presence of the outflow
boundary complicates the evauation of the modd’s diurnd cycle during Regime 2.

5d3) Profiler comparison

A later report will include an exhaudtive analysis of profiler data. Here, because dl
profilers show smilar overal features, we focus on the HOU profiler because the quaity
of itsdatais good.

Figure 40 presents atime-heght section of the onshore component of the wind.
Each panel covers 2 Yadays and extends up to 2000 m. Noticefirst that the strongest
low-leve onshore wind typically occurs between 0000 UTC and 0600 UTC. Also,
during Regime 1, the onshore flow isfairly deep, extending up to at least 800 m. At or
just prior to the beginning of onshore flow during Regime 1 (the top row and most of the
first pand of the bottom row), return flow (or much wesker onshore flow) is present
above 1000 m. Thisisthe pattern one would expect for a smple sea breeze front.
However, as the night wears on, the onshore flow tends to propagate upward through a
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fairly deep layer, and strong onshore flow is found around 1200 UTC a 2000 m on most
days.

Figure 41 shows the time-height section for the same location from dec6grid4. The
other TAMU runs are broadly smilar. During Regime 1, the smulated onshore flow
seems to be too shalow, with the core of strongest winds centered around 200 m rather
than 600 m. Also, the winds die away too rapidly. Aloft, the return flow iswell
smulated. The modd aso shows some evidence of downward phase propagation, which
is congstent with theories of the subtropica sea breeze.

During Regime 2, observations show a stronger oscillation, one that isless deep in
extent. Themode shows the same quditative differences between Regime 1 and Regime
2, but the modd is dso too shdlow with itswind variations.

The MCNC output isshown in Fig. 42. The sameregular cycleasinthe
observations and decogrid4 output shows up here too, but the amplitude is weaker,
consstent with the MCNC mode’ s underestimate of the diurna temperature cycle, which
forcesthiscirculation. And while the onshore flow decreased too rapidly in the
dec6grid4 modd run, it decreases even more rapidly in the MCNC run. During Regime
2, discontinuities in the plotted data are easy to spot every twelve hours, implying that
during this weether regime the modd is generating a consderably different wind pattern
than isin the EDAS andyses.

The dongshore component of the wind tells amore interesting sory. The diurna
heating does not produce a pressure gradient in the aonshore direction. Instead, the
aongshore component of wind arises from turning of the onshore component of wind by
the Coriolisforce.

The observed dongshore wind (Fig. 43) shows a much cleaner vertical phase
propagation during Regime 1 than the onshore wind. As expected, the dongshore
component reaches its maxima and minima about Six hours after the onshore component.
This dongshore flow occurs later at higher dtitudes, but the magnitude of the dongshore
perturbation is bardly diminished. During Regime 2, the wind perturbations do not
extend upward as far and low-levd jets develop at night with wind speeds of over 14 m/s.

The dectgrid4 smulation (Fig. 44) hasthe right qualiteative structure in Regime 1,
but the upward phase propagation does not seem to be as strong. During Regime 2, the
low-level jetsthat the model produces are two wesk, too shdlow, and evolve differently.

The MCNC dongshore wind (Fig. 45) has less coherent phase propagation than the
observations or the other modd. The MCNC model seems serioudy deficient during
Regime 2, as on three consecutive nights a nighttime low-leve jet does not form inthe 5
km smulation but gppears magicaly at 1200 UTC asthe next modd cyclekicksin. On
the whole, the MCNC model seems less able to mode the wavelike properties of the
diurnal wind cycle than the TAMU modds.
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6. Conclusion

6a TAMU Modds

In this report, three of the more successful TAMU simulations were compared to
observations, in order to assess how well the smulations reproduced important weather
features. The dec6grid4 and dec30grid4 mode runs were found to be quite smilar and
quite successful, and the find MM5 amulations will be based upon them. The two runs
accurately predicted maximum temperatures and their horizonta distribution,
precipitation events, and horizonta wind digtributions. The modd smulations were less
successful a smulating minimum temperatures and nocturna temperature inversions, the
verticd variation of wind, the nighttime urban heat idand, and the daytime urban heet
idand (or lack thereof). The third model, dec16grid4, is superior in performance in such
aspects as the diurna wind cycle, but the overforecasting of clouds and precipitation
make use of the modd as a photochemicd driver difficult. None of the models produced
daytime clouds that resembled the actud clouds during TexAQS-2000.

Of the remaining deficiencies in the modd, it will probably not be possible to
correct the nighttime temperature bias. The nighttime and daytime heet idands may be
correctable through judicious specification of land surface characterigtics. All three
deficiencies may have aminor but not inconsequentia impact on ozone evolution. A
fourth deficiency, the modd’ s handling of the vertica variation of the diurnd wind cycle,
will be andyzed more fully in the next weeks. Some improvement is virtudly
guaranteed when data assmilation isimplemented, but it is hoped that physical changes
to the mode can improve the model’ s dynamics somewhat beforehand.

6b: MCNC Model

The MCNC model wasinferior to the TAMU modd s because of the poor diurnd
temperature cycle, a consegquence of erroneoudy high moisture availability. Thisled to
week diurnal wind cycles and likely poor pollutant transport in coastal areas. Clouds
tended to be too widespread and rainfall was poorly forecasted. On balance, we conclude
that the current best TAMU MM5 smulations beet the real-time forecast configuration of
the MCNC modd.
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domain (embedded light sheding).

39




i

19142 2 141414

LRI

—! GEMPAK PUOUTIATETE A 1 414 9 141414 4y eqy
B 1414143 2 141414

22141414141414141422141414142141414142221414112? 14140y 4
202 14141414 5 214222141414?221414?222141121L§‘ﬂ114141422
3222?22222225214141522222222?1414222142222
_’22222222555222?2252?2222211111122222222
2?222222152222221422222214211111121422222?
2?2222217);222?222142142 ?142141414111114142222?2
2222295k 211222142222142?141411102142222?2
22222222211111122222222?2222 22229,
222?2222211111122222222222 22 34
2222299900y, 221191 32939,, 22 929
2222?222111H1T1]N21777 122, 222 2
22222222111111117777 222 22939
2222222571111111112? 16161818 7 22929
2222222771155117122 18181e1e1a1ag 22023
2222225555152222EL:L 7 2
22222555555222221? 5
222222?5522222222?

22552293345,

.052210222?"'0;-[;

2822102 2143 9 94,

2522292903353 ,4,,,

22229022999 54,,

PE5221022 95 45,,,

P2105 55229554 ,,

22142235939, 4,

72142 22 2 93 945 5,

ZU9142 2 9 2 914g 5 5 4

2141492 2 2 2 3 5449 45

22214142 2 99 59 4,

HA142 442147 2 9 5 5 5 4

A4 2 qugdiag 3 5 5 4,

2227229

[414141414141414141414? 1’41’41’41’4141’4141’41’4141’41’41’41111 222 1’414141414142 141414 2
2 14141414 14141414 2 2147 141414 2 14149 gy 2 2141111119 22 1414141414142

use category fromthe TAMU 4 km grid.

40

g [ island
i ilers ler lidar (LAP). Background is
X ' f wind profiler Stes and dopp
Figure 2: Locations o



La Porte Lidar Low-Level Jet

3.5

N
3

== 12 UTC Sept 1
@=f==1) UTC Aug 31

N

Height relative to level of maximum winds
-
o

B

0.5

0 2 4 6 8 10 12 14 16
Wind speed (m/s)

Figure 3. Verticd sructure of low-leve jet, 1200 UTC August 31 (blue) and 1200 UTC
September 1 (pink), from doppler lidar data Because of amafunction of the lidar, the
height of the data pointsis only known relaive to the height of the wind maximum. The
dashed black lineis alinear extrgpolation of the wind profile to the surface.
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Figure 4: Daily accumulated precipitation (cm), August 23- September 1, as smulated by
the dec30grid4 modd run. Note that two days are combined in the lower |eft pandl.
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Figure 5: Daly accumulated precipitation (cm), August 23- September 1, as smulated by
the dec30grid4 mode run. Note that two days are combined in the lower left pand.
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Figure 6: Daily accumulated precipitation (cm), August 23- September 1, as smulated by
the dec16grid4 mode run. Note that two days are combined in the lower |eft pand.
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Figure 7: Daily accumulated precipitation (cm), August 23- September 1, as smulated by
the MCNC model run. Note thet two days are combined in the lower |eft pandl.
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Qo0s249,2100F000 SHORTWAVYE RADIATION. 1-HR TRAMSFORT

Figure 8: Incoming solar radiation (W/m?2) and surface wind vectors (length equa to one-
hour air parcel motion), dec6grid4 run, 2100 UTC August 24.
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Figure 9: Low-leve reflectivity scan, Houston/Gaveston WSR-88D doppler radar, 2102
UTC August 24, showing heavy rain (reds), light to moderate rain (greens and yellows),
and outflow boundary (arc-shaped dark blue lines north and west of Houston).
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Figure 10: Incoming solar radiation (W/m2) and surface wind vectors (length equd to
one-hour air parcel motion), dec30grid4 run, 2100 UTC August 24.
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Figure 11: Incoming solar radiation (W/m2) and lowest Sgma level wind vectors (length
equa to one-hour air parcel motion), MCNC run, 1500 UTC August 28.
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Figure 12: Incoming solar radiation (W/m2) and lowest Sgma level wind vectors (length
equa to one-hour air parcel motion), dec16grid4 run, 1500 UTC August 28.
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Figure 13: Incoming solar radiation (W/m2) and surface wind vectors (length equd to
one-hour air parcel motion), dec30grid4 run, 1500 UTC August 28.
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Figure 14. Visble satdlite image, 1515 UTC 28 August.
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Houston Area NWS Stations
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Figure 15: Maximum and minimum temperatures (C) during the August 2000 ozone
episode at eight Nationd Weather Service surface stations in the Houstorn/Galveston area,
compared to 2 m temperatures smulated by the dec6grid4 and dec30grid4 model runs.
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Figure 16: Comparison of daily maximum and minimum temperatures at seven surface
observing stes in the Houston- Galveston area, as Smulated at 2 m and 17 m height above
ground leve by the dec30grid4 modd run.
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Figure 17: Maximum and minimum temperatures a the 17 m level (TAMU runs) and 19
m level (MCNC run) at seven National Weather Service observing stesin the
Houston/Galveston area during the 0zone episode.
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Figure 18: Surface observations, 1500 UTC August 31. Temperatures (F) are blue,
dewpoints (F) are green, ozone (ppbv) iswhite, winds (long barb = 10 kt) are yellow.

56



ey
275
I

-

- "/‘//“/-f/‘
o /f/“/
T

-
P

o |
bz
=~

X
/\//\/m i
AN

ST
e
//“

1/1300F000 Z-METER TEMFPERATURE [F1]

00o0s

Figure 19: Surface (2 m) temperatures (F) and (10 m) winds, dec30grid4 model run, 1500
UTC August 31.
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Figure 20: Lowest sgma layer temperatures (F) and winds, dec16grid4 modd run, 1500
UTC August 31.
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opogslsl1300F000 2973 STGMA TEMPERATURE LF)

Figure 22: L owest sgma layer temperatures (F) and winds, MCNC modd run, 1500 UTC
August 31.
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Figure 23: Surface observations, 2100 UTC August 31.
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000: '2100F000 Z-METER TEMPERATURE [F1

Figure 24: Surface (2 m) temperatures (F) and (10 m) winds, dec30grid4 mode run,
2100 UTC August 31.
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ao0s31/,2100F000 9398 SIGMA TEMPERATURE (F1

Figure 25: Lowest sgmalayer temperatures (F) and winds, dec16grid4 mode run, 2100
UTC August 31.
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Figure 26: Surface (2 m) temperatures (F) and (10 m) winds, dec6grid4 modd run, 2100
UTC August 31.
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Figure 27: Lowest sgma layer temperatures (F) and winds, MCNC model run, 2100
UTC August 31.
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000 15300F000 Z-METER TEMPERATURE [F1

Figure 28: Surface (2 m) temperatures (F) and (10 m) winds, dec6grid4 mode run, 1500
UTC August 28.

66



Figure 29: Surface observations, 1500 UTC August 28.
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398 SIGMA TEMPERATURE (F)

Figure 30: Lowest sigmalevel temperatures (F) and winds, dec16grid4 mode run, 1500
UTC August 28.
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Figure 31: Surface weather observations, 2100 UTC August 28.
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Figure 32: Surface (2 m) temperatures (F) and (10 m) winds, dec30grid4 model run,
2100 UTC August 28.
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Figure 33: Vertica soundings of temperature (right, C) and dewpoint (left, C), 1100
UTC August 31, Wharton Power Plant (WPP). Maroon: observed. Orange: dec6grid4.
Blue: dec30grid4. Green: decl6grid4d. Magenta: MCNC. Observed wind vectors are
plotted to the right.
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Figure 34: Verticd soundings of temperature and dewpoint, asin Fig. 33, but for 1100
UTC August 27.
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Figure 35; Verticd soundings of temperature and dewpoint, asin Fig. 33, but for 2000
UTC August 31.
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Figure 36: Surface weather observations, 1800 UTC August 25
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Figure 37: Surface (2 m) temperatures (F) and (10 m) winds, dec6grid4 mode run, 1800
UTC August 25.
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Figure 39: Lowest Sgma level winds and temperatures, MCNC model run, 1800 UTC
Augugt 25.
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Figure 40: Time-height cross section of observed onshore component of wind (toward

330 degrees) a HOU profiler ste. Wind is contoured every 1 mv/s with negative (toward
sea) values dashed. The four pands, reading from left to right, begin at 1200 UTC August
24, 26, 28, and 30 and extend for 2 days and 6 hours, so that there is some overlap. They
axisis height above ground level, with grid lines every 200 m.
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Figure 41: Time-height cross section of coastline-normd wind, asin Fig. 40, but from
dec6grid4 mode output.
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Figure 42: Coadlline-normal wind, asin Figs. 40 and 41, but from MCNC modd output.
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Figure 43: Coadlline-paralld wind, postive toward the northeast (30 degrees), from HOU
consensus profiler observations. Plotting conventions asin Fig. 40.
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Figure 44: Coadtline paralel winds, asin Fig. 43, but from dec6grid4 mode outpuit.
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Figure 45: Coadlline-parald winds, asin Fig. 43, but from MCNC mode output.
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