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ABSTRACT

High ozone concentrations associated with a wiobéd-air pool during the Uintah
Basin Winter Ozone Study are investigated. Fieglthgaign observations combined
with numerical simulations are analyzed in Utah'miteh Basin from 1-6 February
2013 when ozone concentrations exceeded 150 ppld-ait pool sensitivity to cloud
microphysics and snow cover variations within theather Research and Forecasting
model simulations are examined, along with theipaet on air quality in Community
Multiscale Air Quality model simulations. Ice-damant clouds are found to enhance
cold-air pool strength compared to liquid-dominalatuds through increased nocturnal
cooling and decreased longwave cloud forcing. Phesence of snow cover also
strengthens cold-air pool structure by lowering rreaface air temperatures and
increasing boundary layer stability due to reduglesiorbed solar insolation by the high-
albedo snow surface. Snow cover also increaseseovels by enhancing solar
radiation available for photochemical reactiondowrfeatures affecting Uintah Basin
cold-air pools that affect pollutant mixing and guality within the basin are studied,
including: penetration of clean air into the basom across the surrounding mountains,

elevated easterlies within the inversion layer, dnanal upslope and drainage flows.
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CHAPTER 1

INTRODUCTION

High concentrations of ozone are known to havedserge impact on human health,
including respiratory irritation and inflammatiomeduced lung function, aggravated
asthma, and long-term lung damage (Lippmann 1988;eB al. 2004). Ozone is formed
through photochemical reactions of pollutants esditfrom industrial sources and
vehicles known as “ozone precursors.” These psecsrare typically nitrogen oxides
(NOyx) and volatile organic compounds (VOCs) (Pollackaket2013). Once thought to
primarily be an urban, summertime problem (duehe high insolation required for
photochemical reactions), high ozone levels hawenty been detected during the
wintertime in snow-covered rural basins with sigraht industrial fossil fuel extraction
activities (Schnell et al. 2009). The presencermw cover greatly increases the surface
albedo and enhances the actinic flux (quantitygbitlavailable to molecules) in the near-
surface atmosphere leading to photolysis ratesholarger (~50%) than those observed
in summer (Schnell et al. 2009). In addition, #allow and highly stable boundary
layer often observed during the wintertime in smawered rural basins further
exacerbates the problem by trapping the high oroneentrations in the lowest several

hundred meters of the atmosphere. A schematigi®typical setup is shown in Fig. 1.1.



Schnell et al. (2009) first analyzed high wintexi ozone episodes in Wyoming’s
Upper Green River Basin in early 2005. By 2008s ttegion experienced several
instances when the 8-hr average ozone concentsatiere over 100 ppb, well above the
EPA’s National Ambient Air Quality Standard (NAAQ®J 75 ppb (U.S. EPA 2013),
and far above the background levels of ozone eaearth’s surface that typically range
between 20-45 ppb (U.S. EPA 2006).

Similar high levels of ozone were first detectechortheast Utah’s Uintah Basin in
2009 (Lyman and Shorthill 2013). The Uintah andpelpGreen River Basins share
many characteristics, including extensive oil amd gperations, frequent winter snow
cover, and a similar climate and vegetation. HFdasi production, particularly gas, has
increased in the Uintah Basin over the last sevgealrs (Fig. 1.2), and will likely
continue to increase. In March 2014, there weer 8400 producing wells in the basin
and over 3,600 additional permit applications siti@e beginning of 2012. These wells,
and associated ozone precursor sources, are dymetrating throughout the basin with
oil wells primarily clustered in the west and gaallw/ clustered in the east (Fig 1.3).

Extensive scientific research has been conductethén Uintah Basin to better
understand the wintertime rural ozone problem bdtemically and meteorologically
during the past several winters (Lyman and Shor#till3; Stoeckenius and McNally
2014). These field campaigns point to the impaaaf nitrous acid and formaldehyde
in the surface snow pack for ozone production. ddedlogically, the importance of
snow cover, cloud cover, interbasin flows, andaierflow interactions in the evolution
of the shallow, stable boundary layers associatédd tnese high wintertime ozone

episodes are recognized as being important but iatvieeen well documented.



The presence of snow cover in combination withadblst persistent boundary layer
cold-air pool (CAP) is integral to these wintertirheggh ozone events (Schnell et al.
2009). Considerable year-to-year variations irsgeal snow cover exist in the Uintah
Basin, depending on whether or not strong earlyt@viatorms deposit sufficient snow to
last into February or new snow is deposited dutimgt month. These variations in
annual snow cover lead to similar variations in tdoeurrence of high ozone events
(Lyman and Shorthill 2013). For instance, snoweravas absent from the basin during
February 2012 and much of February 2014 and ozsredd remained low during those
months, while February 2013 saw extensive snowrcamd several high ozone events.
The large variations in snow cover between Febr2&d3 and 2014 are illustrated in
Fig. 1.4. The basin was fully covered with snow2olRrebruary 2013 (Fig. 1.4a), but on 2
February 2014 it was only partially snow-coveredy(R.4b) and by 21 February (Fig.
1.4c), the snow had largely disappeared.

A persistent CAP is defined here following Lareawle (2013) as a stagnant, stable
layer of air confined in a topographical depresqith warmer air typically aloft) that
lasts for more than a diurnal cycle. They resultewtsolar heating and subsequent
boundary layer growth is insufficient to destrog thresence of a deep low-level volume
of cold air, causing multiday episodes of stagmati®ersistent CAPs and their resulting
impacts on local weather and particulate air pmitutoncentrations in urban basins have
been extensively studied (Whiteman et al. 2001;eadt al. 2006; Silcox et al. 2012;
Lareau et al. 2013; Lareau 2014; Lareau and H®&Khp Persistent CAPs are most
often a wintertime phenomena, with their occurrelacgely driven by synoptic weather

patterns and upper level ridging. Their onsetoma@dent with midlevel warming and



they are eventually removed by midlevel cooling ¢iRes and Stensrud 2009). The
characteristics of persistent CAPs can be modulayatie presence of snow cover, local
topography, and terrain-flow interactions with naigpry weather systems. They are also
often associated with low clouds, fog, freezingcppation, and hazardous ground and
air travel. Observational and numerical studiegehbeen conducted on CAPs for a
variety of idealized (Zangl 2005a; Katurji and ZgoA012; Lareau 2014) and actual
topographic basins (Whiteman et al. 2001; Clemenh#d. 2003; Zangl 2005b; Billings et
al. 2006; Reeves & Stensrud 2009; Reeves et all;A0dreau et al. 2013; Lareau and
Horel 2014). The basins vary in size from thousamidknf (Columbia Basin, WA) to a
single knf (Peter Sinks, Utah). In many cases, and partiguia smaller basins,
operational models have a difficult time capturihg presence of CAPs (Hart et al. 2005;
Reeves et al. 2011). Often times this can be duthé inaccurate representation of
terrain from coarse grid-spacing and attendantilityato resolve localized flows.
Operational weather forecast models also regutrlyggle with explicitly predicting
low clouds within persistent CAPs (overpredictianuaderprediction of low clouds and
fog are both common occurrences), as well as tiellient mixing processes occurring at
the interface between synoptically-driven winds anelatively calm, stable boundary-
layer (Holtslag et al. 2013). However, relativééyv numerical studies have examined
the impact of clouds and cloud microphysics on ClaRnation and evolution. In
addition, the impacts of cloud-topped boundary4tayen pollutant dispersion have
received considerably less attention than clearesisgs (Verzijlbergh et al. 2009). Zangl|
(2005a) indirectly examined the effect of cloud tigg phase on the formation of

extreme CAPs in the Gstettneralm sinkhole, Austitée found that an efficient drying



mechanism was required for extreme CAPs to deveMjithout one, the formation of
fog and its accompanying longwave radiation woutévpnt the low-level cooling
necessary for a strong CAP. Zangl found that tlestrefficient process for drying the
atmosphere was through the formation of cloud ind @s eventual sedimentation.
Moreover, the lower vapor pressure over ice contptwevater allowed for preferential
growth of cloud ice at the expense of cloud wat€his accelerated the drying process,
with even greater acceleration possible if clous was able to grow into snow, which
has a greater fall speed. Simulations dominatedldnyd ice were found to dry out the
atmosphere more effectively than simulations witimixture of cloud ice and cloud
water, translating to greater cooling and lowergenatures in the ice-dominant case.
The impact of the snow-albedo feedback on surfarapératures of interior
continental locations during wintertime is known be high. However, in remote
locations such as the Uintah Basin, where snowrcsviypically very thin (~5-10 cm)
and spatially and temporally variable, accuratslsegsing snow mass or water equivalent
for input into numerical models can be difficulte@hg et al. 2013). Despite their
importance in wintertime persistent CAP formationd amaintenance, relatively few
numerical studies have examined in detail the impasnow cover on CAPs. Billings et
al. (2006) studied the impact of snow cover on &GA the Yampa Valley, Colorado.
Although unable to produce a temperature inversgmulations with snow cover
produced an isothermal profile that more closelgrad with observations than snow-
free simulations. The snow-free simulations wer@apable of producing the CAP and
had the highest temperatures located on the vdltey. They concluded that the

primary influence of snow cover was to increase shdace albedo and decrease the



sensible heat flux. Snow cover also increaseddtent heat flux for certain locations
due to melting and evaporation. Zangl (2005a) aisestigated the role of snow cover
on the nocturnal formation of extreme CAPs. Henfbthat a small heat conductivity of
the ground was important for efficient cooling amals most readily accomplished by the
presence of fresh snowfall. Comparison betweemavsovered and grass-covered
sinkhole floor suggested that the larger surfa@ bapacity of the grass floor resulted in
more gradual cooling, a smaller afternoon-morniexygerature difference, and weaker
static stability than simulations with a snow-caagkifloor. Interestingly, the grass case
produced no cloud cover in the center of the basgimle snow cases did.

The topography of the Uintah Basin is highly condedo the formation of strong
CAPs in the presence of snow cover (Fig. 1.5).is la large, deep, nearly bowl-like
depression bounded to the north by the Uinta Monstéhe west by the Wasatch Range,
and the south by the Tavaputs Plateau. Coverieg b¥,000 krfy the lowest elevations
in the center of the basin are below 1450 m andetrain extends above 1950 m on all
sides, with ridgelines reaching well above 250®rthe north, west, and south. The only
outlet below 1950 m along the basin’s perimetéhesdeep, narrow Desolation Canyon
where the Green River drains south into east-cebtiEh, eventually emptying into the
Colorado River. As a winding, narrow river canydhis outlet provides very little
airmass exchange between the Uintah Basin andreadstah. The synergy between the
confining topography, winter snow cover, and swféegh pressure often result in a
stagnant, stably stratified environment with litderizontal mixing. At the same time,
vertical mixing is inhibited by the existence of@ong inversion atop the shallow, cold

planetary boundary layer (PBL) that effectivelyedtis the lower elevations of the basin



from weak, transient synoptic weather disturbances.

The detailed meteorology associated with wintertinigh ozone episodes in the
Uintah Basin is not well-understood and only lirditgbservational data sets are available
at isolated locations within the vast basin. Whtlas recognized that surface high
pressure, strong temperature inversions, light siimthd the presence of snow cover are
associated with high ozone episodes, detailed flatterns and thermodynamic structure
in the basin have been only partially explored. il&/B number of permanent surface
weather stations exist within the basin at varielesations, upper level sounding data are
not collected routinely. Hence, limited documeiotatexists regarding the highly
stratified boundary layer in the basin during CA®&s the mesoscale terrain- and
thermally-driven flows that likely play an importarole in the transport and mixing of
pollutants within the basin during these episodesUnderstanding the ozone
concentrations within the basin requires adequatteonological information to drive air
chemistry models capable of simulating the compleatochemical processes that lead
to degraded air quality. The size, depth, and shaipthe Uintah Basin provide an
appropriate scale for mesoscale models and theidregccurrence of persistent CAPs
during the winter season presents numerous casegdmination. The local topography
and scale of the basin potentially leave it mo@guted from synoptic flow interactions
than persistent CAPs observed in other localesdlZ2005b; Lareau et al. 2013; Lareau
and Horel 2014).

The purpose of this study is to use atmospheric andjuality numerical model
simulations of a high ozone episode during earlgrékary 2013 in the Uintah Basin to

help answer the following questions:



e \What is the sensitivity of simulated CAP structure and evolution to cloud
microphysics?

e How do snow cover variations affect CAP simulations and structure?

e \What are the important wind flow regimes in the Uintah Basin CAP? Can
they be diagnosed by mesoscale modeling and how might they affect air
quality in the basin?

e \What is the influence of snow cover on air quality simulations in the Uintah
Basin?

The lifecycle of the persistent CAP in the UintaasBh associated with high ozone
levels between 1 and 6 February 2013 during thdaliBasin Winter Ozone Study
(UBWOS) is analyzed using the Weather ResearchFanelcasting Model (WRF). The
sensitivity of the modeled persistent CAP to vaoiad in snow cover, specification of
surface albedo, and microphysics parameterizatioriested. Chapter 2 will describe
data sources, model setup, and modifications uséaei simulations, and Chapter 3 will
discuss CAP evolution and modeling results. Chapteill illustrate the sensitivity of
simulated ozone concentrations during this permdurface and atmospheric forcings
supplied to the Community Multiscale Air Quality dlel (CMAQ). Conclusions and

additional discussion will be provided in Chapter 5
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Snow Cover
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Fig. 1.1: Schematic of factors contributing to higlzone concentrations.
Potential temperature profile (red line) with seablayer trapping ozone
precursors (NQ@and VOCSs) within the cold-air pool. Snow coveilaets solar
radiation, increases photolysis rates, and leadsertbanced ozone §D
concentrations near the surface. Ice fogs are amimthe cold-air pool.
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Fig. 1.2: Annual fossil fuel production in Uintah Basimce 2009 for (a) oil and (I
gas. (c) Total value of fossil fuel production itald since 2001Onebarrel = 159 L, !
MCF = 28.3 mi. Data provided by Utah Division of Oil, Gas, aviihing.
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Fig. 1.3: Location of oil wells (green) and gas wéiksd) operating inside the Uint:
Basin in March 2014. Data and graphic providedUsgh Division of Oil, Gas, an
Mining.



Fig. 1.4: NASA Shorterm Prediction Research and Transition Ce(SPoRT)
snow<cloud product for: (a) 2 February 2013 (Uintah Basompletely snov
covered with fog/stratus over low basin elevatip(is) 2 February 2014 (weste
basin snowfree); and (c) 21 February 201full basin snow-free).Snow covel
appears red, barground is cyan, and clouds are wt Realtime SPORT
imagery:http://weather.msfc.nasa.gov/sp

12
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Fig. 1.5:Model domains and terrain elevatio(a) WRF 12-, 4-, and 1.2km domains
with terrain contoured every 500 m. (b) tah Basin subdomain with terre
contoured every 250 m and major geographic featlatesled. Black dots indica
locations of surface stations used for verificatibtorsepool (HOR), Myton (MYT)
Ouray (OUR), Red Wash (RED), Roosevelt (ROO), arain’l VER). Red line
indicates position of vertical cross sections shéater



CHAPTER 2

DATA AND METHODS

2.1 Observational Data

The MesoWest cooperative network (Horel et al. 200&8s used to gather surface
weather observations from a variety of permaneaticsts as well as those deployed for
the 2013 UBWOS (Fig. 2.1). A description of théessive instrumentation deployed for
the intensive field campaign is detailed by Stoeake and McNally (2014). The
University of Utah contribution included: vehiclesomted 2B Technologies 205 ozone
and temperature sensors; portable Graw rawinsoaske $tation with release of DFM-06
rawinsondes; and deployment near Roosevelt of aal@iCL-31 ceilometer combined
with a trailer-mounted tower with temperature, tiela humidity, incoming and outgoing
solar radiation, and pressure sensors as well sgn@ anemometer to measure near-
surface three-dimensional wind. For model valmatisix surface stations with complete
records were selected as representative of thatmrslin the core of the basin (see Figs.

1.5b and 2.1).

2.2 Control Run WRF Model Setup

We model the evolution of a persistent cold airlpoahe Uintah Basin that lasted

from 31 January to 10 February 2013. The simutatiwere run for 144 hours from 0000
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UTC (Coordinated Universal Time) 1 February 20130600 UTC 7 February 2013.
This time frame represents the strongest periothefCAP and was one of the most
heavily-instrumented periods during the 2013 UBWGOSme of the highest-measured
ozone concentrations during the winter season wbserved during this period, with
readings along a mobile transect of over 150 pkbrtanear Ouray during the afternoon

of 6 February 2013.

2.2.1 WRF Domain and Parameterization Schemes

A summary of the WRF model setup in this studyiveig in Table 2.1. We use WRF
version 3.5 and the Advanced Research WRF cor@ WRF model is honhydrostatic,
with a pressure-based, terrain-following (eta) ieafttcoordinate system. Simulations
herein used 41 eta levels with the lowest 8 maalgdns ~20 m thick, the next 6 layers
~40 m thick, and the lowest 20 model levels withppraximately 1 km of the terrain
surface (Fig. 2.2). Three telescoping, one-wayeatedomains were employed to place
the highest-resolution nest over the Uintah Basifhe grid spacing for each nested
domainis 12, 4, and 1.33 km respectively (Fig),mbth model time steps of 45, 15, and
5 seconds in subsequent domains. Operational Nanterican Mesoscale Model
(NAM) analyses were obtained from the National weaand Atmospheric
Administration’s (NOAA) Operational Model Archivend Distribution System to
initialize atmospheric and land surface variabscépt for snow variables, see Section
2.2.2) as well as provide the lateral boundary @ for the outer domain at 6-hour

intervals for the duration of the 6-day simulations
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2.2.2 Prescribing Initial WRF Snow Cover in Uintaasin

The available NAM snow cover analyses were foun@dorly reflect the observed
shallow snow layer in the Uintah Basin during Feloy2013. While the NAM analyses
represented fairly well the spatial coverage oiwsdaring the 1-6 February 2013 period,
they overestimated snow depth and snow water elgmiv§SWE) within the basin and
underestimated them at higher elevations. In otddyetter represent the actual snow
surface conditions, an “idealized” layer of snowsvgpecified in the WRF initialization
fields based on elevation, snow depth and SWE maaner similar to Alcott and
Steenburgh (2013). This prescribed snow cover determined using all available
observations:  Snowpack Telemetry (SNOTEL); Natio@perational Hydrologic
Remote Sensing Center (NOHRSC) analyses; Moderaasol&ion Imaging
Spectroradiometer (MODIS) imagery, and manual antbraated observations from
Community Collaborative Rain, Hail, and Snow NetwaiCoCoRaHS), and field
campaign locations.

Figure 2.3 shows the specified relationship betwsew depth, SWE and elevation
relative to observations and NAM analyses, whicimalestrates the over- (under-)
estimation of snow by the NAM at low (high) elewats. The prescribed snow cover was
applied within all model domains with no snow cowetside of the Uintah Basin below
an elevation of 2000 m and a 17 cm snow depth trembasin floor up to an elevation of
2000 m. Above 2000 m, the snow depth was elevatependent, increasing to 100 cm
for elevations at 2900 m or higher.

In addition, the NAM analyses underestimated sndlvedo relative to observed

shortwave radiation measurements at Horsepool ambkdvelt. For example, albedo
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averaged from 1 January—2 March 2013 at Horsepasl @82 (Roberts et al. 2014),
which is roughly 0.17 higher than the NAM analysé&ry low temperatures combined
with repeated light rime deposition onto the snanfexce during many nights apparently
maintained the highly reflective surface. Hente $now albedo variable in WRF was
modified to be 0.82 inside the basin, althoughrttean albedo at Horsepool during the
1-6 February period was actually a bit higher (~D.8&urthermore, based on visual
observations of the snow covering nearly all of $parse vegetation in the basin during
the 1-6 February period, changes were made to fRE Vriable SNUP (threshold depth
for 100% snow cover) in the vegetation parametdietafor the two dominant
vegetation/land use types: “shrubland” and “croglgrassland mosaic.” For these
vegetation types, 20 kg frof SWE was allowed to fully cover the vegetatinriie Noah
land surface model. The combination of increadimg snow albedo and modifying
SNUP enabled the model surface to attain the highdas observed during the field
campaign (Fig. 2.4). The NAM analyses were usedifioother land-surface variables in
the snow-free region of these simulations, withfeste albedo being determined by the

National Land Cover Database 2006 (Fry et al. 2011)

2.3 Numerical Sensitivity Studies

A number of sensitivity tests were conducted talgtthe impact of variations in
cloud type and snow cover on persistent cold atlgpm the Uintah Basin. These tests
are summarized in Table 2.2.

As will be shown in the next chapter, ice fog amav Istratus were commonly

observed throughout the basin during this evenbwéver, simulations with the default
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WRF model (referred to as the BASE run) tended deetbp liquid-phase clouds. In
order to test the sensitivity of the Uintah BasiARCto ice versus liquid phase cloud
particles, modifications were made to the Thompsoarophysics scheme to produce
fog/low clouds that were ice-phase dominant. Wicgrated that ice-dominant clouds
would have less radiative forcing than liquid-doamtclouds (Shupe and Intrieri 2004),
allowing for stronger CAP formation, shallower PBlasid lower low-level temperatures
with smaller bias/errors. This was accomplishedetifing the Thompson code in the
lowest 15 model layers (=500 m) to change the treatrof cloud ice by turning off
cloud ice sedimentation and the autoconversionlamidcice to snow. These changes
allowed low-level cloud ice to remain suspended thmide through vapor deposition due
to the lower vapor pressure over ice compared terwva

As discussed in Chapter 1, large variations of soower have been observed from
winter to winter in the Uintah Basin. To examihe tsensitivity of the conditions in the
basin to snow cover, numerical simulations were farthe 1-6 February period using
the same model configuration but varying the spatigent of the snow cover. Fig. 2.5
shows the snow cover from the original NAM analy$ig). 2.5a) in comparison to the 3
other cases where snow cover is prescribed (Figo—#). The simulations with
prescribed snow cover throughout the entire basidiscussed in Section 2.2 are shown
in Fig. 2.5b (BASE and FULL). In the second semgitisimulation (NONE), snow was
removed from the basin for elevations below 200@Fny. 2.5c) similar to what was
observed during February 2012 and late February.204 more realistic coverage for
the early February 2014 period is Fig 2.5d withveremver removed from the western

section of the basin (west of -110.4° W) for elemag below 2100 m (referred to as the
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NW run). This partial erosion of the snowpack teslifrom periods of downsloping
flow over the Wasatch Range that left the snowgacker east in the basin undisturbed.
Several additional numerical simulations were catelti while searching for the best
WRF model setup (not shown). These included tleeofizarious microphysics and PBL
schemes, prescribed cloud droplet concentratioms] eodified initial/lboundary
condition files. Microphysics parameterizationstéel included the WRF single moment
3-class and Morrison schemes. Additional modifaret to the Thompson scheme were
also explored before implementing the changes dgmm above. The results from
various microphysics testing converged to 3 genetdtomes for the 1-6 February
period: (1) a CAP dominated by dense liquid-phds#is clouds; (2) a CAP with clear
skies through the entire simulation; and (3) a Cddiinated by low-level ice fog.
Outcome (2) was deemed unrepresentative of obseomditions, and outcomes (1) and
(3) are analogs for the BASE and FULL simulatiormscdssed further in this study. In
addition to the MYJ (Mellor-Yamada-Janjic), the Yan University (YSU), Asymmetric
Convective Model, Grenier-Bretherton-McCaa, andtiBregon-Park PBL schemes were
tested. The YSU scheme with the Jimenez surfager lformulation and updated
stability functions (Jimenez et al. 2012) was aleasidered, but did not show improved
results over the original YSU scheme. The MYJ alassen since it best represented the
combination of moisture, stability, and temperatcharacteristics that were observed in
the Uintah Basin for the simulated period. Simolsd were conducted with cloud
droplet concentrations prescribed for maritime (k000° m®), continental (300 x 10
m?3), and polluted continental (1000 x ®1én®) situations. However, changing the

prescribed cloud droplet concentrations had nogmeitale impact on CAP formation, so
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the default value in the Thompson scheme was us@d x 16 m™). Finally, NAM
analysis initial/boundary conditions were testethwelative humidity reduced by 5, 20,
and 40% to determine what effect it would have dwud cover within the CAP.
Reducing relative humidity was noted to delay tinsat and decrease the coverage of
clouds/fog for the first day or two of the simutati Nonetheless, the final 3—4 days of
the simulation converged on similar results forcates, so the original NAM analysis

data were used.



Fig. 2.1: Surface observations near the UintahrBasii800 UTC on 2 February 2013. Air tempera(t/@d
plotted to the lower left of the station locatidatack dots) Red dots indicate locations used for model valate

|4
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Table 2.1: Summary of WRF setup and parameteoizgti

Parameter Chosen Setup Reference
Initial/Boundary Conditions NAM Analysis

Vertical Levels 41

Domains 3 one-way nests

Resolution 12 km, 4 km, 1.33 km

Time Step 45s,15s,5s

Microphysics Thompson Thompson et al. 2008
Shortwave Radiation RRTMG lacono et al. 2008
Longwave Radiation RRTMG lacono et al. 2008
Boundary Layer Mellor-Yamada-Janjic (MYJ) Jarijgo4

Surface Layer Eta Similarity

Land Surface Noah Chen and Dudhia 2001
Cumulus Kain-Fritsch (12 km domain only) Kain 200

Diffusion 2nd order on coordinate surfaces

9¢



Table 2.2: Overview of WRF sensitivity studies.

Cloud Ice Cloud Ice Auto-
Snow Cover Sedimentation conversion to Snow Simulation Name

_ ) Full Snow in basin ON ON BASE
Microphysics

Sensitivity
Simulations ) .

Full Snow in basin OFF OFF FULL
No Snow below 21OQ m in western OFEE OFE NW

Sensitivity

Simulations \  show below 2000 m in basin OFF OFF NONE

LZ



CHAPTER 3

RESULTS

3.1 Overview

The numerical sensitivity simulations presentethis chapter investigate the role of
snow cover and boundary-layer clouds on the intgrasid vertical structure of the 1-6
February 2013 CAP. The focus lies on the vertprafiles of temperature, wind, and
moisture within the first km above the surface sirbere is little sensitivity to snow
cover and low clouds at higher levels. In additipallutant mixing depth and transport
within the CAP depends on the atmospheric stabalitgl flows in the lowest km above
the surface. A common limitation of many air qtyalmodeling studies is an over-
reliance on surface wind observations at scattévedtions to validate the advective
fluxes of pollutants within CAPs (L. Avey, Utah D#on of Air Quality, personal
communication 2014).

This chapter is organized as follows: First, anrexsv of the observed evolution of
the 1-6 February 2013 CAP in the Uintah Basin esented in Section 3.2, followed by
analysis of the BASE WRF model simulation in Sett®3. The sensitivity of the
simulated CAP to variations in cloud type and srcower are presented in Sections 3.3
and 3.4, respectively. Then, the FULL WRF modeidation is used in Section 3.5 to

diagnose the mesoscale flows that may be impottamollutant transport within the
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basin.

3.2 1-6 February 2013 Cold-Air Pool

A deep upper-level trough and associated midlagitagclone moved through the
Great Basin from 28-30 January 2013, bringing ety air aloft (700 hPa temperatures
~-20 °C) and 1-5 cm of light snowfall on top of a =20 cm base across most of the
Uintah Basin. Following the upper-level trough sege, 1-6 February was dominated by
upper-level ridging over the western US and surfaicg pressure in the Great Basin
(Fig. 3.1). This pattern placed northeastern Utah region of large-scale subsidence
and midlevel warming. With warm air aloft (700 htaperatures between ~-7 and 0
°C), quiescent surface weather conditions, fregiwscover, cold low-level air in place,
and sufficient incoming solar insolation to driviegpochemistry, the stage was set for a
persistent CAP event and development of high ozoneentrations in the Uintah Basin.

The surface temperatures from -5 to -15 °C obseatetil800 UTC (11 Mountain
Standard Time; MST) 2 February 2013 (Fig. 2.1) mevan indication of the extent of
the cold-air trapped in the lowest elevations of thintah Basin during this period.
Above-freezing temperatures at higher elevationeeve®@mmon. At this time, ice fog
and low stratus were observed in the lowest reaohdise basin with relative humidity
values generally in the 85-90% range (reflectingirséion with respect to ice) while
values dropped to less than 50% on the slopesstrain).

Selected vertical profiles of temperature, dew pdemperature, and wind at
Roosevelt from rawinsondes released daily at midd8P0 UTC) during the CAP are

shown in Fig. 3.2. A shallow mixed layer with higtlative humidity near the surface
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(with thin ice fog and stratus observed intermitieat the time) is capped by increasing
temperatures on 2 February below 840 hPa (Fig.).3.dde strong inversion extends
upwards to 700 hPa with decreasing moisture al#fteak easterly winds of 2-3 ni's
near 800 hPa centered within the inversion layee giay to westerly winds of ~5 m's
near the top of the inversion layer. The mixecetag deeper on thé"4Fig. 3.2b) with
more substantive ice fog and stratus observedeatirtie of the launch. Weak easterly
winds are present again below 800 hPa with westeitgls exceeding 10 ni'sin the
upper reaches of the capping inversion layer. Vésical profiles of temperature,
moisture and wind show more changes betweentH{€ig. 3.2b) and 8 (Fig. 3.2c): the
inversion layer descends to 750 hPa; temperatatré200 hPa increase by 5°C; the
surface mixed layer is shallower; relative humiditpps near the surface; and the winds
tend to be light and variable within the inversion.

The spatial coverage of snow and cloud on 2 Febr2@t3 is provided in Fig. 3.3a
by the snow-cloud product supplied by the NASA $tem Prediction Research and
Transition Center (SPoRT) (a section of this image displayed previously in Fig 1.4a).
This midday image depicts the lower elevationshefWintah Basin covered in snow with
less snow in its far western extremity. Fog ammtss are confined to the lowest
elevations of the basin. An earlier (0931 UTC draary) Visible Infrared Imaging
Radiometer Suite (VIIRS) nighttime microphysics R@Bd-green-blue) product from
SPoRT (Fig. 3.3b) helped detect low clouds at nagid discriminate particle phase by
combining data from the 3.9, 10.8, and 12.0 miardrared channels. In this image,
liquid-phase low stratus and fog are representeddma/green colors in southern ldaho

and portions of western and central Utah while yhkow/orange colors are typically
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associated with ice-phase stratus and fog. Theatte dependence of the fog/stratus is
evident in Fig. 3.3b by the cloud tendrils extergdup the river valleys within the basin.

Figure 3.4a presents the time evolution of surfamene at selected locations in the
basin during the CAP. The concentrations exceéue@&PA standard of 75 ppb at all of
these locations on many of the days. While ozone/exrnal tended to drop to
background concentration levels at night, ozon¢l@atsepool and Ouray (one of the
lowest locations in the basin) remained above thedard during nearly all hours from
the 4" through the 9.

Figure 3.4b presents the time evolution of aerdmsakscatter, low clouds, and an
estimate of the depth of the aerosol layer fromRbesevelt laser ceilometer during the
1-6 February period. Fewer aerosols were obsermedFebruary followed that evening
by the development of ice fog, evident as well ig. B.3b. Then, a semiregular pattern
developed over the next several days with shallghttime fog and low clouds thinning
by midday and followed by a deeper layer of aemsnlthe afternoon that quickly
collapsed at sunset. The ceilometer backscattaralso corroborate other observations
that the fog and low cloud occurrence in the basiaked during 3—4 February. During
that time, significant hoar frost was observed w@es and other surfaces after sunrise
with light accumulations of snow crystals fallingtmf the ice clouds in Roosevelt later
in the morning. The high levels of aerosol backscaon 5-6 February diminished
abruptly during late afternoon on 6 February assult of a weak weather system;
however, elevated ozone levels continued until @r&ay, after which a stronger
weather system with sufficient cold-air advectidoftato destabilize the column moved

through the region.
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3.3 1-6 February 2013 BASE Model Simulation

Evaluation of the BASE model simulation on the 1k&8inner grid confirms that the
WRF model captures the salient temperature, meistmd wind features of the CAP
episode throughout the 1-6 February period aboveé ¥BOAGL. For example, the
simulated potential temperature profiles from th&SE simulation at elevations above
that level tend to agree well with the observeddaidprofiles at Roosevelt (Fig. 3.5).

However, the BASE simulation exhibits unrealistigalleep surface-based mixed
layers midday (Fig. 3.5) and unrealistic spatidtgras in 2-m temperature (compare Fig.
3.6a to Fig. 2.1), which will both be shown in thext subsection to be related to
unrealistically thick layers of liquid fog and dtra. While the simulated fog and stratus
tends to dissipate during most afternoons, thosedsl greatly hinder cooling overnight,
disrupt the strength of the near-surface layerthefCAP, and result in subcloud mixed
layers that are 2—4 times deeper than those oltbearel surface temperatures that are
too warm (Fig 3.5).

Figure 3.7 shows the temporal evolution of the terapre bias (model — observed)
computed from the 6 representative surface statiorie center of the basin that are
highlighted in Figs. 1.5b and 2.1. Large warm &gaare evident from thé2to the &'
with small or cold biases on thé& and &, which leads to an overall bias of 1.7 °C when
averaged over the entire simulation with a meamwlabes error of 3.3 °C (Table 3.1). As
will be discussed in the next subsection, the tawalution of these biases are related to
the evolution of the observed cloudiness coupldd thie overproduction of liquid clouds

throughout the model run.
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3.4 Sensitivity to Cloud Type

The default settings in the Thompson microphysiceese used in the BASE
simulation will be shown in this section to leaddtense, liquid-phase low clouds and fog
that notably alter the radiation budget within basin, and consequently, the strength of
the CAP. The extensive fog and stratus, partiulduring the overnight hours, result in
excessive longwave radiation that inhibits low-les@oling and forms a region of warm
air in the center of the basin during much of th&PQperiod. Although a number of
modifications were evaluated (see Section 2.3pigitforward modifications to the
Thompson microphysics scheme that are employechenRULL model run make it
possible to examine the sensitivity of the CAP datians to cloud type. As detailed in
Table 2.2, the FULL simulation has cloud ice seditagon and cloud ice autoconversion
to snow turned off in the lowest 15 model leveldhe intent of these modifications is to
force the WRF model to produce and maintain clalatsinated by ice-phase particles.

Returning to Fig 3.5, consider the differences leetw the midday potential
temperature profiles at Roosevelt of the FULL andISE simulations relative to the
observed profiles. While the FULL profiles are macessarily in agreement with the
observed ones at all times, they tend to show ldesperatures near the surface and
shallower surface-based mixed layers. As discuseedhe previous section, the
differences in potential temperature between thélFand BASE simulations become
small above ~500 m AGL. These differences in teeieal structure of the FULL
simulation relative to the BASE simulation yield maore realistic deepening (2—-4
February) and subsequent lowering (5—6 Februartheofop of the shallow mixed-layer.

The 2-m temperatures at 1800 UTC 2 February fraFLL simulation (Fig. 3.6b)
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are much lower in the center of the basin and apgleaer to those observed (Fig. 2.1).
Further, the bias and mean errors of the FULL sathah are sharply reduced relative to
the 6-station sample (Table 3.1). However, both BASE and FULL simulations
develop unrealistic liquid and ice clouds, respeti, on the I and the 6 when clouds
were not observed (Fig. 3.4b). That results in lowenperatures than observed (Fig.
3.7). Temperatures at 2-m averaged over the esitinalation period demonstrate the
colder CAP produced in the FULL relative to the BASimulation (Fig. 3.8). The
difference between those two fields indicates araye decrease in temperature of ~1.5
°C throughout the interior of the basin with netlg differences elsewhere (Fig. 3.9a).

These improved 2-m temperatures are related teahthage from liquid to ice cloud
particles. Snapshots of the cloud characterisiic6600 UTC 5 February (Fig. 3.10)
reflect similar total cloud amounts and coverag@e BASE run is dominated by liquid-
phase particles, or “cloud water” (Fig. 3.10c), \@hthe FULL run is dominated by ice-
phase particles, or “cloud ice” (Fig. 3.10d). Sirtbe liquid clouds produced in BASE
are generally stratus while the ice clouds prodund@ULL are primarily surface-based
fog, occasionally periods of greater horizontaudaoverage are found in BASE as the
stratus is able to extend outwards away from tikecef the basin. Considering that the
sedimentation of cloud ice is turned off in the RUsimulation, there is greater cloud
mass in that run relative to the BASE simulatioHowever, the liquid clouds in the
BASE run produce 70-80 W fnof downwelling longwave radiation, while the ice
clouds in the FULL run produce only 40-70 W?raver the same region at the same
time, despite the extra cloud mass (compare Fife3to Fig. 3.10f).

Averaged over the entire 6-day period, downwellioggwave radiation from the
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liquid clouds is 10-20 W th more than from the ice clouds (Fig. 3.9b), whish i
consistent with the elevated temperatures oveetttiee period as well (Fig. 3.9a). The
greatest difference in 2-m temperature is at tedtevations in the center of the basin,
while the greatest difference in longwave radiati®midway up the basin slope along
the periphery of cloud cover. Table 3.2 demonsgr#tis behavior with mean differences
calculated below specified elevations within theiba Hence, the stratus clouds in the
BASE simulation typically had greater spatial cage than the ice fog in the FULL run,
which leads to larger differences in longwave radmain locales where liquid clouds are

present and ice clouds are not.

3.5 Sensitivity to Snow Cover

3.5.1 No Snow

As mentioned in the Introduction, the lack of smwving the 2012 winter led to high
surface temperatures, deep afternoon mixed lagetslow ozone concentrations (Lyman
and Shorthill 2013). We examine the impact of srmmwer by comparing a simulation
for the 1-6 February 2013 period with no snow beROO0O m (NONE) to the FULL
simulation. Returning to Fig. 3.5, the lack of wnoaises the midday surface
temperatures by as much as°@and the depth of the mixed layer is much gretiian
that observed during February 2013. The differente potential temperature at
Roosevelt tend to become negligible above a fewdrethmeters from the surface. As a
further example, potential temperature profilesrfrthe FULL and NONE simulations
are plotted at Ouray from 0900 UTC to 1800 UTC dreBruary (Fig. 3.11). Extensive

tethersonde observations at this location helprawige an indication of the boundary
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layer structure there during the day (Schnell e@l4). Potential temperatures are ~7 K
warmer in NONE in the lowest 500 m (not shown).wdweer, even the FULL simulation
fails to capture the extremely cold and shallowediayer observed on this day.

Not surprisingly, the 2-m temperature biases nedatd the 6 surface stations are very
large, particularly at night, with the average @iéince for the 6-day period being 7B
(see Fig. 3.7 and Table 3.3). In addition, the m2an temperatures from the NONE
simulation are much higher than those apparent fiteenBASE or FULL simulations
(Fig. 3.8).

Several interrelated processes contribute to tgkehnilow-level temperatures in the
NONE simulation relative to the FULL simulation.irs$t, when the snow is removed
from the basin floor, the thermal conductivity dfetland surface increases, and the
decrease in surface albedo results in greater piimorof solar radiation. These
combined land surface effects lead to a warmer taynlayer. Second, the sensitivity
of the CAP to ice-phase microphysics is minimizadhe NONE simulation since the
warmer boundary layer over the bare ground/vegetasi too warm (i.e., higher than -12
°C) to nucleate cloud ice. Finally, liquid-phaseatis develops in the NONE simulation
as opposed to ice-phase fogs overnight, which lgeadkigher temperatures due to
increased longwave radiation at the surface.

Figure 3.12 contrasts the simulated time evolutbthe CAP at Horsepool from the
BASE, FULL, and NONE simulations. The strong cagpimversion effectively
constrains the thermal and stability differencesigdoeneath it. The FULL simulation
clearly has a colder, shallower CAP than the BASEukation with the NONE

simulation having the weakest inversion and warn@&P. This weakened stability
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allows further eastward penetration of downslopwesterly flow from the Wasatch

Range into the western periphery of the CAP (notst).

3.5.2 No Western Snow

A simulation with snow removed from the westernnesrof the basin (NW) was
completed to emulate situations where downslopirgsterly flow has melted the
snowpack there, similar to the conditions duringyekebruary 2014. The removal of
snow cover in the NW simulation proved to have vétie impact on the overall CAP
structure, e.g., modeled 2-m temperatures andceérstructure within the PBL in the
basin’s core show strong similarities to thoseh@ FULL simulation (see Figs. 3.5, 3.7,
3.8). Temperatures at 2-m are, on average, wittir2 °C of FULL (Table 3.3).
Nonetheless, differences in 2-m temperatures aexel near the snow boundary (e.g.,
compare Fig. 3.8b to Fig. 3.8c). The lower albadd increased solar absorption of the
region where snow is removed in the NW simulatieads to 2-m temperatures that
average 2.5-3 °C higher than the same region inFbeL run while temperature
differences over areas that remain snow-coveredyamerally less than 0.25 °C higher.
These patterns hold true for both daytime and tigbt periods. As a consequence of
this enhanced low-level temperature gradient, enthly driven circulation is produced
across the snow boundary (Fig. 3.13). The 10-nalzasind component over the bare
ground in the NW run is 1.5-2 i snore negative (easterly) than the same regiohdn t
FULL simulation when averaged over the entire sahah. Furthermore, this “snow
breeze” extends several km away from the snow baynith both directions indicating

that the circulation has significant horizontalentt



38

3.6 Flow Features

While the observations collected during the UBW@&Sdf campaigns are the most
extensive available to date for studying the thetymamic and dynamic conditions in the
Uintah Basin (Lyman and Shorthill 2013; Stoeckeransl McNally 2014), the majority
of them consist of enhanced surface observatiomighout the basin combined with
limited profiles at a few locations (e.g., Horsehd@uray, and Roosevelt). While far
from adequately resolving CAP characteristics,Rb L simulation provides additional
information on the four-dimensional fields of temgaere, wind, and moisture that helps
identify relevant physical processes. Several ffeatures were detected in the FULL
simulation that could be partially validated usithg limited available data that likely
play an important role to transport pollutants witthe CAP and ultimately affect air

quality.

3.6.1 Clean-Air Intrusions into the Basin

The structure of the CAP varies extensively overdburse of the FULL simulation.
As shown in the potential temperature time-heigbt pt Horsepool (Fig. 3.12b), the
280-282 K isentrope range helps define the uppet &f the CAP. The cross sections in
Fig. 3.14 (which are along the path outlined in.Rigpb) suggest that the CAP is initially
confined to elevations below 1800 m MSL (Fig. 3)14&he CAP then deepens through
the day on 2 February to a base near 2000 m at 08@03 February (Fig. 3.14b) before
settling below 2000 m by 1800 UTC 4 February (Bid4c). The CAP then lowers back
down to ~1800 m by 0000 UTC 6 February through thé ef the simulation (Fig.

3.14d).
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The CAP is continually modulated by synopticallyvén midlevel flow atop the
CAP, forcing it to “slosh” back and forth withingtbasin. Ridging aloft can lead to flow
surmounting the surrounding terrain from nearlyrgwéirection from the southwest to
the north. Downsloping flows mixing higher potehttemperature and cleaner air
downward into the basin are common and their imgkgends on the stability and
strength of the flow across the upwind barriersr €&ample, when the cross-barrier flow
had a northerly component across the high Uintalur¥ens during the 2013 winter, a
notable strengthening of the inversion top dueutzsglence warming of flow descending
in the lee of the mountains was evident in the &hrBasin (not shown).

The CAP may become displaced or tilted through bsihtic and dynamic
processes, which can then be disrupted by changemd speed above the CAP (Lareau
and Horel 2014). These disruptions may produceasity current-like behavior as the
CAP rebounds, causing relatively large changeseptid(a few hundred meters) within
just a few hours. Figure 3.15 shows an exampkhisfbehavior. Strong westerly flow
crossing the mountain barrier to the west of theirbat 0600 UTC 4 February is
highlighted by a narrow band of increased westeriyorthwesterly flow at 2300 m MSL
over the western portion of the basin (Fig. 3.15d)he cross section of potential
temperature from west to east through the centtdreobasin at the same time is shown in
Fig. 3.15b. The westerly downslope winds have edoand tilted the CAP, pushing it
east of Starvation Reservoir (vertical line labet&TA” in Fig. 3.15b). The CAP is
depressed to ~1750 m in the western basin, muchr [tva@ in the eastern half of the
basin. The FULL simulation suggests that weakemmggterly winds over the next

several hours lead to the CAP rebounding westwasd Starvation Reservoir with the
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inversion base quickly rising to ~1900 m, rougldyd| with the rest of the basin (Fig.

3.14c).

3.6.2 East-West Cross Basin Transport

Easterly flow immediately above the shallow mixegdr is evident in the midday
soundings at Roosevelt on a number of days (F&). 3The ceilometer data at Roosevelt
(Fig. 3.4) as well as ozone tethersonde obserwatainOuray (Schnell et al. 2014)
suggest that aerosols, ozone precursors, and oxdead upward into this layer of
easterly flow, likely as a result of weak turbulerand entrainment (Cai and Luhar 2002;
Salmond 2005). The ozone precursors from eastesim Isource regions that are able to
leak into the easterly flow layer may then be tpmmsed westward to portions of the
basin that have more limited precursor sourceschvhilows ozone production to take
place more widely (Karion et al. 2014).

Figure 3.16a shows the time-averaged zonal windpcom@nt for the entire 6-day
simulation along the cross section shown in Figbl.Synoptic westerly flow dominates
above 2200 m MSL with easterly flow present a famdred meters above the basin
floor. The core of the easterly flow coincideshwihe strongest stability in the basin and
lies between 1800-2000 m MSL. Although this featsrrelatively weak (~0.5 m'} it
is persistent enough to appear as a coherent lspatiarn when averaged over the 6-day
period. Even weaker flow is noted in the lowesd H0 above the basin floor within the
CAP, indicating that the mean flow is near zerotfat region.

The mean flow is also examined separately for dagtand nighttime periods, Figs.

3.17a and 3.18a, respectively. During the day,dbwe® of the easterly flow is more
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intense aloft (~1 m'Y, and the west-east spatial extent is greater ffepenFig. 3.16a to
Fig. 3.17a). At night, the easterly flow exhibstsveaker and more regional core shifted

to the eastern portion of the basin and extendavgdto the surface (Fig. 3.18a).

3.6.3 Diurnal Valley and Slope Flows

Figures 3.17 and 3.18 suggest both additive anttudise interactions between the
cross-basin elevated easterly flows and near-suri@@ytime upvalley/upslope and
nighttime downvalley/downslope flows. While basicale thermal gradients likely drive
the elevated easterly flow, those gradients atareds in concert with and at other times
interfering with more localized thermal gradienti$hin drainages and along slopes.

During the night (Fig. 3.18a), drainage flows awdent by light westerly winds in
the lowest 100 m on the west side of the basimomlznation with light easterly winds
on the east side. This pattern reverses duringldlye(Fig. 3.17a); however, the cross-
basin easterlies appear to accentuate the upvagieppe winds at ~1800 m MSL. As
with any basin or mountain range, the diurnal flpatterns within the Uintah Basin are
complex, as summarized in Fig. 3.19. The mean wiinelction during the day (Fig.
3.19a) highlights areas of upslope flow within &P where local ridgelines inside the
basin affect the local flow direction. Outsidetbé CAP, to the north and west of the
Uintah Basin, synoptic west-northwesterly flow atsdinteraction with local topography
dominate (white vectors). This exhibits how theisg stability above the CAP is able to
effectively shield the basin interior from synoptiows, allowing for thermally-driven
terrain circulations. During the night (Fig. 3.190drainage flows toward the center of

the basin are evident.
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3.6.4 Effects of Snow Cover on Terrain-Flow Intéi@ts

The sensitivity of terrain-flow interactions to tpeesence or absence of snow cover
in the Uintah Basin is briefly examined here. Canmgon of the cross sections of time-
averaged zonal winds from the no snow (NONE) arms(FULL) simulations for the
entire period, day, and night are shown in Fig$633.18, respectively. Consistent with
earlier results, the removal of snow cover onleeif§ the near-surface atmosphere below
the capping inversion. The core easterly windshan FULL simulation were stronger
and elevated slightly higher above the terrain tthaose in the NONE simulation (Fig.
3.16). The weaker stability within the cappingemsion in the NONE simulation likely
allows the synoptic-scale westerlies to extenchirdown and diminish the intensity of
the easterly winds within the lower reaches of itheersion layer expected in NONE
given the lack of snow cover. Comparable diffeemnare evident during the day (Fig.
3.17) and night (Fig. 3.18) with weaker and lowkvation easterly flow aloft when
snow cover is removed. However, the intensity ot thpvalley/upslope and
downvalley/downslope flows near the surface reméangely the same and is actually

increased during the day on the western side dbaisen in the NONE simulation.
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Fig. 3.1: Composite average of National Centers faritenmental Prediction (NCE
North American Regional Reanalyses for the periminf 0000 UTC 1 February -
0000 UTC 7 February 2013 for (a) 500 hPa geopatendight (in m) and (b) mean s
level pressure (in hPa).Images provided by the NOAA/ESRL Physical Scier
Division, Boulcer Colorado from their Web site at http://www.esvha.gov/psi



44

W

Pressure (MPa)

[ F A5

Priessure (hPa)

!\ﬂ
[
yd
o

7501 FN \
\
Y

Pressure (hPa)

l‘\.‘

850

/ A1/ /\\ o <

-20 -15 -10 -5 0 5
Temperature (°C)

Fig. 3.2: Rawinsondes released from Roosevelt)at§a0 UTC 2 February 2013, (
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Fig. 3.3: SPoRTderived VIIRS satellite images: (a) Sr-Cloud product at 1815 UT
2 February 2013 and (b) Nighttime Microphysics R(product at 0931 UTC
February 2013.
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Fig. 3.9: Average difference (BAS— FULL) for 1-6February 2013 period in: (a-m
temperature (in °C according to the scale to tghkt) and (b) downwelling longwav
radiation (in W nif according to the scale on the ric.
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to the scale on the right), (d) mean cloud ice dttdm 15 model levels (in g *
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Fig. 3.13:Average zonal wind difference (in n'* according to the scale on the rig
between NW and FULL simulations (N - FULL) for the 1-6February 2013 perioc
Reference terrain elevation of 1800 m shown byheavy black line while the thi
black contoudelineates the region where snow is removed itNthesimulation
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Fig. 3.14: Vertical cross sections of potential pemature (in K according to the sc
on the right) and wind speed (contoured every 247 taken along the red line in F
1.5b. MSL height on left side (km)Results shown from FULL simulation for (a) 18
UTC 1 February, (b) 0600 UTC 3 February, (c) 1800CU4 February and (d) 15(
UTC 6 February 2013.
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Fig. 3.19: Average 1@ wind direction for thcl—6 February 2013 period during (a) daytime hours (0800700 MST) and (k
nighttime hours (1800 to 0700 MSTrpm the FULL simulatior
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Table 3.1: Two-meter temperature errors from WRMRutations. Mean errors
calculated from the 6 surface stations in Fig. dbbng the 1-6 February 2013 period.

Simulation Bias (°C) Mean Abs Error (°C) RMSE (°C)
BASE 1.65 3.25 3.97
FULL 0.11 2.44 2.98

Table 3.2: WRF simulation sensitivity to microplogs Difference in longwave
radiation and 2-m temperature between BASE and FWlrhulations (BASE —

FULL) during the 1-6 February 2013 period. Meatuga shown for area below
selected terrain contours within the basin.

BASE-FULL Difference <1800m <1700m <1600m <1500m
Longwave (W rif) 11.77 10.63 8.97 7.21
2-m Temperature (°C) 1.24 1.46 1.65 1.78

Table 3.3: Two-meter temperature differences fMRF simulations. Mean

differences calculated from FULL simulation (NW YIEH. or NONE — FULL)
during the 1-6 February 2013 period.

Simulation Difference (°C)  Mean Abs Diff (°C) RMSD (°C)
NW 0.14 0.21 0.28
NONE 7.60

7.60 7.85




CHAPTER 4

OZONE AND AIR QUALITY

4.1 1-6 February 2013 Air Quality Overview

The January—March 2013 period featured seven estemeriods of high ozone
concentrations in the Uintah Basin associated pattsistent cold air pools (Stoeckenius
and McNally 2014). An upper-level trough and assed cyclone traversed the region
between 28 and 30 January 2013 (as discussed tob8c2), effectively cleaning out
the basin of pollutants that had accumulated smé#January and returning ozone
concentrations to background levels. However, ghesistent CAP that set in on 1
February led to building pollutant concentrationgmthe next several days. Fig. 3.4a
shows the observed increase in ozone at selectatidns. Concentrations started out
relatively low on 1 February (~20 to 60 ppb) anddgily built to a maximum of 154
ppb at Ouray on 6 February. A key characterigtioznne concentrations in many areas
of the Uintah Basin is the maintenance of high v ozone overnight far above
background concentrations. A mobile transect ef Itlasin during the afternoon of 6
February shows elevated ozone concentrations inadtions, but the highest values (up
to 151 ppb) were generally seen in lower elevatiansl river valleys (Fig. 4.1),

particularly in the southeastern quadrant of thendect near Horsepool and Ouray.
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While a weak system moved through the region late6oFebruary, ozone levels
remained elevated (particularly at Horsepool) umsitronger system moved through on 9
February (Fig. 3.4a).

Data collected from ozonesondes and tethersondesFebruary 2013 show that the
vertical extent of maximum ozone concentrations tyagally limited to 1700 m MSL
and below, or in the lowest 200—-300 m of the bownyer (Schnell et al. 2014). A
gradient in concentrations was noted above thisllewith ozone concentrations

returning to background levels above 1900 m MSLrigtaet al. 2014).

4.2 Sensitivity of Ozone Concentrations to Snow €ov

While ozone concentrations in the Uintah Basinkarewn to be strongly controlled
by the presence of snow cover, there is uncertagggrding what extent is due to the
direct effects of higher surface albedo on phoiselyselative to the indirect
meteorological effects elucidated in the previousapter: reduced near-surface
temperatures; shallower mixed layer; and possibihaaced east-west cross-basin
transport a few hundred meters above the surf&eether, there are additional possible
indirect effects such as chemical reactions indindace layers of the snow leading to
critical precursor chemical compounds (RobertsleR@14). We describe here some
preliminary results that address the combined seitgito increased surface albedo as
well as meteorological changes in the boundaryrlélyat result from the presence of
snow cover.

WREF output from the entire 6-day FULL and NONE slations was provided to

collaborator L. Avey, Utah Division of Air Qualityyho then imported those fields into
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the agency’s version of the Community Multiscale Auality (CMAQ) model. The
CMAQ model couples the meteorological data from\WRF model with an emissions
inventory from the Uintah Basin developed by thelUDivision of Air Quality and
chemistry-transport and photochemical subsystemsirmilate concentrations for a
variety of chemical compounds and pollutants (Bamad Schere 2006). The emissions
inventory used in this study contained the mostpete and accurate data available for
the Uintah Basin. However, the inventory was pregao represent emissions from
2011 based on growth of oil and gas activitiesesid@06 (Barickman et al. 2014). Data
gathered during recent UBWOS field campaigns, alitg additional projects, will be
incorporated into an emissions inventory updatedaled for 2014. Since the emissions
inventory and CMAQ are available from the Utah Bign of Air Quality on the 4 km
grid, that model was forced with WRF data from 4hlem nest shown in Fig. 1.5a as well
as Fig. 4.2. The objective of this phase of thelgis to simply assess the sensitivity of
ozone concentration to snow cover during a CAPe fittential shortcomings of driving
CMAQ from imperfect atmospheric information and ssmns inventories as well as the
limitations of CMAQ are not addressed.

The mean ozone concentrations near the surfacagaeover the 6 afternoons (1100
to 1700 MST) from 1-6 February 2013 are generad#y3D% greater when the CMAQ
model is forced by the snow cover and meteoroldgicaditions in the FULL simulation
compared to the absence of snow in the basin ancbautant conditions in the NONE
simulation (Fig. 4.3). Ozone concentrations sitaday the CMAQ model are highest
in the southeastern portion of the basin wheresthession of ozone precursors (N@nd

VOCs) from the emissions inventory is greatest i&anan et al. 2014). The region
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where average concentrations are greater than B5spp6 times larger in the FULL
simulation than that in the NONE simulation. Irddn, the peak ozone concentration
simulated in the FULL case is 16 ppb higher that fom the NONE case (Table 4.1)
and the timing and magnitude of the peak value drebruary in the FULL case is
comparable to that observed (see Figs. 3.4 and #ibher levels of ozone are simulated
on average throughout the basin below 1800 m whesrd by the FULL simulation
compared to the NONE simulation.

Time-averaged east-west cross sections of ozome 4H) were averaged along the
24 km wide swath delineated in Fig. 4.2 for botke fflULL and NONE simulations.
Comparison between the two simulations demonsttagsigher ozone concentrations
generated in the FULL run. The CMAQ model appéatdt the ozone slightly higher in
the FULL simulation than observed with the drop4offoackground levels (less than 60
ppb) taking place at 2000 m in the FULL simulati@rsus that observed roughly below
1900 m at Horsepool (Karion et al. 2014).

The time evolution of ozone concentrations at $etetocations is shown in Fig. 4.5.
Data at Roosevelt (Fig. 4.5a) indicate that CMAQiggles to simulate the buildup of
ozone during the CAP period in the western portibthe basin. This is likely due to the
spatial variation of primary precursor emissionshe emissions inventory. A relatively
small amount of emissions exists in the westernti@ecwhen compared to the
southeastern quadrant of the basin (Barickman. &04/4). Both the FULL and NONE
simulations keep concentrations generally near 6@gbh, and below the NAAQS of 75
ppb. Closer to the specified primary precursorssion sources in the southeastern

section of the basin, ozone concentrations arecewly higher at Horsepool with
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substantively higher concentrations when snow cevepecified (Fig. 4.5b). Within the
primary precursor emission source region (SeveteiSisFig. 4.5c¢), the time evolution of
ozone in the FULL simulation is similar to that ebged with substantively higher
concentrations than when snow is absent. Therdiff®es in ozone concentrations
among these three locations illustrates that theAQMmodel with the emission
inventories available at this time struggles toteepthe broad areal extent of high ozone
concentrations that are observed in this case.

Time-height sections in Fig. 4.6 of ozone and pidétemperature at Horsepool help
to analyze the evolution of the CAP and pollutameentration as a function of snow
cover. While the highest concentrations of ozaeecanfined within the CAP during the
FULL simulation, elevated concentrations in excafsg5 ppb extend too far upwards in
the afternoons into the base of the inversionsaddition, CMAQ fails to build ozone
concentrations each day through the CAP event enRULL simulation (Fig. 4.6a).
Instead, the highest concentrations appear to la¢edeto the depth of the CAP and
inversion base. Concentrations are high on 1 aRd2uary, when the CAP is shallow,
then they decrease on thé@ &nd 4" as the CAP deepens and the inversion base lifts to
~1800 m. As the inversion base lowers again on & @rFebruary, concentrations
increase with a maximum during the afternoon orétheA similar evolution is noted in
the NONE simulation (Fig. 4.6b), but the CAP is muweeper, concentrations are lower,
and the maximum occurs on the afternoon of the Bhis inverse relationship between
CAP depth and ozone concentrations is supportexbbgrvations, signifying its potential
importance. Intuitively, when the inversion basevérs, it effectively decreases the

volume of the shallow mixed-layer in the CAP resigitin higher ozone concentrations.
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Figure 4.7 shows time series from 1-6 Februarshfartwave radiation applicable to
photochemistry from the FULL and NONE simulatioriBhese values are averaged over
a 26 by 39 km box in the center of the basin showhig. 4.2. Downward shortwave
radiation at the surface is generally similar betweéhe FULL and NONE simulations
(Fig. 4.7a). However, when both simulations haweemsive cloud cover (such as
midday on 3 and 4 February), the FULL simulatiors k50 W nif more downward
shortwave radiation. This is likely because the-dominant clouds in the FULL
simulation allow for greater transmittance of shate radiation than the liquid-
dominant clouds in NONE. For all days, the upwandreflected) shortwave radiation is
greater in the FULL case, due to the high albedsnofv compared to the bare ground in
the NONE case (Fig. 4.7b). The total shortwaveatamh near the surface (sum of
upward and downward radiation) is a crude appro#onaor actinic flux omitting, for
example, the contribution due to scattering. Fegdi7c shows that the total shortwave
radiation in the FULL simulation is over ~1.5 timgeeater than that in the NONE
simulation during the day. The greater total skavie radiation in FULL then

contributes to higher photolysis rates and greatene concentrations.
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Fig. 4.1 Mobile transect of ozone concentratiomfrd130 to 1500 MST 6 Februa

2013 as a function of: (a) geographic location @jdime
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Fig. 4.2: Fourkkm model domain used in CMAQ simulations (terrin m andshaded
according to the scale on the right). The thiot iee marks the location of o0zo
cross sections in Fig. 4.4 while the thin red lideneate the spatiextent of the are
average in the direction perpendicular to the ceestion. The blue box represents
area used for mean shortwave radiation calculationsig. 4.7 while the green d
indicates the location of the Seven Sisters ozooaitaring sation discussed in tt
text.
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Fig. 4.4: Average ozone concentration (in ppb atiogr to the scale on the rigl
during 1100-1700 MST ¥ February 2013 between the thin red lines in Fig.fdom

(a) FULL and(b) NONE WRF simulations
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Table 4.1: Ozone concentration statistics from MAodel forced by FULL and
NONE simulations during the 1-6 February 2013 pkrio

FULL NONE
Highest mean ©- Afternoon (ppb) 97.2 81.2
Highest mean @ Non afternoon (ppb) 61.9 51.0
Maximum Hourly Q (ppb) 134.4 118.0

Area of mean afternoons® 75 ppb (k) 896 144




CHAPTER 5

CONCLUSIONS AND DISCUSSION

5.1 Overview and Research Questions

Numerical simulations of a persistent CAP in theitdh Basin from 1-6 February
2013 were conducted to investigate the sensitofityloud microphysics and snow cover
on CAP evolution and structure. Terrain-flow iatefons and basin- and smaller-scale
thermally-driven circulations were identified asspiile means to infuse clean air into the
basin as well as transport pollutants within thesilba Output from selected
meteorological simulations was input into the CMA@del to investigate the sensitivity
of ozone production to snow cover. The key findin§shis study can be summarized as
follows:

e Nested numerical simulations at high resolutioB3land 4 km) driven on the
outer domain by continually updating analyzed Htdroundary conditions
are capable of reproducing the large-scale featfréise regional circulation
over the Uintah Basin that control the basic molpé of the CAP.

e The intensity, vertical structure, and boundaryetaffows within the Uintah
Basin CAP below ~500 m AGL are heavily influenced tthg numerical

treatment of cloud microphysics and snow cover.
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e The default settings in the Thompson microphysidseme produce dense,
liquid-phase low clouds and fog that were not obsegr whereas restricting
ice sedimentation and cloud ice conversion to simoilve lowest model layers
resulted in more realistic vertical profiles of fgenature and low clouds in
this case.

e Intrusions of clean air into the basin as a restilterrain-flow interactions,
east-to-west cross-basin transport above the syriand shallow thermally-
driven slope and valley circulations are importdattors for pollutant
transport within the Uintah Basin.

¢ CMAQ model-derived estimates of ozone concentratithrat are forced by
the most realistic emission inventories availabid the best specification of
the snow surface and meteorological conditions tende adequate near
major precursor emission source regions in thehs@ast quadrant of the basin
but too low throughout most of the basin and owgrhi

Partial answers to the specific research quesposed in Chapter 1 and additional
related discussions on the implications of theseifigs are now provided.

e \What is the sensitivity of simulated CAP structure and evolution to cloud
microphysics?

The variations in radiative opacity and depth ohwated boundary-layer clouds
resulting from the phase change from liquid todlmid particles had a significant impact
on the modeled CAP structure and evolution. Timsisigity of the CAP to cloud droplet
phase was tested by implementing a modified versiothe Thompson microphysics

scheme in the FULL simulation. This results ineexted periods of ice fog and a



79

reduced 2-m temperature bias in that simulatiorgereds liquid-phase stratus dominates
in the default, BASE simulation. Furthermore, thepth of the CAP mixed layer in the
FULL simulation is shallower and more representat¥ observed conditions. Both of
these improvements are attributed to decreasedunmattlongwave radiation, greater
cooling and a shallower, more realistic surfaceeddeg layer in the FULL simulation as
a result of the change in cloud phase.

For this study, the modifications to the microplegsscheme (autoconversion from
cloud ice to snow and sedimentation of cloud icedd off) were potentially available to
be triggered everywhere within the entire modelutation period in the lowest 15 model
levels. However, these modifications had no impadside of the Uintah Basin's CAP,
due to the dominance of upper-level ridging and im@h precipitation generated
elsewhere. The objective for making these modibcs was to test whether those
changes improve the physical treatment of cloutvaat to the Uintah Basin. To apply
the changes more generally requires some additomtd modifications to activate them
based on appropriate boundary layer thresholdstabiléy and temperature (e.g.,
presence of a strong temperature inversion anddwel-temperatures lower than -12 °C,
the cloud ice nucleation temperature specifiechearhodel). In this manner, the changes
to the microphysics scheme would only be triggdcedeviate from the default settings
when specific criteria appropriate only to CAPs evaret. The restricted sedimentation
of ice particles in the lowest 15 model layers t=ad to excessive ice accumulation but
cloud ice is still able to convert to snow onceeidches a large enough diameter through
depositional growth.

e How do snow cover variations affect CAP simulations and structure?
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Removing snow cover has a profound effect on CA&astteristics for the event
examined here. When snow is removed from the b#sin2-m temperatures are much
higher and the boundary layer is much deeper. Abdl km AGL and outside of the
Uintah Basin CAP, no obvious differences were evidgy removing snow cover in the
basin. Hence, snow cover changes tend to affecepses internal to the boundary layer,
since the strong stability above the CAP insul#tesfree atmosphere from the effects of
the underlying surface.

e \What are the important wind flow regimes in the Uintah Basin CAP? Can
they be diagnosed by mesoscale modeling and how might they affect air
quality in the basin?

A number of interrelated flow regimes exist in tbentah Basin that may affect
pollutant concentrations. The CAP is continuallgdulated by synoptically-driven mid-
level flow atop the CAP and may become displacediled through hydrostatic and
dynamic processes forcing it to oscillate back #nth within the basin. Downslope
flows carrying warmer, cleaner air into the basiea @mmon and their impact depends
on the stability and strength of the flow acrose tipwind barriers. Easterly flow
immediately above the shallow mixed layer is obsdracross the basin and the WRF
simulations suggest this weak flow is quite peesistduring CAP episodes. Ozone
precursors from eastern basin source regions maytoained into the easterly flow layer
and then transported westward to portions of thenbthat have more limited precursor
sources. Weak near-surface thermally-driven vaHey slope flows are ubiquitous
throughout the basin and likely contribute to laed redistribution of pollutants. These

flow features appear to be fairly well-resolvedhiitthe 1.3 km WRF domain and likely
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have distinct impacts on air quality. As a respdtor air quality may be seen throughout
the basin particularly when precursors have timaiggrate throughout the basin.
e \What is the influence of snow cover on air quality smulations in the Uintah
Basin?

Comparison of the FULL and NONE simulations demiaiss that the absence of
snow cover leads to improvements in air qualityhe high surface albedo of snow cover
plays a critical role during wintertime ozone ewefir two reasons: (1) it strengthens
CAPs and increases stability, and (2) it incregdestolysis rates, contributing to rapid
ozone production. The strong CAPs that form whaows cover is present have
shallower PBLs and stronger stability within theersion layer. Both of these properties
act to trap pollutants and ozone precursors inloleest few hundred meters of the
atmosphere. The high albedo also increases attimi@and fuels rapid ozone production
near the surface when precursor concentrationshigie While the contributions to
ozone production of the direct effects of enhanaetiic flux relative to the indirect
effects of modifications to the atmospheric struetaannot be separated in this study,
their combined effect is quite evident with mearielafoon ozone concentrations

increasing substantially relative to when no snowec is present.

5.2 Future Work

The work presented here has been limited to aesipgtsistent CAP event in early
February 2013. In order to obtain a more thoroumiderstanding of how cloud
microphysics and snow cover affect the evolutiorpefsistent CAPs, their wind flow

patterns, and resulting impacts on air qualityther studies are needed. A natural
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extension of this research would be to include eatgr number of CAP cases over a
range of initial and boundary conditions that cobkl verified with observational data
from recent winters to examine the robustness e$dhfindings. For example, many
persistent CAPs with snow cover do not produce @oyds or fog within the basin.
How do boundary-layer vertical structure, flowsdaubsequent pollutant transport differ
between clear and cloudy CAPs within the UintahiBasAdditional modeling studies in
other locations prone to wintertime ozone evenishsas the Upper Green River Basin,
would help determine how applicable the findingshad study may be.

The microphysics modifications implemented to gatlge CAP sensitivity to cloud
phase were very targeted and applied to achieyedaf effect. Further testing could
be done with other microphysics schemes to det@rnfisimilar sensitivities are noted
and to implement appropriate controls so that thaifitations only apply to CAP
situations.

Another challenge to model CAPs is the weaknesBRif schemes to handle low
clouds, vertical temperature profiles, and mixingstably stratified conditions. Most
schemes generally allow for too much turbulent ngxiwhich results in boundary layers
that are too deep (Holtslag et al. 2013). Mesesfmiecast models also poorly forecast
whether or not low clouds will form within a pergst CAP and when they will break
up. They also have considerable uncertainty imessmting surface variables, often
leading to 2-m temperature warm biases, and in szases poorly simulate the inversion
above the boundary layer (Reeves et al. 2011; &mwhHong 2011). Alternative PBL
parameterizations, such as the Mellor-Yamada Nakamind Niino and Quasi-Normal

Scale Elimination schemes, were not tested in 8tigdy, but may show some
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improvement for CAPs. Regardless, further worknmiprove parameterization schemes
for modeling of very stable boundary layers andrtimapact on CAP simulations is
needed (Baklanov et al. 2011), as well as a bettderstanding of the limitations and
biases of various numerical parameterization sce@m€AP environments.

Finally, snow cover and albedo were shown to haygominent impact on CAP
evolution and air quality. This study has hightiggh the need for improvements in the
representation of snow variables in meteorologaad air quality models and analysis
initialization fields in regions with shallow, p&tent snow cover. Due to weaknesses in
the NAM analysis, a prescribed snow field and atbbdsed on observational data was
applied here. However, this approach is inefficiear operational settings. Proper
treatment of snow using a snow physics model drivefocal atmospheric and chemical
properties may be needed to obtain a sufficiertbueate evolution of the snowpack and
surface albedo. Application of the Noah Multipaedernization land surface model,
which features a three-layer snow model (Niu eR@ll1), may be a useful approach to
test. Additional research is also needed to utaedsthe complex cycling of water over
the thin snowpacks in the Uintah Basin and its iohpan surface albedo, i.e., the
interplay of very small sublimation rates, formatiof ice fogs, and deposition of ice

crystals back onto the snow surface.
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