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ABSTRACT

An exceptional heat wave led to high ozone concentrations in northern Utah during

29 August 2022 - 7 September 2022. Eight-hour average ozone concentrations exceeded

National Ambient Air Quality Standards (NAAQS) during five of the ten days within

the Salt Lake Valley (SLV) and to its north in the urban corridor bordering Farmington

Bay Playa (FBP). A team from the University of Utah (UU) conducted a field study over

summer 2022 involving surface-based observations and remote sensors in and around FBP

to facilitate greater understanding of ozone transport to nearby urban areas. Time-height

sections of velocity volume processing (VVP) and reflectivity range-defined quasi-vertical

profile (RD-QVP) retrievals were developed for TSLC, the Terminal Doppler Weather Radar

(TDWR) for Salt Lake City (SLC) International Airport located on the eastern edge of FBP.

Time-height sections are compared to observations from permanently installed regulatory

and temporary field study sensors to assess the daily development of the boundary layer

and potential impacts on ozone concentrations.

Well defined vertical wind shear zones within 500 m of the surface help define the

top of the morning stable boundary layer. Tracking the growth of the convective boundary

layer (CBL) is possible until mid-afternoon when the CBL rapidly deepens to >2000 m above

ground level. The rapid increases in CBL height and associated vertical mixing contribute

to sharp decreases in near-surface ozone concentrations on days when ozone concentrations

aloft are substantially lower. Flow in the layer aloft during the morning hours transports

high ozone present the evening before away from the urban centers and advects lower

concentration background values into the region. This process is most efficient when flow

aloft is easterly, away from the tallest terrain barriers, and least efficient when the flow is

westerly, toward the tallest terrain barriers. Ozone concentrations on the west side of the

FBP and SLV basins are often influenced by lake breezes originating from the Gilbert Bay

arm of the Great Salt Lake.
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CHAPTER 1

INTRODUCTION

During late August 2022, a ridge responsible for a record-setting heat wave in the

Pacific Northwest positioned its axis over Utah, creating impacts in the region through the

middle of September. Temperatures were abnormally warm in Salt Lake City (SLC), and

eight-hour average ozone concentrations (O3) exceeded the National Ambient Air Quality

Standard (NAAQS) set by the Environmental Protection Agency (EPA) many days between

29 Aug 2022 and 7 Sep 2022, and the remaining days nearly exceeded the standard. Labor

Day was observed on 5 Sep 2022, thus this period is referred to as the Labor Day period

(LDP). A University of Utah (UU) team was in the midst of a small field study (Horel et al.

2023) and deployed ozone monitoring sensors and other equipment near the Farmington

Bay Playa (FBP), so named after the arm of the Great Salt Lake (GSL) that used to fill the

region to the east of Antelope Island. These field observations combined with permanently

installed sensors and boundary layer observations from a Terminal Doppler Weather Radar

(TDWR) covering Salt Lake City International Airport (TSLC) allow detailed analysis of

meteorological processes that contributed to poor air quality during this event.

High tropospheric ozone concentrations constitute an environmental hazard, damaging

vegetation (Van Dingenen et al. 2009; Clifton et al. 2020), increasing hospitalizations from

acute exposure, and causing or exacerbating chronic health conditions with repeated expo-

sure (Hubbell et al. 2005; Fann et al. 2012; Sousa et al. 2013). Ozone pollution is complex,

relying on a myriad of factors including precursor chemical concentrations, insolation,

photochemical reactions, boundary layer processes, and transport by winds on all scales.

While weather cannot be regulated, it does play a critical role in shaping the impacts of

emissions. Thus, greater understanding of the impacts of atmospheric conditions on ozone

concentrations may help development of effective regulations.
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Ozone is presently regulated in terms of O3, with NAAQS stating O3 is not to exceed

70 ppb. Salt Lake and Davis counties, the urban regions adjacent to FBP, are presently

moderate non-attainment zones. The EPA has been considering lowering this standard

to 65 ppb. For the purposes of this study, days with O3 exceeding 70 ppb are referred to

as exceedance events, and days exceeding 65 ppb as near exceedance events. The Utah

Division of Air Quality (DAQ) has a network of sensors spanning the state to monitor

criteria pollutants, including ozone.

Boundary layer processes influence observed ozone concentrations and generally follow

a diurnal cycle in dry, quiescent conditions like those in the LDP (Stull 1988). The nocturnal

stable boundary layer begins eroding after sunrise in response to radiative heating of the

surface below. Heat transfers into the lowest atmospheric layer via conduction from the

surface and forms a shallow superadiabatic layer. This superadiabatic layer introduces

instability which creates a turbulent, dry-adiabatic convective boundary layer (CBL). On top

is an entrainment zone, mixing air aloft into the CBL below. As surface heating continues

during the day, turbulent vertical mixing increases CBL depth until sunset. At that time,

turbulence wanes, radiative cooling dominates, and a stable boundary layer reforms near

the surface. The remnants of the well-mixed CBL mostly unaffected by the cooling form the

residual layer (RL).

Photochemical ozone production shares a similar dependence upon solar radiation.

Ozone is not a primary pollutant, rather the byproduct of volatile organic carbons (VOCs)

being oxidized by nitrous oxides (NOx) in the presence of sunlight, with both reactants

sourced from urban emissions (Seinfeld and Pandis 2016). These reactions become more

efficient at high ambient air temperatures (Pusede et al. 2015; Coates et al. 2016) and depend

on the amount of incoming solar radiation, with production being maximized at solar noon

(Baier et al. 2015).

Precursor chemical species initially trapped within the shallow CBL help to focus

ozone production near the surface. During the morning hours, ozone production tends

to overcome the diluting effect of entraining relatively cleaner RL air into the CBL and

increase ozone concentrations. After solar noon, when ozone production begins decreasing

and the CBL is deep, the diluting effect tends to dominate, causing ozone concentrations
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near the surface to decrease slowly until sunset (Kaser et al. 2017). Nearly constant ozone

concentrations in height will result from a neutrally stratified, turbulent CBL, becoming the

RL after sunset. After sunset, titration (Seinfeld and Pandis 2016), deposition (Clifton et al.

2020), and scavenging by halide species (Simpson et al. 2007; Seinfeld and Pandis 2016)

contribute to decreases in near-surface ozone. These effects are reduced in the RL, thus the

surface tends to experience more ozone concentration extremes than layers aloft (Kaser et al.

2017).

Elevated ozone and precursor concentrations in the mid and upper troposphere con-

tribute to increased O3 in many cities within the Intermountain West (Brodin et al. 2010).

Downslope and down-valley winds transport background ozone aloft to basin floors at

night (Liu et al. 1992; Jaffe 2011; Chow et al. 2013; Horel et al. 2016), while upslope flows

advect higher ozone concentrations from urban valleys up nearby slopes and canyons. This

effect is most apparent during quiescent periods (Chow et al. 2013).

Lake and sea breezes are another thermally driven circulation that can influence ozone

transport. These form in response to the greater thermal inertia of bodies of water, which

cause the boundary layer above the water surface to become less dense more slowly than

the adjacent boundary layer over land under the influence of solar radiation. In situations

where synoptic forcing is weak, these can propagate onshore from above the lake surface

as a density current, with a leading lake breeze front that may inject surface ozone into

higher layers (Zumpfe and Horel 2007; Crosman and Horel 2010). Similar circulations can

happen off of playa surfaces due to the higher thermal inertia of playa surfaces compared

to surrounding areas (Massey et al. 2017). Lake breezes are well known to influence

surface ozone concentrations. In some cases, convergence zones along a lake breeze front

concentrate ozone, which can then be transported along as the lake breeze propagates or

lead to high ozone concentrations in an area where it is stalled (Banta et al. 2011; Goldberg

et al. 2014; Wentworth et al. 2015; Blaylock et al. 2017). Additionally, ozone in the boundary

layer above the lake is frequently different than over land due to generally shallower CBL

depths and chemistry differences which cause the lake breeze to act as a source or sink of

ozone.
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The SLV and FBP basins provide a unique natural laboratory to monitor the interplay of

thermally driven flows and boundary layer phenomena with ozone (Fig. 1.1). SLV and FBP

basins are located at an elevation of roughly 1300 m above sea level. The east boundary of

these basins is the Wasatch Mountains, ranging in height up to 3000 m above the basin floor.

The SLV is bounded to the west by the Oquirrh Mountains (peak height 2700 m) and to

the south by the Traverse Mountains. To the north of the Oquirrh Mountains lies Antelope

Island (peak height approximately 700 m), which marks the westernmost extent of FBP. The

Jordan River flows through the center of both basins along a north-south axis, entering FBP

thorugh wetlands on its southern perimeter and connecting to the main body of the GSL

north of Antelope Island via small residual flow.

Mornings during quiescent periods are often dominated by southerly atmospheric flow

over SLV and western FBP (Zumpfe and Horel 2007) along with an easterly jet that forms

between the mouth of Weber Canyon and the northern end of Antelope Island (Chrust et al.

2013). Daytime heating reverses the thermally driven flows responsible, and flow becomes

predominantly northerly while the Weber Canyon jet dissipates. Lake breezes from Gilbert

Bay enter the SLV in the gap between Antelope Island and the Oquirrh mountains. The

lake breeze begins propagating to the southeast during midday and often becomes oriented

from east to west across the axis of SLV. If synoptic southerly flow is present that opposes

the northerly lake breeze driven flow, the area of frontogenesis forming the lake breeze front

that would otherwise be dissipated by turbulence over land is maintained and propagates

south through the SLV over the course of the afternoon (Zumpfe and Horel 2007; Blaylock

et al. 2017).

Clear air returns from weather radars can be used to track lake breezes (Wentworth

et al. 2015; Blaylock et al. 2017). Work has been done characterizing the nature of clear

air scatterers tracing the flow for these observations. There are broadly two categories,

Bragg and biota, and are most easily differentiated using polarimetric data. Bragg scattering

comes from isotropic turbulence (Doviak and Zrnic 1993), thus has a differential reflectivity

(ZDR) near zero. On the other hand, biota tend to be much wider than tall when in flight and

appear anisotropic to the radar, with high ZDR (Zrnic and Ryzhkov 1998). Unfortunately

without polarimetric data, signals from both are nearly identical and differentiation is
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impossible (Banghoff et al. 2018). While the composition of the scatterers cannot be derived,

reflectivity layer depth depends upon boundary layer depth and can be used to track CBL

development (Heinselman et al. 2009; Banghoff et al. 2018). Regardless of type, motion of

scatterers did not significantly bias wind estimates in this study.

The 2022 summer ozone project (Horel et al. 2023) was a successor to the 2015 summer

ozone project (Horel et al. 2016). In the earlier study, thermally driven circulations had a

significant impact on local ozone concentrations and appeared to be acting to concentrate

ozone in the urban corridor between FBP and the Wasatch Front. The summer 2022 study

deployed ceilometers, sodars, and meteorological and ozone monitoring equipment in

this region with the goal of understanding transport out of the FBP wetlands into the

nearby urban corridor. Radar retrievals applied to the TDWR near FBP provide additional

information about the boundary layer growth, structure, and flows.

The objectives of this study are:

1. Understand the limitations of and optimize radar retrievals for use on TDWR radars

located in complex terrain;

2. Observe the transition from the morning stable boundary layer to the CBL during LDP

using TSLC plan view images and time height profiles of wind speed and direction

reported every 6 min at 50 m vertical resolution;

3. Compare observed CBL development to observed ozone concentrations.

The next section (Chapter 2) introduces three data sets: the summer ozone study in-

strumentation, TDWR, and High Resolution Rapid Refresh (HRRR) model. The following 

Chapter 3 gives a detailed description of the retrievals applied to TSLC, with special care 

given to constraints arising from the radar’s location in complex terrain. Then, Chapter 4 

provides a broad overview of synoptic conditions during LDP before going into conditions 

during each day. Chapter 5 summarizes the work and provides potential directions for 

future research.
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Figure 1.1: Major geographic features of Salt Lake Valley and Farmington Bay Playa basins.



CHAPTER 2

DATASETS

2.1 Summer 2022 Ozone Study
The 2022 summer ozone study conducted by a UU team (Horel et al. 2023) was designed

to validate the hypothesis put forward by the 2015 summer ozone study that FBP was

a significant source of ozone for the nearby urban corridor using a network of surface

observations and surface based remote sensors (Fig. 2.1). DAQ has a number of permanently

installed regulatory grade ozone monitors around the SLV and FBP basins. Research grade

2B Technologies ozone monitors were placed at UUPYA, USDR4, and UFD15. Tower

mounted meteorological sensors including wind and temperature were available at UUPYA

and UFD15. Sodars capable of observing winds in the lowest 100 m were sited at USDR1,

USDR4, and USDR5. These stations were set up along the edge of FBP to monitor transport

near the region while UUPYA monitors conditions on the playa. Ozone reported at DAQ

sites are analyzed using one-hour averages. For comparison, a one-hour running mean

smoother was applied to ozone concentrations reported every 5 minutes at UU sites.

2.2 NEXRAD and TDWR Radar Networks
This study makes use of TSLC, the TDWR for SLC International Airport, located on the

east side of FBP (Fig. 2.1). The Federal Aviation Administration operates TDWR radars to

provide higher resolution coverage near major airports that frequently experience strong

wind shear. These TDWR radars supplement observations from the National Oceanic and

Atmospheric Administration (NOAA) next generation weather radar (NEXRAD) network

(NOAA NCEI 2023a,b). Table 2.1 provides technical specifications for NEXRAD and TDWR.

Data from both radar networks are archived publicly via cloud providers as part of the

NOAA Open Data Dissemination Program (NOAA Information Technology 2023). Level-2
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data from TSLC is available Sep 2020 - present. KMTX, the SLC NEXRAD radar, is located on

Promontory Point, a mountain to the north of SLC, and scans above the GSL basin. TSLC is

on the basin floor and subject to significant terrain beam blockage (Fig. 2.2). Only horizontal

polarization (single-pol) products are available from TSLC to observe the boundary layer.

Thus ZDR used by Banghoff et al. (2018) is unavailable. The Volume Coverage Pattern

(VCP) for TSLC is determined automatically, switching to hazard mode upon detection

of meteorological 20 dBZ reflectivity echoes or wind shear near the airport (NOAA NCEI

2023b). TDWR dealiasing is handled at the instrument before transmission to end users

(Cho 2005, 2010). Since wind speeds during the study period were generally below the

lowest possible TDWR aliasing velocity of 10 m s−1 (NOAA NCEI 2023b), dealiasing errors

are not a concern here.

2.3 High Resolution Rapid Refresh (HRRR) Model
The HRRR model is a regional, operational forecast model managed by NOAA’s Na-

tional Centers for Environmental Prediction (NCEP). Designed for use across the continental

United States and Alaska, the HRRR model is a convection-allowing, cloud-resolving fore-

cast model that runs hourly over the CONUS and once every three hours over Alaska

(Benjamin et al. 2016; Dowell et al. 2022; James et al. 2022). The HRRR provides users with

frequent, real-time, high-resolution, deterministic analyses and forecasts. Such products

aid in many short–range applications ranging from general monitoring of atmospheric

conditions, convective and stratiform cloud development, prediction of various severe

weather types, wind circulations, and wildfire smoke plume prediction (James et al. 2022).

Introduced in September 2014 as a complement to the 13-km Rapid Refresh (RAP) model,

the HRRR model assimilates initial condition data provided by the RAP (Benjamin et al.

2016; Dowell et al. 2022) and conventional observations and delivers a four times higher

resolution in both space and time offering horizontal resolutions of 3-km grid spacing in

addition to over 50 vertical levels (NOAA NCEP EMC 2021). Reflectivity data from both

NEXRAD and TDWR are assimilated via multi-radar multi-sensor (MRMS) products (Smith

et al. 2016; Zhang et al. 2016; Dowell et al. 2022). NEXRAD radial velocity and velocity

azimuth display (VAD) products are also assimilated in RAP, but NEXRAD dual-pol and



9

TDWR products are not directly assimilated (Liu et al. 2016; Dowell et al. 2022). Archived

access to the high-resolution model output is currently available through Amazon Web

Services and Google’s Cloud Platform (Gowan et al. 2022; Dowell et al. 2022).
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Table 2.1: Operating characteristics of Next Generation Weather Radar (NEXRAD) and
Terminal Doppler Weather Radar (TDWR) network radars (NOAA NCEI 2023a,b). Scan
update times are approximate.

Characteristic TDWR NEXRAD
Wavelength C-Band (5 cm) S-Band (10 cm)
Antenna Polarization(s) Horizontal only Horizontal and vertical
Gate Length 150 m 250 m
Unambiguous Range 90 km 230 km
Clear Air Mode Volume Scan Time 6 min 12 min
Hazard Mode Volume Scan Time 3 min 4 min
Aliasing velocity 10 - 15 m s−1 32 m s−1

Beamwidth 0.5◦ 1.25◦
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Figure 2.1: Location of key sensors available during the summer 2022 ozone campaign.
TSLC is located at the black hexagon. Purple triangles indicate permanent regulatory sensors
maintained by DAQ, squares indicate UU equipment sites. Research grade ozone monitors
of interest to this study were placed at UUPYA, USDR4, and UFD15. Meteorological sensors
were also deployed at UUPYA and UFD15 and sodars at USDR1, USDR4, and USDR5.
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Figure 2.2: Plan view TSLC 0.5◦ imagery at 0425 UTC 2 Jul 2023. Left figure shows
reflectivity (dBZ). Right figure shows radial velocity (m s−1) with blue indicating motion
toward the radar and red indicating motion away according to the scale on the right.
Areas on all sides except for northwest lacking data are empty due to beam blockage by
topography.



CHAPTER 3

TSLC RADAR RETRIEVAL METHODOLOGY

This study makes use of retrievals from TSLC designed to determine atmospheric state

in the vicinity of the radar that are variants on the velocity azimuth display (VAD) and

quasi-vertical profile (QVP) retrieval methods. VAD retrievals operate on the Doppler

effect and have been used for both radar and lidar radial velocity data with appropriate

scanning strategies. Radial velocity reports the component of scatterer motion toward or

away from the radar. For a gate at an azimuth relative to north α and elevation angle ϕ,

the Cartesian wind components at that location contribute to radial velocity as follows

(assuming geometric beam propagation):

Vr = u sin(α)cos(ϕ) + v cos(α)cos(ϕ) + w sin(ϕ). (3.1)

When scatterers are primarily being moved by the mean wind, as is generally the case

under clear air conditions, radial velocity magnitude will be maximized when at an azimuth

facing directly into or away from the mean wind, and zero when facing perpendicular.

When radial velocity at a constant range and elevation angle is plotted against azimuth

in flow uniform over the entire range ring, a sinusoidal pattern appears in the data. The

phase and amplitude of this sinusoid can reveal properties about the mean flow. Stacking

these rings together and using the beam height at a given elevation angle, a wind profile

with respect to height can be determined (Lhermitte and Atlas 1961; Browning and Wexler

1968; Doviak and Zrnic 1993). The QVP makes use of the same range-height relationship,

but examines other products and simply takes the mean relying on a uniform scatterer

assumption (Ryzhkov et al. 2016). An illustration of the range-height relationship for the

clear air volume coverage pattern (VCP) from TSLC is given in Fig. 3.1.

Numerically, mean wind estimation can be done in a number of ways. If observations

were perfect, three independent azimuthal samples could be used to solve for the three wind
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components. In practice, system noise and turbulence contribute to variance within radial

velocity measurements, and treatment of noise becomes necessary for a stable retrieval

(Teschke and Lehmann 2017). VADs were initially done using Fourier transforms that

require unrealistic uniform sampling around the range ring (Browning and Wexler 1968),

so sinusoidal least-squares fit methods are now preferred. The least-squares and Fourier

methods converge to the same equations if uniform sampling is assumed (Teschke and

Lehmann 2017).

Traditionally VADs are done on one conical scan, but radars usually make more than

one conical scan per volume at varying elevation angles, causing the user to select one best

suited to their application. High angle scans rely on a smaller area over which uniform flow

is assumed, but have lower vertical resolution. On the other hand, low angle scans provide

high vertical resolution but the area over which uniform flow is assumed grows rapidly

with height and the vertical wind component is not well sampled. Some retrievals use

composites of multiple scans to reduce trade offs. NEXRAD level 3 processing and HRRR

assimilation use the Extended VAD (EVAD) retrieval (Matejka and Srivastava 1991), which

interpolates between the results of individual conical scans onto a common height axis.

This study makes use of the VVP (Waldteufel and Corbin 1979; Boccippio 1995), an

alternative that increases the complexity of the regression matrix to accommodate regression

over gates with more than one elevation angle. A conceptual model is presented in Fig. 3.2.

The VVP partitions gates into constant height disks of some radius above the radar and

regresses over all of them at once, more equitably treating noise and increasing regression

accuracy. Statistics from the other moments can be gathered from the collections of gates in

constant height disks to obtain information about the scatterers, and this retrieval is called

an RD-QVP (Tobin and Kumjian 2017). The uniformity assumption still applies in VVPs

and RD-QVPs but is unrealistic to apply over the entire sampled volume. As a result, a

maximum horizontal distance for valid gates is chosen, creating a cylinder divided into

disks of samples to derive the flow field from.

VAD and QVP retrievals done in prior studies with NEXRAD generally use a cylinder

radius of 50 km around the radar (Ryzhkov et al. 2016; Griffin et al. 2018; Tobin and Kumjian

2017; Hu and Ryzhkov 2022) or 40 km (Boccippio 1995) to maximize the statistical robustness
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of retrieval results. This approach assumes homogeneous flow and scatterers over a large

area, an assumption almost never met over such areas in complex terrain (Fig. 3.3). C-

Band TSLC scans have shorter gate length than S-Band NEXRAD scans, allowing a greater

number of samples to be integrated into the retrieval. However, using a 25 km radius as

done for European C-band radars (Holleman 2005) would prove too large for TSLC, located

5 km from the foothills of the Wasatch. Thus, a 5 km radius was used for TSLC, which also

reduces the impacts of the commonly-observed Weber Canyon exit jet located to the north

(Chrust et al. 2013). The decrease in regressed-over gates is slightly offset by the steeper and

more numerous elevation angles of TSLC’s clear air VCP compared to NEXRAD’s, but still

has effects on the retrievals. RD-QVPs are used in this study primarily to assess scatterer

quality and relative quantity so the statistical robustness of this retrieval is not as important

as for hydrologic and microphysical applications.

The precise meaning of uniform flow for a VVP varies based on the wind model

used for the retrieval. When the VVP was first introduced by Waldteufel and Corbin

(1979), the wind model regression included the mean and first-order terms of all three

Cartesian wind components, creating a 12 term linear equation to carry out least-squares

regression. The VVP proves very sensitive to the appropriateness of the wind model

for the flow (Boccippio 1995; Shenghui et al. 2014). Too few terms in the retrieval and

the model becomes oversimplified, which may cause the uniformity assumption to be

violated. Too many terms and the variability present from noise and floating point error

may be inappropriately attributed to the flow field, causing the wind field components to

be underestimated. Increasing the number of terms also increases the numerical instability

of the retrieval. The signal from the first order terms is generally more subtle than the signal

from the mean components of the wind. When the number of gates used is increased by

either changing scanning strategy or maximum retrieval radius, the low intensity signal

from derivative terms becomes distinguishable from the noise, analogous to using a more

sensitive microphone to listen for a pin drop.

Artificial wind fields composed of various combinations of first order components and

white noise of varying magnitude were used to evaluate the accuracy of the VVP retrieval

for the geometry arising from TSLC’s clear air VCP and maximum gate distance of 5 km. The
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accuracy of the VVP was tested for a variety of wind models, ranging from a 12 component

matrix including all first order terms to a 2 component matrix including only the mean

horizontal wind component terms. Testing revealed that the error arising from uncalculated

and unresolved derivative terms tends to bias the mean vertical wind component much

more than the mean horizontal wind components. In these situations, because the vertical

wind component became so large, variability was removed from the horizontal components

and caused wind speed to be significantly reduced, although direction remained largely

unchanged. If all components of the vertical wind were excluded from the matrix and the

mean horizontal wind along with their horizontal derivatives were considered under the

same conditions, then the horizontal wind speed tended to vary widely based on included

elevation angles. This approach becomes inaccurate with wind speed errors greater than the

values of the expected wind speed in the modeled flow. At the 5 km radius, regression over

only the mean horizontal wind components gave the most consistently correct result for the

horizontal wind. When derivative components remained under O(10−2) s−1 and vertical

wind speed remained under O(102) m s−1, wind speed was correct within 2 m s−1 and wind

direction was correct within 5◦. As a result, the mean horizontal wind components were

the only wind components used in the VVP model for this study.

High quality datasets are vital to retrieval accuracy and success. In addition to velocity,

TSLC reports reflectivity and spectrum width for each gate. Prior work examining the

boundary layer with clear air returns has identified two predominant scatter types: biota

(bugs, birds, etc.) and Bragg scattering (Zrnic and Ryzhkov 1998; Bachmann and Zrnić 2007;

Heinselman et al. 2009; Banghoff et al. 2018). Other common radar-detectable phenomena

around FBP are surface traffic, air traffic, and precipitation, which create outliers that bias

the retrieval. To avoid impacts from any such phenomena, all gates with a reflectivity

greater than 30 dBZ are rejected.

The CBL is characterized by a region of low yet detectable reflectivity values extending

from the surface and deepening throughout the daylight hours (Heinselman et al. 2009;

Banghoff et al. 2018). The lowest reflectivity value reported by TSLC, -20 dBZ, is realistic

for clear air scatterers, therefore no lower limit was enforced. Because terrain blockage

reports a radial velocity of zero and small radial velocity measurements are generally
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untrustworthy, all gates with radial velocities below 0.5 m s−1 are rejected as well. Spectrum

width thresholds were evaluated, but did not improve data quality, as spectrum width and

reflectivity were found to be well correlated. After the moment filters are applied, an outlier

rejection filter is twice applied to the data (Pichugina et al. 2019; Banta et al. 2020).

The final data quality step in the retrieval is to ensure a large enough sample size was

used. Prior data quality measures as well as the low reflectivity of clear air scatterers

creates gaps in azimuth within the observed volume. The size at which these gaps become

unacceptable in a VAD-style retrieval is not well defined, as the samples must be sufficiently

orthogonal to capture wind components. Some authors reject a retrieval if the continuous

missing area is larger than 60◦ (Matejka and Srivastava 1991; Boccippio 1995), while the

Doppler beam swing (DBS) strategy commonly used in the lidar community calculates

VADs from only 4 - 6 azimuths spaced equally around the instrument (Wildmann et al. 2020;

Kristianti et al. 2023). VAD retrievals taken over a 30◦ sector compared well to in-situ sonic

anemometer data (Wang et al. 2015), and VVPs were originally thought to be stable over

an area as small as 22.5◦ (Schwiesow et al. 1985). Given these earlier results and the VVPs

dependence on a large statistical sample, a disk’s retrieval was rejected if less than 15 gates

were included in the regression. A final goodness of fit condition was also considered, but

required too much tuning to prove useful.

The resulting VVP and RD-QVP data are then available every 6 min at 50 m intervals in

the vertical. For clarity in many figures, light smoothing is applied using a five-point stencil

(incorporating those values immediately adjacent in time and in the vertical).
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Figure 3.1: TSLC VCP 90. Beam height (m) as a function of gate distance (km) from the
radar at an elevation angle is represented by the colored dots. Black dashed line indicates 5
km distance limit used for retrievals in this study. The radar progresses from the lowest
elevation angle to the highest during a volume scan.
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Figure 3.2: Conceptual model of the VVP retrieval.
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Figure 3.3: A map indicating rings of constant range at 5, 25, and 50 km from TSLC.



CHAPTER 4

LABOR DAY PERIOD (LDP) ANALYSIS

4.1 Overview
The LDP occurred during an abnormally strong late-summer heat wave over the Inter-

mountain West that caused high ozone concentrations in SLV and FBP basins (Fig. 4.1). This

period contained a large share of total O3 NAAQS exceedances during summer 2022, here

defined as 15 Jun - 15 Sep (Horel et al. 2023). The DAQ site in Bountiful, UT (QBV), closest

to FBP, exceeded NAAQS a total of 10 times during the summer, with 3 events occurring

during the LDP. The DAQ sensor at Hawthorne Elementary in central SLV (QHW) exceeded

NAAQS 5 times, with 2 events during the LDP.

The heat wave responsible for this event caused September 2022 to be the warmest

recorded September to date in Utah and Nevada, and the second warmest in California,

Idaho, Wyoming, and Arizona (NOAA NCEI 2022b). It resulted from a strong ridge in place

over the western contiguous United States (Fig. 4.2). The ridge had been present for most of

August but located further to the northwest, bringing the warmest August to date in Idaho,

Oregon, and Washington state (NOAA NCEI 2022a). Northern Utah was on the perimeter

of this system, thus was frequently ventilated by upper-level weather disturbances that

reduced pollutant concentrations in the urban boundary layer through vertical mixing

and horizontal transport. Prior to the LDP, ozone concentrations during August built in

response to increasing stability aloft during periods lasting a few days, having one or two

NAAQS exceedance or near-exceedance events followed by a disturbance, after which

the cycle would start anew. The cycle of interest here developed after a weak disturbance

crossed northwestern Utah on 28 Aug and ended on 8 Sep with the passage of the remnants

of Tropical Cyclone Kay. Record high temperatures and high ozone continued 9-12 Sep, but

those days were influenced by regional transport of wildfire smoke.
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Synoptic conditions during the LDP were quite similar between each day and matched

what is often observed during other quiescent periods. Every day except for 30 Aug and 1

Sep lacked significant cloud cover in the basin according to shortwave radiation intensity

observed at UUPYA (not shown). Surface observations and near surface conditions avail-

able from routinely launched radiosondes from KSLC were generally what is commonly

expected during weakly-forced situations. For example, the morning sounding on 5 Sep

(Fig. 4.3a) contains a surface-based inversion to a depth of 825 hPa that formed in response

to radiative cooling under clear skies. This was topped by a nearly dry adiabatic layer

up to 550 hPa, which has its origins in the deep turbulent mixing of the previous day.

Weak winds are present through the depth of the profile. The following late afternoon

sounding (Fig. 4.3b) shows that this stable layer was eroded and replaced by a shallow

surface superadiabatic layer, and afternoon turbulent mixing deepened the mixed layer to

500 hPa. Vertical momentum transport throughout this adiabatic layer likely contributed to

the deep northwesterly winds evident in Fig. 4.3b.

A time-height section of vertical potential temperature gradient from the surface to

4000 m AGL was derived from hourly HRRR analysis gridpoint values near TSLC during

the LDP. (Fig. 4.4a). Strong stability develops near the surface overnight that significantly

weakens during the day. Within HRRR analysis wind speeds at the same location to 2000

m AGL (Fig. 4.4b), slow wind speeds are present in the morning stable layer, increasing

in intensity after sunrise with nearly uniform, faster wind speeds evident throughout the

column during the afternoon

For reference and comparison to the HRRR wind speed time-height section during the

LDP, the time-height section of TSLC VVP wind speed is shown in Fig. 4.4c. The general

patterns between the HRRR and TSLC profiles are similar with weaker winds at night and

strong winds throughout the lowest 2 km during the afternoons. However, some weak

horizontal banded artifacts appear in the VVP retrievals at 100 m, 200 m, 500 m, 800 m, 1300

m, 1800 m, and 1900 m. These are a result of gates for particular elevation angles being

dropped from the retrieval. They are believed to occur because of unresolvable derivative

terms in the wind model. Errors from unresolved derivatives are more problematic at low

wind speeds, which are common within the LDP’s nighttime residual layer.
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Hourly HRRR 80 m winds for northern Utah during the LDP show local thermally

driven circulations dominating the flow pattern near the surface. In the morning hours

(e.g., Fig. 4.5a) southerly flow is present through the length of the SLV with easterly winds

to the north of Antelope Island. There is also an area of confluence in the southwest

corner of the GSL. The southerly flow near the Wasatch Mountains becomes southeasterly,

indicating influence from the model’s limited resolution of local downslope flows. During

the afternoon (Fig. 4.5b), this flow reverses and becomes faster and northerly over FBP and

the SLV with a diffluent zone on the northwest side of the GSL.

A composite figure of key datasets for the LDP is presented in Fig. 4.6. We begin

this discussion by considering O3 (Fig. 4.6a) and ozone time rates of change (O′
3) (Fig.

4.6b) computed for seven sites. Composites for the DAQ sites were created by averaging

the hourly observations across all days. Composites for UU sites were created using the

one-hour average for the same hour as the DAQ observations. O′
3was calculated from the

hourly data for DAQ sites and one-hour average smoothed data for UU sites then had the

same averaging applied to create the composite presented here.

Beginning with the composite average derived from the mean of all seven sites (black

solid line in these figures), common features are evident:

• O3 is lowest near sunrise (0600-0700 MDT) and then rises sharply with increases of

roughly 5-12 ppb h−1until after solar noon (1300 MDT);

• O3 decreases slowly after that time due to mixing within the CBL until sunset (1900-

2000 MDT) after which O3 decreases faster until after midnight.

• Between midnight and sunrise, O3 tends to stay mostly constant.

During the overnight hours the individual time series of O3 tends to fall within a low or

high cluster around the composite mean, with urban sites (QBV, QHW) above the mean

and FBP sites (USDR4, UFD15, UUPYA) below the mean. Ozone at the latter sites increases

rapidly, with O′
3 peaking earlier in the day than the former. DAQ sites QIP and QRP on

average exhibit a mix of these two signals, reflecting their siting closer to Gilbert Bay and

northern SLV urban area, respectively. UFD15 tends to have higher than average O3 during

the morning increase and has the greatest daily swing of all sites, while UUPYA and USDR4

consistently have O3 lower than other sites.
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Composite VVP winds for the LDP period are shown in Fig. 4.6c. VVPs were averaged

in height along the native axis and time bins of 18 minutes, corresponding to roughly 3

volume scans. For all 50 m constant-height increments, zonal (u) and meridional (v) wind

components were averaged separately from the composite wind speed. The composite

direction was derived from the mean u and v components. Several key typical features

during the LDP are as follows:

• Weak winds aloft in the 250-1250 m layer prior to sunrise transition to weak easterly

flow after 0700 MDT;

• Northeasterly-easterly winds below 250 m develop after 0800 MDT and then veer

abruptly with time to westerly winds between 1000 and 1100 MDT;

• As the near-surface winds become westerly, the winds below 1000m become southerly;

• As the stable boundary layer weakens during the late morning and the CBL develops,

this wind shear layer lifts rapidly by 1200 MDT to 1000m;

• By solar noon (1300 MDT), the CBL has deepened to higher than 2000m and the winds

after that time are the strongest of the day from the northwest until sunset.

Reflectivity RD-QVPs were composited in the same manner as composite wind speed

and shown in Fig. 4.6d. Sun glint from sunrise and sunset are indicated by smoothed spikes

below 500 m of surface based reflectivity near 0630 MDT and 2000 MDT. As the surface

inversion erodes after 0800 MDT, reflectivity begins to increase synchronously with the

development of vertical wind shear aloft that indicates the development of a shallow CBL.

Scatterers are mixed vertically through the lowest 500 m by 1030 MDT while the highest

near-surface reflectivity (7 dBZ) occurs near 1100 MDT. After this time, horizontal and

vertical turbulent mixing reduces reflectivity as the CBL continues to expand above 2000

m by 1400 MDT. The ceilometers deployed for the 2022 field program (Horel et al. 2023)

used for boundary layer depth estimation returned aerosol backscatter signatures similar to

what is seen in the RD-QVP (not shown). Before sunset, a plume of higher reflectivity is

apparent 1900 - 2030 MDT with a maximum depth of 1000 m, corresponding to bird activity

near the radar.

The composite panels in Fig. 4.6 help to delineate core features in ozone concentrations

and wind that are commonly found during all ten days of the LDP. However, the day-to-day
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variations in mesoscale circulations and local thermally-driven flows introduce differences

in the boundary layer structure, particularly during the morning when ozone concentrations

are rapidly increasing. These differences are explored in the following subsection.

4.2 Individual Days
During the late afternoon when the CBL is fully developed and after sunset, ozone

concentrations and vertical wind profiles within the region of interest during the LDP

tended to evolve similarly (Fig. 4.6): late-afternoon concentrations dropped slowly co-

occuring with strong northwesterly winds until after sunset. However, conditions differ

day-to-day from sunrise until the CBL is fully formed and are the focus of this sub-section.

Hourly DAQ data and one-hour running mean smoothed UU data for O3 are presented

in subfigure (a) of each figure. The black mean line was calculated using the hourly DAQ

values and the UU observations from the same hour. O′
3(subfigure b) for each station was

calculated as the time rate of change in ppb h−1and the mean line calculated in the same

manner as that for O3. VVPs (subfigure c) and RD-QVPs (subfigure d) are presented in full

resolution of 50 m in the vertical and 1 volume (roughly 6 minutes) in time. Every third

barb in time is plotted on the figure.

4.2.1 29 August

Overall, the evolution of ozone, wind, and reflectivity during 29 Aug (Fig. 4.7) followed

the core composite signals. This day was cooler (Fig. 4.1b) than later days without any

O3 exceedances at the seven sites (Fig. 4.1a). QBV in Davis County reached higher O3

concentrations than nearly all other sites by 1100 MDT with an hourly increase of 20 ppb

during the previous hour. In the SLV, QRP and QHW reached the highest O3 at 1400 MDT

and 1500 MDT, respectively preceded by 20 ppb increases during those previous hours (Fig.

4.7a).

Easterly flow was present on 29 Aug in a shallow near-surface layer beginning at 0830

MDT that grew to roughly 300 m by 1000 MDT with increased reflectivity within this

layer (Fig. 4.7c, d). Perhaps independently, higher reflectivity associated with easterly

winds is evident within the RL between 400-500 m until 1100 MDT. As the stable layer
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continues to erode during mid-morning, the near-surface easterly winds shift to northerly

and then westerly abruptly at 1100 MDT. The shear line rapidly lifts to 600 m by 1200 MDT

at which time reflectivity begins to drop. The shear layer moves to 1300 m by 1400 MDT,

and progresses to the top of the profile by 1600 MDT.

4.2.2 30 August

Multiple wind shifts occurred near the surface during the morning of 30 Aug (Fig.

4.8c), which was a cooler day with only one O3 exceedance at QIP (Fig. 4.1). After sunrise,

northerly winds below 250 m shifted to easterly by 0900 MDT that later shifted again

from northeasterly to northwesterly by 1030 MDT. The CBL was likely 500 m during this

period and that northwesterly flow persisted until roughly 1300 MDT. A separate wind shift

from easterly to westerly developed in the 500-800 m layer at 1230 MDT. By this time, the

large and positive O′
3 previously at UFD15, USDR4, and UUPYA began decreasing, likely

resulting from the deepening CBL. By 1400 MDT, these distinct wind layers merged into

the typical deep afternoon northwesterly flow leading to peak ozone at QIP and QRP at

this time followed by large O′
3 at those locations during the next hour(Fig. 4.8). Despite that

initial sudden dropoff in O3, QIP remained higher than the other stations until 1700 MDT.

4.2.3 31 August

The time-height profile for 31 Aug shows fairly typical boundary layer development,

with the morning flow reversal happening at 1000 MDT to a depth of 250 m. The shear

layer then moves from 250 to 900 m in a fairly linear fashion 1000-1200 MDT, suddenly

increasing to 1300 m at 1200 MDT. After this time, the shear layer apppears as a subtle shift

from northeasterly flow to northwesterly flow in the layer above 1300 m by 1500 MDT, after

which flow becomes consistently northwesterly through the depth of the profile. The center

stations stretching southward from FBP into the SLV (e.g., UFD15, QRP, and QHW) reported

high peak ozone at 1400 MDT and then decreased rapidly through the late afternoon hours

(Fig. 4.9b).

QIP was again the only one of the seven stations to report an exceedance event on 31

Aug (Fig. 4.1) and O3 tended to be higher than that at other stations throughout the day
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(Fig. 4.9a). The time-height profiles near the TSLC are less informative for explaining the

O3 exceedances on 30-31 Aug at QIP. While QIP is the closest of the seven stations to Gilbert

Bay and typically influenced by lake breezes penetrating southwest into the SLV, weak

lake breezes on 30-31 Aug were limited to the far western SLV. A Utah Department of

Transportation station located 7 km southwest of QIP recorded the lake breeze passage at

1030 MDT on 31 Aug (not shown). However, QIP experienced easterly winds until after

1600 MDT and never exhibited an increase in dew point temperature and slight drop in

temperature typically observed with the passage of a lake breeze (not shown). Blaylock

et al. (2017) examined the propagation down the SLV of a strong lake breeze front with high

O3 concentrations in the confluence zone immediately behind the leading edge of the front.

In contrast, Banta et al. (2011) highlighted that ozone concentrations can be enhanced by

flow convergence ahead of sea-breeze fronts that often stall near coastlines. Stalling of the

lake breeze is thought to be responsible for QIP’s high ozone concentrations on 30 and 31

Aug.

Plan view 0.5◦ reflectivity and radial velocity images from TSLC on 31 Aug are shown in

Fig. 4.10 to illustrate how the complex flows in the region tended to keep QIP downstream

of flow from the urban corridor to its east sandwiched between nearby lake and playa

breezes. The onshore lake breeze began to be evident near 1030 MDT (Fig. 4.10a) in the gap

between the Oquirrh Mountains and Antelope Island, just to the west of QIP. Southerly

flow dominates the SLV at this time. The weak lake-breeze feature is marked by a region

of outbound winds (red) near QIP and decreased inbound winds (blue) further to its

south. Simultaneously, a wetland/playa breeze began developing in the FBP with winds

approximately normal to radar beam propagation, thus is more evident in reflectivity by an

area of increased, narrowing bands of reflectivity over time stretching roughly from TSLC

to the southern tip of Antelope Island that intensified through the morning hours.

By 1200 MDT (Fig. 4.10b), the southerly flow through SLV weakened, allowing the lake

breeze to begin propagating southeast adjacent to the Oquirrh Mountains yet not crossing

QIP. The confluence zone associated with the playa breeze between TSLC and QIP is quite

apparent from the pairing of high reflectivities and low, variable radial velocities from biota.

The lake breeze progressed southward and weakened as it penetrated into the SLV (Fig.
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4.10c). During this same period, the playa breeze began developing a weak reflectivity band

at its leading edge extending eastward from Antelope Island with QIP still to the south

of the intersection. The playa breeze remains evident in the reflectivity band extending

southeastward from Antelope Island yet remains north of QIP at that time (Fig. 4.10d) and

stalls north of QIP throughout the rest of the afternoon (Fig. 4.10e).

4.2.4 1 September

O3 remained lower than other LDP days during 1 Sep, with stations in Davis County

(UFD15 and QBV) reporting the overall highest concentrations during 1300-1500 MDT (Fig.

4.11a, b). After a brief burst of southerly winds at sunrise on 1 Sep, the winds below 250 m

rotated from northwesterly to easterly from 0700-1000 MDT (Fig. 4.11c). This was followed

by a short period of shallow northerly wind below 250 m and southerly winds above that

until 1130 MDT when deeper southwesterly winds began to develop. Northwesterly winds

then became evident throughout the column by 1400 MDT. As seen in other early mornings,

higher reflectivity values appear to be present in the RL at times between 9 and 1100 MDT

(Fig. 4.11d).

4.2.5 2 September

Lower O′
3 during the morning of 2 Sep suggests that production was less efficient than

that during other days (Fig. 4.12), leading to maximum O3 values of roughly 70 ppb.

A shallow surface-based layer of easterly flow develops at 0800 MDT that deepens and

becomes northwesterly by 1000 MDT. Easterly flow is present aloft above that shallow layer

to 800 m. The near-surface flow reversal happens shortly before 1100 MDT and the shear

zone increases to a height of 500 m, and not increasing again until 1300 MDT at which

point the flow became northwesterly through the depth of the profile, which is earlier than

during previous days. O3 remains nearly constant during the afternoon without the sharp

peaks and falls observed during other afternoons previously. Hence, the dilution effect

from vertical mixing of lower background O3 concentrations aloft with higher near-surface

concentrations was less evident.
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4.2.6 3 September

Elevated O3 concentrations were especially pronounced during the morning hours of 3

Sep at QRP in the northern end of the SLV’s urban corridor (Fig. 4.13a, b). Many sites had

O′
3 greater than 20 ppb h−1 at times during the morning with sharp decreases at UFD15,

QBV, and USDR4 between 1500-1600 MDT. A weak shortwave trough propagated through

northern Utah during the day 3 Sep that primarily affected the flow above the boundary

layer, leading to a distinct layer between 500-1250 m of southerly flow preceding the trough

passage at 1400 MDT (Fig. 4.13c). Northerly flow developed after sunrise below 250 m

with easterly flow between 250-500 m. While the shear layer remained at roughly 250 m

until 1300 MDT, the flow after 1100 MDT transitioned to northwesterly below and southerly

above this shear layer that then increased in depth to 800 m by 1400 MDT. The shallow

boundary layer until 1300 MDT may have contributed to the rapid increases in O3 prior to

solar noon.

4.2.7 4 September

O3 concentrations at QBV and UFD15 stood out on 4 Sep, having much greater O3 than

other stations on this day (Fig. 4.13a). O3 itself was elevated at stations on the eastern

portion of the study area, with QBV above the 7-station average during almost the entire

day by as large as 25 ppb, and UFD15 above the average by as much as 20 ppb during

1100-1500 MDT. USDR4 and UUPYA, which typically exhibit lower ozone concentrations

than other field sites, were near the average during 0900-1400 MDT. The near-surface shear

layer in the VVP became apparent at 0730 MDT and grew to a depth of 400 m by 0830 MDT

and gradually lowering to 250 m through the morning hours (Fig. 4.14c). Southerly flow

dominated above that layer without the more typical easterly flow aloft during this period.

Near-surface flow reversal occurred later than usual at 1100 MDT, switching from northerly

flow to southwesterly reflecting flow from the SLV urban area continuing into the wetland

regions of the FBP. Westerly flow then dominates from the surface through 800 m until

sunset through most of the layer.

The predominant westerly flow during the afternoon was likely a contributor to high

ozone concentrations in the eastern part of the study domain. Advection can be an im-
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portant process for reducing ozone concentrations (Banta et al. 2011), but in regions of

complex terrain like northern Utah, wind can be more or less efficient at transporting ozone

depending on its relationship with terrain barriers. Near FBP, the most significant terrain

barrier is the Wasatch mountains on the eastern side of the domain. When flow is westerly,

the Wasatch acts as a barrier to that flow, and ozone must be transported either around

or over the mountains. Overall, this may lead to less efficient transport of high ozone

concentrations for this region than the predominant northwesterly flow present during

most of the other afternoons.

4.2.8 5 and 6 September

Lower O3 yet higher temperatures transpired during 5 and 6 Sep (Fig. 4.1). The morning

and afternoon vertical temperature profiles from the SLC rawinsonde observations shown

in Fig. 4.3 highlight the 500 m depth of the strong surface inversion with weak easterly

winds immediately above the inversion in the morning that transitions to the deep afternoon

CBL with flow from the northwest. The SLC sounding on 6 Sep highlighted stronger winds

at 0530 MDT with 10 m s−1 winds from the north near the surface and from the east at 800

m (not shown). The afternoon sounding on 6 Sep is close to a repeat of that during the

previous day (not shown).

QIP and QHW had peak O3 concentrations on 5 Sep at 1300 MDT and 1400 MDT,

respectively, with rapid increases followed by rapid decreases centered at those times (Fig.

4.15a, b). Peak O3 concentrations occurred later at 1500 MDT on 6 Sep (Fig. 4.16a, b). During

both mornings (Figs. 4.15c and 4.16c), persistent and deep easterly flow in the layer above

the near surface shear layer is evident. East-northeasterly flow aloft also redeveloped both

evenings after sunset. On 5 Sep (Fig. 4.15), the surface shear layer first appears at 0700

MDT at 150 m, staying fairly static until the near-surface flow reversal at 1000 MDT, after

which it lifts to 850 m. Between 1030-1200 MDT the layer remains static, again increasing

rapidly at 1230 MDT until the CBL extends upwards above 2000 m near 1400 MDT. Near

the surface, a layer of southeasterly flow develops after sunrise and deepens to 200 m by

0900 MDT. Weak flow is sandwiched between the easterly winds in the near-surface layer

and above 500 m. Near-surface winds transition clockwise from southeast to southwest
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between 1000-1100 MDT, instead of from northeast to northwest as occurred during prior 

days. Flow near the surface becomes westerly by 1230 MDT.

After 0800 MDT on 6 Sep easterly winds extend from the surface to 1300 m that are 

interrupted in the lowest 800 m by a shift to northerly winds after 1000 MDT followed later 

by a shift after 1100 MDT to more westerly winds below 500 m. The easterly wind collapse 

aloft after 1200 MDT but then redevelop after sunset that evening and continue to after 0400 

MDT 7 Sep (see Fig. 4.17c). The easterly flow established during the early mornings and 

after sunset are associated with downslope flows over the Wasatch mountains upstream of 

FBP and SLV. Lower background O3 concentrations aloft are hence entrained near or close 

to the surface and likely contribute to the lower concentrations observed at the seven sites 

during the rest of the day.

4.2.9 7 September

The final day of the LDP, 7 Sep, had the highest O 3 concentrations of the period at all 

of the sites. Only UUPYA remained below near-exceedance concentrations. O3 peaked at 

most sites between 1400-1500 MDT with a secondary maxima at QHW at 1800 MDT. O3 

at QBV was higher than all of the other sites through most of the day and was 10-15 ppb 

higher than other locations. As mentioned earlier, the downslope easterly and southeasterly 

flow aloft present during the previous two days collapsed after 0400 MDT 7 Sep (Fig. 4.17c). 

The initial near-surface shear layer between 0400-0600 MDT is consistent with the surface 

inversion depth of roughly 250 m evident from the SLC radiosonde (not shown). Light 

near-surface winds developed after sunrise that developed into easterly winds after 0830 

MDT. Southerly winds then became established after 1000 MDT that would potentially 

transport precursor chemicals from urban regions to the south through much of the period 

until 1400 MDT. Westerly and northwesterly flow in the CBL then becomes established 

until near sunset. A reflectivity feature evident around 9 AM on several days is evident 

on 7 Sep (Fig. 4.17d). Reflectivity near the shear layer is lower than reflectivity in regions 

above and below. Banghoff et al. (2018) illustrated this feature in more detail with QVPs of 

polarimetric variables.
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The LDP was selected for more detailed analysis compared to other periods during the

2022 field study because of the high ozone concentrations during many days. The VVP and

RD-QVP retrievals during the LDP had a mix of features commonly observed each day yet

had obvious, and important, differences from day-to-day as well. The largest differences

arise as a result of the multiple ways that surface inversions near TSLC transition to CBLs

and how that information helps inform assessing the timing for peak ozone concentrations

in the region.
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Figure 4.1: Surface station observations from study sites during the LDP. (a) Timeseries of
O3 (ppb). O3 values are computed from hourly (5 min) observations at DAQ (UU) sites,
respectively. (b) As in (a) except for air temperature (◦C) at hourly (5 min) intervals at DAQ
(UU) sites, respectively.
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Figure 4.2: NCEP/NCAR reanalysis 500 hPa geopotential height composite anomalies (m)
during the Labor Day period relative to the 1991-2020 mean heights.
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(a)

(b)

Figure 4.3: Vertical soundings from KSLC. (a) Sounding observed 1200 UTC 5 Sep 2022. (b)
As in (a) except at 0000 UTC 6 Sep 2022.
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Figure 4.4: Time-height sections from HRRR analysis at 25 hPa intervals in the vertical and
VVP wind speeds during the LDP. (a) Time-height sections for HRRR hourly analyses of
vertical potential temperature gradient (K km−1). (b) As in (a) except for HRRR hourly
analyses of wind speed (m s−1). (c) As in (b) except for VVP wind speeds every 6 min
during the same period and at 50 m intervals in the vertical.
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(a)

(b)

Figure 4.5: HRRR analysis 80 m winds for northern Utah. (a) HRRR analysis valid at 1100
UTC 5 Sep 2022. A half (full) barb corresponds to 2.5 m s−1 (5 m s−1) flow. Red cross
indicates location of KSLC. Current extent of the Great Salt Lake is outlined in black. (b) As
in (a) except at 2300 UTC 5 Sep 2022.
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Figure 4.6: Composite of observations made during the ten-day LDP. (a) Composite O3 (ppb)
computed within the LDP of DAQ observations during each hour and hourly running mean
observations at UU sites. (b) As in (a) except for O′

3 (c) Composite TSLC VVP computed at
50 m intervals in the vertical and every 6 min of the day for wind speed (shaded, m s−1)
and wind barbs during the LDP. Half (full) barbs correspond to 1.25 (2.5) m s−1. (d) As in
(c) except for composite TSLC mean reflectivity RD-QVP (dBZ).
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Figure 4.7: Surface observations and radar retrievals 29 Aug 2022. (a) O3 (ppb) from DAQ
and UU sites. (b) as in (a) except for O′

3. (c) TSLC VVP wind speed (fill) and wind barbs
during 29 Aug 2022. Half (full) barbs correspond to 1.25 (2.5) m s−1. (d) TSLC mean
reflectivity RD-QVP (dBZ) during 29 Aug 2022.
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Figure 4.8: Surface observations and radar retrievals 30 Aug 2022. (a) O3 (ppb) from DAQ
and UU sites. (b) as in (a) except for O′

3. (c) TSLC VVP wind speed (fill) and wind barbs
during 30 Aug 2022. Half (full) barbs correspond to 1.25 (2.5) m s−1. (d) TSLC mean
reflectivity RD-QVP (dBZ) during 30 Aug 2022.
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Figure 4.9: Surface observations and radar retrievals 31 Aug 2022. (a) O3 (ppb) from DAQ
and UU sites. (b) as in (a) except for O′

3. (c) TSLC VVP wind speed (fill) and wind barbs
during 31 Aug 2022. Half (full) barbs correspond to 1.25 (2.5) m s−1. (d) TSLC mean
reflectivity RD-QVP (dBZ) during 31 Aug 2022.
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(a)

(b)

Figure 4.10: Plan view TSLC 0.5◦ imagery on 31 Aug 2022. (a) Left figure shows reflectivity
(dBZ) at 1638 UTC. Right figure shows radial velocity (m s−1) with blue indicating motion
toward the radar and red indicating motion away according to the scale on the right. (b) as
with (a) but at 1809 UTC. (c) as with (a) but at 2004 UTC. (d) as with (a) but at 2205 UTC. (e)
as with (a) but at 2354 UTC.
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(c)

(d)

(e)

Figure 4.10 continued.
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Figure 4.11: Surface observations and radar retrievals 01 Sep 2022. (a) O3 (ppb) from
DAQ and UU sites. (b) as in (a) except for O′

3. (c) TSLC VVP wind speed (fill) and wind
barbs during 01 Sep 2022. Half (full) barbs correspond to 1.25 (2.5) m s−1. (d) TSLC mean
reflectivity RD-QVP (dBZ) during 01 Sep 2022.
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Figure 4.12: Surface observations and radar retrievals 02 Sep 2022. (a) O3 (ppb) from
DAQ and UU sites. (b) as in (a) except for O′

3. (c) TSLC VVP wind speed (fill) and wind
barbs during 02 Sep 2022. Half (full) barbs correspond to 1.25 (2.5) m s−1. (d) TSLC mean
reflectivity RD-QVP (dBZ) during 02 Sep 2022.
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Figure 4.13: Surface observations and radar retrievals 03 Sep 2022. (a) O3 (ppb) from
DAQ and UU sites. (b) as in (a) except for O′

3. (c) TSLC VVP wind speed (fill) and wind
barbs during 03 Sep 2022. Half (full) barbs correspond to 1.25 (2.5) m s−1. (d) TSLC mean
reflectivity RD-QVP (dBZ) during 03 Sep 2022.
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Figure 4.14: Surface observations and radar retrievals 04 Sep 2022. (a) O3 (ppb) from
DAQ and UU sites. (b) as in (a) except for O′

3. (c) TSLC VVP wind speed (fill) and wind
barbs during 04 Sep 2022. Half (full) barbs correspond to 1.25 (2.5) m s−1. (d) TSLC mean
reflectivity RD-QVP (dBZ) during 04 Sep 2022.
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Figure 4.15: Surface observations and radar retrievals 05 Sep 2022. (a) O3 (ppb) from
DAQ and UU sites. (b) as in (a) except for O′

3. (c) TSLC VVP wind speed (fill) and wind
barbs during 05 Sep 2022. Half (full) barbs correspond to 1.25 (2.5) m s−1. (d) TSLC mean
reflectivity RD-QVP (dBZ) during 05 Sep 2022.
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Figure 4.16: Surface observations and radar retrievals 06 Sep 2022. (a) O3 (ppb) from
DAQ and UU sites. (b) as in (a) except for O′

3. (c) TSLC VVP wind speed (fill) and wind
barbs during 06 Sep 2022. Half (full) barbs correspond to 1.25 (2.5) m s−1. (d) TSLC mean
reflectivity RD-QVP (dBZ) during 06 Sep 2022.



50

Figure 4.17: Surface observations and radar retrievals 07 Sep 2022. (a) O3 (ppb) from
DAQ and UU sites. (b) as in (a) except for O′

3. (c) TSLC VVP wind speed (fill) and wind
barbs during 07 Sep 2022. Half (full) barbs correspond to 1.25 (2.5) m s−1. (d) TSLC mean
reflectivity RD-QVP (dBZ) during 07 Sep 2022.



CHAPTER 5

SUMMARY

The EPA classifies Salt Lake and Davis counties as being in moderate nonattainment

towards meeting the current ozone standard. Much of the research related to ozone in

northern Utah has focused on conditions in the urban SLV, yet O3 in Davis County routinely

is as high or higher there. Prior work has suggested that the higher concentrations measured

at QBV in Davis County may arise from multiple factors including nearby sources of natural

and industrial VOCs as well as terrain and boundary layer processes that may limit vertical

and lateral mixing of ozone away from the region.

The objective of this study was to apply an under-utilized resource available in Davis

County to examine the boundary layer in this region: output from the TSLC TDWR radar.

Methods used previously on output from NEXRAD radars were applied and tested in order

to examine winds and reflectivity at high temporal and vertical resolution within 5 km of

the TSLC radar. Testing also involved examining output samples from TDWR radars at

other locations, including those expected to be influenced by terrain effects (e.g., Las Vegas)

and others that are not (e.g., Oklahoma City). In the case of TSLC, the horizontal extent was

limited to 5 km in order to minimize terrain effects from the Wasatch Mountains to the east

of the radar. TSLC wind profiles were compared to twice-daily profiles from rawinsondes

launched at the SLC International Airport located 20 km to the south of TSLC and hourly

profiles available from HRRR analyses. While the core features in the vertical wind profiles

above 500 m during periods heavily influenced by local thermally-driven flows typically

tend to agree among the three different data sets, substantial differences are often evident

near the surface, particularly during the morning and during the critical transition from the

stable to convective boundary layer during summer. The detail available from the TSLC

radar to assess rapid wind shifts and locations of wind shear layers is invaluable, albeit
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often applicable only close to the radar’s location in Davis County and less representative

of conditions in the SLV. However, plan view images at different elevation angles remain of

high value for examining flow features (lake and playa breezes, outflow boundaries, and

severe weather) beyond the SLC Airport into the SLV and north into Weber County.

Permanent and temporary equipment deployed for a 2022 summer field campaign were

used to monitor O3 concentrations from over the FBP, through the nearby wetlands, and

into the urban corridor from Bountiful to Salt Lake City. It was beyond the scope of this

study to take full advantage of all of those data resources for the entire summer season.

Hence, focus was placed here on the O3 monitored at seven sites during the ten-day LDP, in

late August and early September when temperatures and O3 were abnormally high. The

large-scale conditions influencing this period were reviewed and then attention was placed

on the average and individual daily evolution of O3 and winds below 2000 m.

Commonly evident during all ten days was that O3 is lowest near sunrise (0600-0700

MDT) and then rises sharply with increases of roughly 5-12 ppb h−1 until after solar noon

(1300 MDT). O3 then decreases slowly after that time due to mixing within the CBL until

sunset (1900-2000 MDT) after which becomes larger until after midnight. Similarly, weak

winds tend to be present aloft in the 250-1250 m layer prior to sunrise and then transition to

weak easterly flow after 0700 MDT. After 8 MDT, northeasterly-easterly winds below 250 m

develop and then veer abruptly with time to westerly winds between 1000 and 1100 MDT.

As the near-surface winds become westerly, the winds below 1000m become southerly.

In addition, as the stable boundary layer weakens during the late morning and the CBL

develops, this wind shear layer lifts rapidly by 1200 MDT to 1000m. By solar noon (1300

MDT), the CBL has deepened to higher than 2000m and the winds after that time are the

strongest of the day from the northwest until sunset.

However, differences were present from day-to-day in the rate at which O3 increased

in the morning at the seven sites and times of peak concentration. These differences

in O3 concentrations at times were related in part to differences in the impacts of local

thermally-driven flows (lake and playa breezes), mechanically-driven downslope winds,

and transitory weather systems. The largest differences arise as a result of the multiple

ways that surface inversions near TSLC transition to CBLs and how that affects the timing
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for peak ozone concentrations in the region. Other factors include background ozone

concentrations that are mixed vertically with the ozone produced near the surface within

the CBL as well as inserted into the near-surface layer at night through boundary layer

flows. Omitted from discussion here was the high O3 during 9-12 Sep that was heavily

influenced by regional transport of wildfire smoke.

The boundary layer and air chemistry monitoring resources available in the SLV and

FBP exceed that available in most urban areas. However, the techniques developed here

could be readily applied to other regions impacted by high O3 where either NEXRAD or

TDWR radars are located. While the high base elevation of the SLC NEXRAD limited its

usefulness for this study, using the additional polarimetric data for profiles of boundary

layer development at other locations would be of great utility and could potentially lead to

a nationwide survey of boundary layer conditions and ozone during all seasons. TDWR

radar output in Denver, Phoenix, and Las Vegas could be examined for these locations that

also routinely exceed EPA ozone standards and are influenced by complex terrain. Since

TDWR velocity data is not currently integrated into NCEP operational data assimilations,

VVPs from the TDWR radars can be used to validate and improve boundary layer parame-

terizations, especially at sites in complex terrain. In addition, large-eddy simulations are

increasingly used for examining boundary layer circulations that could be validated using

the routine high spatial and temporal wind profiles available from the TDWR network.

Developing VVP and RD-QVP retrievals to taper by horizontal range during calculations

as done by Tobin and Kumjian (2017) could assist with reducing the discontinuities in the

retrieval, opening the possibility to use a gradient based method to quantitatively track

CBL evolution. Near-surface resolution could also be feasibly increased due to higher

near-surface data density by using non-constant bin spacing.

A number of questions remain open within the FBP and SLV basins. The repeatability

of the signals seen in these case studies can be tested using other days, especially as the

record becomes more substantial in the future. Since TSLC and KMTX are significantly

offset from each other and KMTX scans above TSLC, dual doppler analysis using both

radars can be done to examine the spatial extent of the features seen in this study. The

depth of the boundary layer near TSLC is not constant and strongly influenced by the
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surrounding terrain. Splitting the scanning domain of TSLC based on the presence of

mountains and carrying out RD-QVP retrievals over just those sectors could be used to

characterize boundary layer growth over the SLC airport or over the mountain slopes

relative to the basin floor. Blowing dust from the GSL playa is a significant environmental

concern within the FBP and SLV urban corridors, and TSLC is oftentimes sensitive enough

to pick up dust emissions. Work is ongoing using TSLC and dust monitoring equipment at

UUPYA to examine these signals.



REFERENCES
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