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Abstract. The planetary boundary layer height (PBLh) is a key parameter in atmospheric modeling and observational ap-
plications, but is inconsistently defined in the literature and lacks a large, global ensemble of observations. Doppler lidar
observational datasets, with high temporal resolution and deployability, provide an opportunity for long-term, high vertical and
temporal resolution PBLh estimates to improve our understanding of atmospheric mixing. Using data collected by the South-
ern Ontario LIDar (SOLID) Mesonet, a network of Doppler lidar sites spanning 500 km across Southern Ontario, Canada, we
present three methods for estimating the PBLh from Doppler lidar vertical wind speed and aerosol backscatter observations.
We perform comparisons with PBLh estimates from the Global Environment Multiscale (GEM) model, the ECMWF Reanal-
ysis 5 (ERAS), and nearby radiosonde flights at the Buffalo International Airport, New York, USA. We identify the vertical
wind variance threshold method to be the estimate with the highest consistency with expected PBLh values and variation, com-
parisons to numerical and radiosonde measurement-derived estimates, and least sensitivity to noise in observations. However,
each of the methods presented here show a general consistency with theoretical expectations and comparisons in appropriate

conditions, affirming the validity of Doppler lidar-derived PBLh estimates in Southern Ontario.

1 Introduction

The planetary boundary layer (PBL) is typically defined to be the layer of the troposphere which is directly affected by the
Earth’s surface and its interaction with large-scale atmospheric flow. It is characterized by turbulent winds and a strong capping
inversion that often causes pollutants produced at the surface to be both well-mixed and trapped within the layer (Stull, 2012).

As aresult, the study of atmospheric processes in the PBL and the impact of the PBL’s structure thereon is significant to human



20

25

30

35

40

45

50

https://doi.org/10.5194/egusphere-2026-6344
Preprint. Discussion started: 9 November 2026 EG U
sphere

(© Author(s) 2026. CC BY 4.0 License.

life and our understanding of anthropogenic climate and atmospheric change. Planetary boundary layer height (PBLh) is a key
parameter in describing atmospheric dynamics for atmospheric modelling and observation. Uncertainties in model estimates of
PBLh can introduce errors into modelled surface pollutant concentration estimates (Park et al., 2022; Davies et al., 2007; Zhao
et al., 2019). Corrections to modeled PBLh using assimilated observations have been shown to improve simulated atmospheric
parameters and pollutant concentrations compared to observations (Tangborn et al., 2021; Oak et al., 2019), indicating that
increasing long-term, high temporal resolution observations of the PBLh globally is of a high priority to understanding air
pollution in the PBL. Understanding temporal and spatial changes in the PBLh also allow us to better understand and predict
pollutant levels in the PBL and at the surface. Temporal and spatial differences in PBLh have been shown to have impacts on
the vertical distribution and surface concentrations of atmospheric pollutants (Foskinis et al., 2024; Du et al., 2013; Quan et al.,
2013; Kim et al., 2007), especially in urban environments where anthropogenic heat flux feedbacks affect PBLh evolution in
complex ways (Barlow et al., 2015; Wang et al., 2021).

Despite this importance, the PBLh lacks a consistent definition and a large ensemble of long-term, continuous observations.
One way that the PBLh can be defined is as the height up to which atmospheric turbulence responds to surface-level forcings
on short timescales (Stull, 2012). This is the definition we will use in this work. However, other definitions include: the altitude
of the lowest temperature inversion layer (Heffter, 1980), the height of a layer of turbulent mixing leading to redistribution of
atmospheric constituents and heat on short time scales (Anderson and Neff, 2008; Seibert et al., 2000), the height at which tur-
bulent momentum and heat fluxes drop rapidly in the transition to free atmosphere (Anderson and Neff, 2008), and the height
at which winds approach geostrophic behaviour (Liu and Liang, 2010; Stull, 2012). There is no direct method of measuring
the PBLh, so the variation in these definitions comes from their dependence on the choice of measurement techniques and
proxy atmospheric quantities used to observe the PBL and estimate its height. Such measurement techniques include iden-
tifying the altitudes of sharp aerosol gradients using ground-based instruments like back-scattering lidar (Lewis et al., 2013;
Vaisala, 2010), similarly identifying gradients in other well-mixed atmospheric constituents such as ozone or water vapour
using balloon-borne instruments (Anderson and Neff, 2008; Duncan Jr et al., 2022), and acoustic detection of sharp decreases
in thermal fluctuations using sodar (Emeis et al., 2008). These "profile" methods have been developed in addition to a num-
ber of surface-based methods (dependent on parameters such as roughness length and turbulence kinetic energy) that are less
preferred but often applied in modelling (Aliabadi et al., 2016; Zadra, 2014).

Methods using radiosonde measurements are typically considered to be the most reliable and therefore often serve as bench-
marks for comparison for other remote sensing methods (Scarino et al., 2014; Aliabadi et al., 2016; Su et al., 2020) and
training machine-learning models (Krishnamurthy et al., 2023). There exists variation even between these methods, however.
The number of possible estimation techniques from just radiosonde observations include setting the PBLh at the height of
the first inversion layer as identified using the virtual potential temperature gradient (Heffter, 1980), the minimum gradient in
relative humidity (Tucker et al., 2009), the height of stability of a rising air parcel (Liu and Liang, 2010), and the height of a
critical bulk Richardson number (Zilitinkevich and Baklanov, 2002). It must also be noted that turbulence in stable boundary
layers is not always uniform and that the PBLh is not necessarily equivalent to the inversion height, as may be determined from

radiosonde data (Balsley et al., 2006; Beyrich, 1997). Furthermore, radiosonde data are severely limited by the ability to per-
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form launches, which is not possible in many environments (such as urban centres) and during periods of high surface winds.
Temporal resolution is also naturally constrained to times of the launches themselves, which tend to only occur a maximum of
twice daily at sites with regular launches, therefore inhibiting our ability to observe diurnal variations in the PBLh.

Doppler lidar presents an opportunity to provide complementary long-term, consistent, and widespread datasets in a compa-
rable measurement space to radiosonde observations. Doppler lidar-derived wind profiles agree well with radiosondes (Mariani
et al., 2020) and the wind velocity and aerosol backscatter measurements have been shown to accurately estimate the PBLh as
compared to radiosonde measurements (Tucker et al., 2009; Schween et al., 2014). Additionally, there are a number of advan-
tages of Doppler lidar systems over radiosondes including but not limited to higher temporal resolution and ability to measure
in complex terrain and weather conditions (Tucker et al., 2009; Mariani et al., 2020, 2026).

The Southern Ontario LIDar (SOLID) Mesonet is a mixed-design network of Doppler lidars and complementary instruments
deployed in and around Toronto, Ontario, Canada (Mariani et al., 2026). The study period began in November 2022 with the
deployment of a Doppler lidar next to one of the runways at the Toronto Pearson International Airport and has since expanded
to eight sites around Southern Ontario. The Mesonet aims to complement radiosonde observations via wind profiling and
provides operational forecasters with continuous, near-real time observations.

In this paper, we present three methods for estimating the PBLh using Doppler lidar data collected by the SOLID Mesonet
and test their robustness and reliability compared to its theoretical understanding in addition to radiosonde observations and
model estimates. As mentioned above, we adopt the definition of the PBL characterized by turbulence as forced by surface
topography. Within this definition, we use both backscatter and vertical wind measurements from the SOLID Mesonet to esti-
mate the PBLh: with the former we identify maximal temporal variance in aerosol backscatter to pinpoint turbulent processes
characteristic of the top of the PBL, and with the latter we identify the transition from the turbulent PBL to the free atmosphere,
using both a threshold method and a minimized gradient method to identify drop-offs in vertical wind speed variance. These
algorithms are described in Section 2.2. They are applied to long-term datasets at five sites in the SOLID Mesonet, chosen
based on data availability. The resultant PBLh values are then compared to Global Environment Multiscale (GEM) model
(Coté et al., 1998) output and ERAS reanalysis (Hersbach et al., 2020) data, along with limited comparisons to radiosonde ob-
servations from launches in Buffalo, NY, United States by the United States National Oceanic and Atmospheric Administration
(NOAA). For comparisons, we focus on the PBLh during the period from January to March 2024, for its coincidence with the
sampling period of the Study of Winter Air Pollution in Toronto (SWAPIT) (ECCC, 2024). SWAPIT was a six-week measure-
ment campaign conducted by Environment and Climate Change Canada (ECCC) in downtown Toronto, Ontario, investigating
wintertime urban air pollutants. This study aims to support work using SWAPIT observations to understand urban wintertime
air quality and atmospheric composition.

In Section 2, we introduce the SOLID Mesonet Doppler lidar dataset and the instruments used for observation, describe the
PBLh estimation algorithms for the Doppler lidar and radiosonde data used here in addition to those of GEM and ERA5.In
Section 3, we present the Doppler lidar-derived PBLh estimates for each SOLID measurement site and compare to GEM,

ERAS, and radiosonde estimates. These results are discussed in Section 4, and conclusions are presented in Section 5.
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Figure 1. An idealized typical diurnal evolution of the PBL during fair weather in the summer over land. Four phases are numbered for
clarity: 1, the growth of the PBL via entrainment from turbulence caused by surface heating by the sun; 2, the daytime convective mixed
layer characterized by homogenous temperature and constituent profiles; 3, the collapse of the convective PBL; and 4, the growth of the
stable PBL overnight, with aerosols left suspended in the residual layer. The associated PBLh is indicated with a dashed red line. Adapted
from Stull (2012).

1.1 Background

A simplified diagram of the typical diurnal evolution of the PBL in fair-weather summertime conditions over land is shown in
Fig. 1, after Stull (2012). Four phases are labeled for clarity. Generally, the PBL enters the first phase after sunrise, characterized
by solar heating of the surface that produces turbulence via updrafts. The PBL is fed by a process called "entrainment" caused
by this turbulence, allowing it to grow in depth as air from the free atmosphere is pulled into the PBL. We call the atmospheric
layer in which this process occurs the entrainment zone (Cohn and Angevine, 2000). During the day, in phase two, the PBL
is convectively unstable and well-mixed: temperature and atmospheric constituent profiles are typically homogenous, and
experience a sharp dropoff at the top of the PBL.

Phase 3 sees the convective PBL collapse with sunset as the ground cools. Replacing it, the stable PBL begins to form near
the surface due to radiative cooling. Overnight (phase 4), this radiative cooling remains relatively constant, causing the stable
PBL to slowly "grow" in depth and strength as air further aloft is cooled and becomes stable. Surface warming from sunrise
then causes turbulent entrainment to overtake it and start the cycle anew. The final transition is not immediate, however: the

overnight statically stable PBL acts as a capping inversion layer that inhibits the growth of the morning covnective PBL. Note
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that aerosols and other atmospheric constituents are left behind in the statically stable "residual layer" in phase 4. Without
turbulence, the air aloft is no longer coupled to surface forcings.

The stable PBLh is particularly difficult to observe, given that the sharp gradients characteristic of the convective PBL top are
not present (Tucker et al., 2009; Aliabadi et al., 2016) and synoptic weather patterns or other phenomena like supergeostrophic
winds that would otherwise not occur or have significant impacts in turbulent conditions can modify its structure. This limits
our ability to observe nighttime PBLh evolution. Realistically, however, nighttime conditions can also be weakly stable or
neutral. The evolution of the PBLh can deviate from this idealized model with changes in season, environment, and latitude,
often with a stronger and longer-lasting nocturnal stable PBL in wintertime, but these phases described above remain generally
applicable as long as there is a disparity in daytime and nighttime temperatures with radiative warming of the surface from the
sun (Stull, 2012).

2 Methodology
2.1 SOLID Mesonet Doppler lidar data

The SOLID Mesonet is a network of Doppler lidar measurement sites spanning 500 km across Southern Ontario (Mariani
et al., 2026). The first of these sites was installed at Toronto Pearson International Airport (hereafter referred to by the site code
CYYZ) in November 2022, as mentioned above. The rest have been deployed intermittently since, with the latest instrument
having been installed at Ottawa International Airport (site code CYOW) in September 2024.

Doppler lidar measures line-of-sight wind speed by measuring the Doppler shift of a backscattered pulse of infrared radi-
ation, as a consequence of interaction with moving air particles. The Mesonet is of a mixed network design, with five of the
instruments being Halo STREAMIine XR+ models and three being Leosphere 100S Windcube models. The Halo models are
the only instruments considered in this work due to data availability, and are deployed at five sites: CYOW, CYYZ, Ontario
Ministry of the Environment, Conservation, and Parks rooftop (site code MECP) near Highway 401 in Toronto, University of
Toronto Scarborough (site code UTSC) in Scarborough, and Western University (site code WEST) in London. These sites are
listed alongside their location, altitude, deployment date, and region type in Table 1, and are shown on a map in Fig. 2 along
with timelines of data availability for each site.

These lidars operate autonomously 24/7 in all weather conditions (except during periods of heavy precipitation when its
beam is attenuated). The theoretical maximum range of the instruments extends up to 10 km, however their actual range is
limited by the number of aerosols in the atmosphere, as cleaner air provides limited targets and therefore reduced signal (Fast
and Darby, 2004). Vertical wind velocity scans are taken using a five-minute zenith-viewing stare mode scan every 10 minutes,
along with alternate modes for horizontal velocity measurements. Details concerning these scan modes and the reliability,
accuracy, and maintenance of SOLID Mesonet data products can be found in Mariani et al. (2026).

Multi-year, multi-site comparisons indicate excellent agreement between Halo lidar wind profile measurements and other
datasets, with low biases shown against radiosonde measurements and numerical model outputs (Mariani et al., 2020). Com-

parisons against radar also confirm lidar’s ability to detect wind shears and stratified wind layers (Mariani et al., 2018a), as
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well as low-level jets, enhanced convection, cloud base height, and fast-moving meteorological features such as the lake breeze
front (Mariani et al., 2018b). This precision makes Doppler lidar promising for tracking potentially complex evolution of the
turbulent boundary layer, especially in stable conditions where the influence of horizontal heterogeneity may be greater (Ali-
abadi et al., 2016). The disadvantage of this system with regards to PBLh estimation is that the vertical range of the commercial
instruments in use in the Mesonet is limited by aerosol layer distribution in the PBL: the low-energy laser pulses typical of
Doppler lidar systems cannot penetrate optical depths typical of thick clouds or fog, and so for our purposes here we limit the
Doppler lidar dataset to cloudless conditions. PBLh estimation can also be affected by noisy data above the maximum vertical
range due to these limitations, for which we apply specialized quality-control procedures described in the following section.
SOLID Mesonet data are quality-controlled (as described in Mariani et al. (2018b)) and delivered to forecasters in real-
time, with new profiles publicly available every 10 minutes online at http://hiwr.ca/mesonet.php and on ECCC’s internal data
management system provided to operational forecasters. This includes raw data and processed products for horizontal wind
profiles (u,v), vertical wind profiles (w), and aerosol backscatter. Cloud base height and PBLh are also calculated in real-time
using the methods presented here, but not publicly available.
Table 1. Locations, deployment date, and description of the region’s environment for each SOLID Mesonet site considered in this study:

Ottawa International Airport (CYOW); Toronto Pearson International Airport (CYYZ); Ontario Ministry of the Environment, Conservation,

and Parks near Highway 401 (MECP); University of Toronto, Scarborough (UTSC), and Western University Field Station (WEST).

. o o Altitude Altitude Deployment Region
Site Lat(°)  Lon (%) (ma.sl.) (mAGL) date type
Airport
CYOW 45.3273 -75.6637 112 0 September 7, 2024 hangars
UTSC  43.7835 -79.1880 152 21 October 20, 2023 Suburban
Urban,
MECP 43.7109 -79.5422 141 10 November 6, 2023 . shways
Airport
CYYZ 43.6660 -79.6062 163 1 November 15 2022 rurg\gvays
WEST 43.0753 -81.3373 280 2 October 17, 2023 Farmland

2.2 PBLh estimation using Doppler lidar data

Definitions of the PBL and the PBLh vary according to both application and observation techniques. While different defini-
tions may produce similar results under certain meteorological and topographical conditions, others might introduce biases in
estimates across the various methods. As mentioned above, here we focus on a turbulence-based definition of the PBLh. That
is, as per Fig. 1, the algorithms presented here are designed to track the evolution of the convective PBL (or mixed layer) during
the day and the existence of any weak turbulence in weak stably stratified or neutrally stable PBL conditions at night. Given
that a strongly stable PBL exhibits no turbulence, we are not able to track the evolution of the stable nocturnal PBLh. This is
as opposed to, for example, scattering lidar-based estimation methods that may instead track residual layer evolution overnight
(Aliabadi et al., 2016; Park et al., 2022), or microwave radiometer methods that identify the stable PBLh using temperature

inversion identification (de Arruda Moreira et al., 2018).
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Figure 2. The SOLID Mesonet. Above: Map indicating locations of the SOLID Mesonet Halo model lidar measurement sites considered
in this study: Ottawa International Airport (CYOW); Toronto Pearson International Airport (CYYZ); Ontario Ministry of the Environment,
Conservation, and Parks near Highway 401 (MECP); University of Toronto, Scarborough (UTSC), and Western University Field Station
(WEST). Buffalo Niagara International Airport is also indicated, as the location of radiosonde launches used in this study for comparison.

Below: Timelines of SOLID Mesonet data used in this study, by site. Gaps in observations are due to instrument failures or poor data quality.

In this study, we investigate three methods for deriving the PBLh from two geophysical variables measured by Doppler lidar.
The first method uses measurements of the aerosol backscatter coefficient, 5. The entrainment zone, as described in Section
1.1, is also inconsistently defined, but is considered to be colocated with the PBLh in convective conditions and is characterized
by temporally variable fluctuations in aerosol concentrations (Emeis et al., 2008). We therefore set the PBLh estimate to be
the height at which the variance in the aerosol backscatter coefficient 5 is maximized, which we estimate as being the height
of the entrainment zone (under the assumption that the thickness of the entrainment zone can be neglected). This estimate will
hereafter be referred to as hpy, .

The aerosol backscatter variance is computed after the method of Schween et al. (2014) for computing vertical wind speed
standard deviations: for every five minutes, the variance of the preceding 15 minutes and following 15 minutes is found. That

is, the variance is found for a rolling 30-minute window centered on every five minutes. The time window length is chosen
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based on the idea that it takes 16 min for a convective plume with average ascent speed of 1 ms™! to travel through a PBL of
1 km height. This produces a total variance estimate that includes correlated and uncorrelated components; the uncorrelated
components are removed as in Lenschow et al. (2000) to leave the correlated component, or the aerosol backscatter variance
o2,

There are, however, limitations to the method. Doppler lidar data, specifically, can be suboptimal for the measurement of
aerosol backscatter profiles: the coherent Doppler lidar range function is more complicated than direct detection (Frehlich
and Kavaya, 1991) and depends highly on atmospheric conditions and aerosol concentrations (Rye, 1981; Belmonte and Rye,
2000). Additionally, the presence of pollution plumes can interfere with the lidar’s zenith beam (Tucker et al., 2009), which is
a risk in urban settings (often characterized by localized emission sources). Finally, because of the assumptions made in this
method relating to the presence of the entrainment zone, it is typically only considered suitable for unstable PBL conditions
(Emeis et al., 2008). This further limits its efficacy in higher-latitude locations like Southern Ontario that can experience stable
PBL conditions throughout winter months, in addition to unreliable estimates at night. In the case of convective conditions,
however, it can potentially produce a highly reliable estimate (Hennemuth and Lammert, 2006; Liu et al., 2021), and so is still
considered here for comparisons to the following two methods.

PBLh estimates are also obtained using two methods using vertical wind speed observations from Doppler lidar. To do this,
we consider that the vertical size of a plume undergoing homogenous turbulent motion is proportional to the vertical wind speed
standard deviation o, (Taylor, 1935). We can therefore use o, or, in this case, afu to characterize vertical mixing. Values of
o2 that indicate a drop in turbulence at the cap of the PBL as it transitions into the free atmosphere can then be used to produce
an estimate of the PBLh.

For the first of our two w-based methods, we define the PBLh to be the height at which o2, beginning at the highest altitude
and scanning down, passes above a certain threshold, as in Tucker et al. (2009). Vertical wind speed variances are computed
according to Schween et al. (2014) and Lenschow et al. (2000) as described for hp, g above: using rolling 30-minute windows
every five minutes. The variance threshold is chosen for our dataset to be 0.04 m?/s? based on the threshold chosen for similar
regions (Tucker et al., 2009). This estimate will be hereafter referred to as hpr, .,+. While this method is typical for Doppler
lidar-derived wind estimates (Tucker et al., 2009; Schween et al., 2014; Park et al., 2022), the significant drawback rests in the
somewhat arbitrary choice of threshold. Because the optimal threshold value may depend on meteorological conditions at the
measurement site, there may exist a bias across instrument locations if the choice made here is more appropriate for some than
others.

Finally, we developed a novel PBLh estimation method by minimizing the vertical gradient in the vertical wind velocity
variance, identifying the point where turbulence drops significantly in the transition to the free atmosphere. Here, we first
compute the gradient of the vertical wind speed variance Vo2, and then apply a smoothing Savitsky-Golay filter. Note that in
cases of highly variable observations, this filter may not converge. In these cases, the observation is left out of the final Apr, g
estimate. We then set the PBLh to be the first local minimum scanning upward from the ground, using scipy’s peak-finding
method. This is done with the understanding that observations made by the Doppler lidar become noisier above the mixed layer

or residual layers with the decrease in aerosol concentrations, possibly introducing extreme gradients with noise. Identifying
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Table 2. Summary of quality control procedures applied to data before estimating PBLh.

Quality control step Parameter Filter threshold Filter method

SNR filter SNR (w, ) 1.008 All datapoints with lower SNR removed

N R Consecutive differences 3.0 m/s within 3 m and All datapoints above jumps in altitude

Jump" removal . . L
in w, over altitude 5.0 m/s within 6 m removed

Large value filtering w 5.0 m/s All datapoints with higher w removed
All datapoints above or below outlier

Outlier filtering w, B Q1 —15IQR, Q1+ 1.5IQR thresholds removed in 30-min windows
every 5 min

Uncorrelated variance component removed

. 2 2
Uncorrelated variance removal 03,05 N/A after Lenschow et al. (2000).

Cloudless conditions 153 -4.7 dB All datapoints with lower 5 removed

the first peak from the ground was found through testing to most reliably capture sharp decreases in turbulence expected at the
PBLh.

As both of these w-based methods rely on turbulence within the PBL, only estimates made in turbulent or weakly turbulent
conditions are considered. That is, estimates in conditions where o2 is less than the threshold value o2, = 0.04 at the lowest
range gate are discarded. The PBLh in nocturnal conditions is therefore the height of stably stratified layers or low-level jets in

turbulent conditions, and we are unable to precisely track the evolution of the nocturnal stable PBL.
2.3 Quality control

We perform several quality-control procedures on SOLID Mesonet data before applying the above PBLh estimation algorithms.
The following is summarized in Table 2. We first apply a signal-to-noise ratio (SNR) filter to raw w and [ datasets, removing
data points with SNR values < 1.008 after Mariani et al. (2018b). We then apply filters to the vertical wind speed data to correct
for limited signal above the well-mixed PBL, where low aerosol concentrations cause noisy observations that can introduce
non-physical wind variance values that may skew estimates. This is corrected by identifying large (nonphysical) "jumps" in
wind speed values and removing them, and further removing all data above altitudes where long series of jumps can be found.
We additionally apply an outlier filtering algorithm after Lenschow et al. (2000) to remove any noisy observations remaining
after the previous two measures. Finally, due to the aerosol distribution-based limitations to Doppler lidar discussed above,
data are limited to cloudless conditions. This is done by filtering out all datapoints in which a cloud base height, defined as the
altitude at which the aerosol backscatter coefficient (3 rises above a threshold of -4.7 dB, can be detected. Hard minima and
maxima are imposed at h7}7", = 100 m and A73¢*, = 2000 based on theoretical expectations for the considered locations. The

estimates revert to the hard caps minimally, if at all. For example, for the entire CYYZ time series, 5.3 % of hpy, g estimates

can be found at the limits, 0.003 % of hpr, ¢, and none of Apr, wg-
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2.4 Comparison datasets
241 GEM

GEM is ECCC’s operational weather forecast model, and outputs PBLh as one of its mixing parameters (McTaggart-Cowan
et al., 2019), which we use as a point of comparison to the Doppler lidar PBLh products. The standard GEM PBLh estimates
will be hereafter referred to as hggas. The model is typically run at a 2.5 km x 2.5 km horizontal resolution in Canada. How-
ever, this study also uses 250 m x 250 m horizontal resolution GEM outputs developed for complex, urbanized environments.
Where current standard National short-range numerical weather prediction (NWP) at ECCC is performed at 2.5-km scale, 250-
m scale experiments have shown better representation of urban landscapes, particularly with regards to thermodynamics and
the urban heat island effect (Leroyer et al., 2022; Leroyer and Lauer, 2025). Given that most of the SOLID Mesonet sites are
in or near urbanized areas, this makes PBLh estimates from 250-m GEM (hereafter hg g, 250m) better suited to our purposes.
However, given the computational expense of the model, outputs are currently only available for analysis during the months
covering the SWAPIT period of January-March, 2024. As a result, we will limit our numerical comparisons to this period. The
outputs have additionally been interpolated to the CYYZ location using bilinear interpolation. The reasons for interpolation
and details of the interpolations applied for this study to ERAS5 outputs are discussed further in Appendix A.

The PBLh algorithm for both versions of GEM uses separate schemes depending on the stability of the PBL, as determined
by the value of the bulk Richardson number Ri, in the surface layer. Inputs for PBLh estimates are extracted from levels
surrounding the surface layer, defined as the layer located between the actual surface and the model’s lowest prognostic levels.
They are therefore primarily controlled by the model’s surface scheme. At each time step, the surface scheme computes surface
fluxes, which outputs the equilibrium height scale k.. This is used as the empirical estimate of the PBLh.

In the stable case, where Ri;, > 0 in the surface layer, the estimate of the height scale k. is computed based on surface fluxes.
Surface fluxes are calculated by an iterative algorithm using inputs from the surface and the atmosphere. h. is set to be the

largest of four possible estimates:

he = max(hy,he,hs, hy), (1)
the expressions for which are as follows:

hi =~ (24 + 10" zom) ()

for constant v = 1.2, height of the model’s lowest prognostic level z,,, and roughness length for momentum z,,;

KL
ho=b 3)
| f]
for the von Karman constant x = 0.4, the friction velocity u.,, the Monin-Obukhov length L, and the Coriolis parameter f;
Y
hs = . 4
5= Ta.B “4)
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for constant as = 12, and constant 8 = 1; and finally

for hppin = 30 m.
In the stable case, the surface stability function (used in the calculation of fluxes) depends weakly on h.. The final calculated
value of h, is also capped at a maximum value of 1500 m for both the stable and unstable cases.

In the unstable case, the PBLh is found by the maximum of two estimates:
h=maz(he,hn) 6)

The first estimate h., according to the surface flux height scale method above, is

171

The second, hy, is found by calculating the profile of the squared buoyancy frequency N2 as follows. For the profile of the

he = 0.3 @)

square of the Brunt-Vaisala frequency X = N2, we define

9 00,

X=N2=
0, 0z

®)

given the virtual potential temperature 6,,. The thermodynamic level K C'L is defined as the lowest (thermodynamic) model
level in which X is positive. The geopotential height GZ at the thermodynamic level K'C'L is taken to be the profile-best
estimate of the PBLh:

hy = GZ(KCL) ©9)

Note that this method is only used in the unstable case, as if the entire profile is stable (i.e. X > 0 throughout the column) then
KC'L coincides with the lowest model level.

Additionally, current numerical weather prediction (NWP) model configurations consider five categories of surface: land,
urban, water, sea-ice, and glaciers. Each of these receives the same atmospheric inputs from the first prognostic levels but
has separate surface characteristics (e.g., roughness length) and surface state (e.g., surface temperature and moisture). As a
result, there may be five separate estimates of /. (and other parameters) within the same grid cell. An average grid-cell value

is aggregated with weights according to the fractions of the surface area occupied by each type of surface:
5

he =" fi-hi, (10)
i=1

where the upper index a indicates the aggregated value, and f; is the fraction of the grid-cell surface covered by surface type 7.

This value, h?, is the final PBLh estimate produced for each grid cell.

11
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24.2 ERAS

The European Centre for Medium-Range Weather Forecasts Reanalysis 5 (ERAS) has a spatial grid resolution of 31 km
(0.28125 °) and a vertical resolution of 137 levels from the surface up to a height of 80km. We have interpolated the ERAS
PBLh product from this grid to the CYYZ location for more precise comparisons as discussed in Appendix A. The PBLh
estimate computed by ERAS follows Seidel et al. (2012), originally proposed by Vogelezang and Holtslag (1996), using the
bulk Richardson number. The method was found to be optimal for application to radiosonde data, as well as reanalysis and
climate model datasets. The PBLh in this case is defined as the height at which, while scanning upward from the surface, the
bulk Richardson number passes a chosen threshold (R:, = 0.25). The bulk Richardson number for the layer from the surface
up to a height h is computed according to:

2f(Sv,hbt — Su,n)
(Svnbl + Sv.n — ghot — g2n ) |AU|2’

Riy=nh 11)
for the horizontal wind velocity at the boundary layer height

IAUP = ujy + viy, (12)

where upp; and vy are the horizontal wind velocity components in the x and y, the virtual dry static energy for the lowest

model level n

Svn = pTn(1+eqn) + g2n, (13)
and the virtual dry static energy at the boundary layer height

Sv,hol = CpThvi (1 4+ €qnpt) + ghu (14)
from the temperature at each level i, T;, the specific humidity at each level g;, the specific heat capacity at a constant pressure
¢p, the acceleration due to gravity g, and & = (Ryqp/ Rdry) — 1, where Ryqp and Ry, are the gas constants for water vapour
and dry air, respectively.

3 Results

3.1 Doppler lidar estimates

3.1.1 Diurnal variation

The mean diurnal variation for each PBLh estimate (hpr 8, hpr,wt> and Apr, wg) is shown by site in Fig. 3. Table 3 presents
minima, maxima, and amplitudes (difference between maximum and minimum) in the diurnal mean for each dataset (+10).
Each of the two w-based estimates can be seen to, on average, qualitatively replicate the expected diurnal variation of the PBLh.

At each site, we see the first phase of evolution clearly with PBLh rising gradually throughout the morning after sunrise as
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Table 3. Diurnal mean PBLh maxima, minima, and amplitudes between maxima and minima (£10) for each Doppler lidar estimate by site.

Site Estimate Maximum (m) Minimum (m) Amplitude (max-min; m)
hpr,g 578 £+ 525 354 + 378 223 4+ 647
CYOW  hpr,wt 662 £ 477 143 + 56 519 £ 480
hpr,wg 711 + 384 218 £ 11 494 + 384
hpr,g 649 £+ 490 465 + 431 184 + 653
UTSC  hpr,wt 517 £ 334 172 + 103 345 4+ 349
hDL,wg 616 + 374 272 +£ 77 345 4+ 382
hpr,g 610 £ 477 360 + 359 250 £+ 597
MECP  hpr we 547 £ 337 174 £ 99 373 £ 351
hpL,wg 612 + 356 258 £ 110 354 £ 372
hpr,g 691 £ 467 456 + 444 236 + 644
CYYZ hpr,wt 754 £ 464 206 + 173 547 £+ 496
hDL,wg 739 £+ 395 309 + 114 430 £ 411
hpr.g 735 £ 525 446 £ 429 290 + 678
WEST  hpr,we 755 £ 475 157 £ 122 598 £ 490
hDL,wg 753 £ 476 290 + 129 463 £ 493

growth from entrainment overpowers the capping power of the cooler, more stable nocturnal layer. The second phase seems to
be better captured on average by hpr, g, remaining more consistent throughout the day at most sites than Apr, ¢, Which has a
tendency towards narrower daytime peaks. For example, the daily mean hpr, .+ at UTSC peaks early in the day and begins to
immediately decrease as opposed to the relatively plateau-shaped daytime hpr ..g. At WEST, hpy, ¢ shows a later and more
symmetric peak, but hpr, .4 still shows a wider and flatter shape midday to late afternoon. However, values are otherwise
reasonably consistent between the two estimates during the day: for example, the maximum average daily estimate at CYYZ
(with maximum values typically occurring during convectively unstable periods during the day) is 7544464 m for hpr, .+ and
739 £ 395 m for Apr, wg. Uncertainties in the mean (estimated as one standard deviation from the mean) for diurnal averages
are large due to seasonal variations in the PBLh (discussed in the next section).

PBLh values drop to much lower heights, on average, during phase 3 collapse and phase 4 nocturnal boundary layer for
hpr,wt than for hpr ..g. This is reflected quantitatively in smaller overall daily amplitude in hpr g than in hpgp ¢ At
CYYZ, hpr,wg has an average daily amplitude of 430 +411 m as opposed to a amplitude of 547 & 495 m for hpr, .

hpr,s, conversely, does not track the expected variation as well. The latter portion of phase 1 is well-resolved on average
across each site and phase 2 daytime values are consistent as expected, but phase 3 collapse is only somewhat observed and
only at some sites. Overnight, hpr, g values rise back up to roughly daytime values and remain far above hpr ..t and hpr avg-

CYYZ sees a comparably limited daily amplitude in hpy, g of 234 + 644 and a minimum average PBLh (typically occurring

13
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(a) CYOW, Aug. 2024 - May 2025. (b) UTSC, Jun. 2023 - May 2025. (c) MECP, Jan. 2023 - Jul. 2024.
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Figure 3. Diurnal means of PBLh estimates using SOLID Mesonet Doppler lidar data for all three hpy, algorithms at (a) CYOW, (b) UTSC,
(c) MECP, (d) CYYZ, and (e) WEST to illustrate diurnal variability. hpr, g is shown in black, hpr, ¢ in yellow, and hpr, ¢ in orange, all
shaded to £10. Data collection periods for each site are listed in the captions. Note that some of the data collection periods have been limited

for the purpose of this study based on data availability to minimize seasonal bias where possible.

in more stable conditions overnight) of 456 4= 443 m, as opposed to minima of 206 & 173 m and 308 & 113 m for hpr, ¢ and
hpr wg, respectively.

Site-to-site, qualitative differences can be difficult to characterize due to the significantly different observation periods.
CYOW and MECP have limited datasets spanning less than one year, the effect of which can be seen in the noisier mean
diurnal variation seen in Figs. 3a and 3c as compared to the other sites, and their seasonal bias affects the shape of the mean
diurnal variation curves across the three estimates compared to other sites. However, we can see that WEST, which does have
observations spanning a full year, shows the largest diurnal amplitude. For example, hpr, .,+ has an amplitude of 598 &+ 490 m

at WEST, compared to 547 £ 496 m for CYYZ and 345 + 349 m for UTSC. Additionally, while most of the sites show hpr, ¢
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Table 4. Seasonal variation in each Doppler lidar estimate for sites with over a year of data availability as described by average yearly
maxima, minima, and amplitudes (difference between maximum and minimum) computed from weekly means, + 1o in the mean. Values

are presented for daytime PBLh estimates only, given that nighttime seasonal variability is limited.

Site Estimate Maximum (m) Minimum (m) Amplitude (max-min m)
hpr,s 981 £ 560 350 £ 318 631 + 644
UTSC  hpr,wt 666 + 444 229 + 141 437 £ 466
hDLwg 833 £ 355 332 £ 170 501 + 394
hpr,s 914 + 576 338 £ 275 576 £+ 638
WEST hpr,we 735 £ 515 236 £ 233 499 + 565
hDLwg 1054 £ 462 341 £+ 154 713 4487
hpr,g 763 + 536 368 £ 336 395 £ 632
CYYZ hpr,wt 687 + 483 325 +£242 363 £ 540
hpr,wg 881 £+ 384 356 £ 143. 525 £ 410

peaking later in the day around 14:00 with a relatively symmetric shape, a much different behaviour is exhibited at UTSC.
hpr,wt at UTSC instead peaks earlier in the day on average (around 12:00) and follows a more gradual collapse throughout
the afternoon. Apr, g, by contrast, behaves much the same at UTSC as at the other sites. These differences will be discussed
in more detail in Section 4. In general, each of the sites appears to capture a similar diurnal evolution, with fairly consistent
values between sites and similar spreads in the standard deviations in the mean of each estimate suggesting similar variability

day-to-day. Nighttime values in particular are consistent between sites for each estimate.
3.1.2 Seasonal variation

The seasonal variation can be seen in Fig. 4, shown through the mean PBLh by month for the three sites that have at least one
year of data (shaded to =10). The plots are separated into "Daytime" and "Nighttime" PBLh estimates, defined in reference to
sunrise and sunset times as computed for the latitude and longitude of each site by the ast ral package in Python (Kennedy),
illustrating that where the height of the daytime (typically convective) PBL can change fairly dramatically with seasonal tem-
perature fluctuations, nighttime PBL structure remains more stable. Table 4 presents yearly maxima, minima, and amplitudes
computed from mean PBLh estimates for each week-of-year.

We can see that the three estimates demonstrate varying seasonal behaviour across the sites considered here. Daytime hpy, g
monthly averages do not extend as low in the winter as the w-based estimates at UTSC and WEST, and hpy, ., does not rise
as high on average during the summer as hApy, 4 and hpy, g at all three sites. hpy, g Shows a larger seasonal amplitude than
the other two estimates at CYYZ (525 £ 410 m vs. 395 &+ 632 m for hpr, g and 363 + 540 m for hpy ) and WEST (713
£ 487 m vs. 576 £ 638 m for hpr, g and 499 £ 565 mfor hApr, ). At WEST (Fig. 4c), we can see this coming from a lower
wintertime mean PBLh for hpr .,q compared to hpr, g and a higher summertime mean PBLh compared to hpr ..¢. The three

estimates also generally exhibit expected behaviour, with a peak in the later, warmer summer months and declining PBLh into
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Figure 4. Seasonal variation, presented via monthly means, of PBLh estimates using SOLID Mesonet Doppler lidar data for all three
algorithms for (a) UTSC, (b) CYYZ, and (c) WEST. Only these three sites are included here as the other sites do not have a sufficiently long
data collection period to fully capture variation throughout the year. Top panels indicate daytime observations and bottom panels indicate
nighttime observations, defined in reference to sunrise and sunset times as computed by the ast ral package in Python (Kennedy) over time

for each site.

the winter. At CYYZ (Fig. 4b, all three estimates are closer together, with a less well-defined shape: all three experience peaks
later on, into September and October, and do not exhibit expected rising throughout the spring and summer months. At UTSC
the seasonal amplitude in hpy g is larger (631 £ 644 m vs. 437 £ 466 m for Apy, ¢ and 501 &= 394 m for hpr, wg), though
Fig. 4a shows that hpr, .4 exhibits more of an expected shape throughout the year, peaking in August and declining in the
winter months. hpr, g and hpy ¢, by contrast, appear to peak earlier in the year around June following a decline throughout
the spring. Overnight, hpr 3 monthly averages appear to remain far above the other two estimates throughout the year and
hpr,wg similarly remains above hpr ¢, as seen in the previous section on average throughout the dataset. There is some
variation in the mean values throughout the year, though where hpr g and hpr .,q generally show slightly rising nighttime
PBLh in the summer, nighttime i pr, ., monthly means bow in the opposite direction, sinking in the summer as opposed to the
winter across all three sites pictured.

The standard deviation in seasonal variations (shown in Table 4) also vary depending on time and estimation method. In

Fig. 4, the spread of values (shaded) in hpr, g is much larger than for the other two estimates across all three sites, with the
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spread in hpy, .+ being the smallest overall. However, we can see that the standard deviation in each of the measures in Table
4 for hpr,wg is often smaller than for the other two measures, and is consistently so for the variation measure across all sites.
Additionally, standard deviations in the weekly minima are consistently smaller than those of the maxima across all sites.

We can examine these seasonal impacts on the PBLh in more detail in Fig. 5, which plots the mean diurnal variation for each
estimation method separated out by month, by site. Note that only the months in which observations were made are indicated
for sites where the data collection period is shorter than one year. As suggested by the overall diurnal mean discussed above,
hpr,s shows very little diurnal amplitude in comparison to the other two estimates throughout the year (particularly at CYYZ
and WEST). These plots also confirm that the high bias exhibited by hpr, g compared to hpr, .t and hpr, g at night persists
throughout the year. The values and general shapes of the diurnal cycle are fairly consistent between Apr ¢ and hpr g for
most of the sites, though both can be seen to be highly erratic in the limited data set from CYOW and hpy, .4 does not exhibit
expected diurnal variation throughout the year at UTSC. Nighttime hpy, 4 estimates, however, are highly variable and suffer
from erratic jumps in the diurnal mean, often in the summer months, that suggest a noisier estimate. For all sites hpr, g Shows
a high bias at night compared to hpy .¢. Daytime hpy .4 estimates of the stabler, shallower winter PBLh do not appear to
suffer from the same high bias as nighttime estimates compared to hpy .+, however, as they remain low and relatively smooth
across most sites as compared to hpr, .+ (With some erratic means in Apr, g at CYOW).

When comparing site-by-site overall, we can see that the seasonal variability is most pronounced again at WEST. For
example, hpr, ¢ exhibits a seasonal amplitude of 499 £ 564 m as opposed to amplitudes of 437 £ 466 m and 363 £ 540
m for UTSC and CYYZ, respectively. We can see in Fig. 4 that nighttime is comparable across all three of these sites for
each estimate, whereas daytime weekly means do vary more significantly throughout the year at WEST for each estimate.
Fig. 5 confirms this, showing a smaller diurnal amplitude in wintertime PBLh (as estimated by hpr, ;) and a larger diurnal
amplitude in summer PBLh at WEST compared to CYYZ and UTSC, but comparable nighttime values that remain fairly
consistent throughout the year. UTSC in particular exhibits very little variation month-to-month in all estimates compared to
other sites, especially for hpr, .+, though we do see a diurnal mean that is large in amplitude in June that is consistent with the
peak observed in Fig. 4a. Limited observations at CYOW produce erratic means for all estimates, though MECP observations,

while limited to wintertime months, do show some of the expected variation month-to-month.
3.2 Comparing to model and reanalysis

Mean diurnal PBLh estimates for the winter period of January to March 2024 are shown in Fig. 6. The GEM PBLh estimate
(referred to here as hggas) is shown in blue and the ERAS5 PBLh estimate (referred to here as hgr 45) is shown in green, with
hpr,g, hpr,we, and hpr, g in black, yellow, and orange as before. The diurnal variability over this period for each estimate
is quantified by mean daily maxima, minima, and amplitude presented in Table 5.

All estimates exhibit the diurnal cycle that we expect. However, the amplitudes of these cycles vary: hpras and hgpas
diurnal means exhibit much higher peaks during the day than each of the other estimates, with mean diurnal maxima of 951 +
487 m and 1041 + 533 m respectively, giving respective diurnal amplitudes of 526 + 601 m and 822 + 608 m. Apr, g, ApL we

and hpr g, in comparison, produce shallow daytime PBLh estimates and exhibit very limited variation throughout the day
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Figure S. Diurnal means of each lidar-based PBLh estimate at (a) CYOW, (b) UTSC, (c) MECP, (d) CYYZ, and (e) WEST, separated by
month of the year by colour (indicated by legend on the right) to illustrate changes in diurnal variation with the seasons. Note that CYOW

and MECP do not have data available for all months in the year.
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Figure 6. Diurnal means in the PBLh estimates from Doppler lidar hpr,g (black),hpr,w: (yellow), hpr wg (orange); the estimates from
GEM at 2.5 km resolution hggy (blue) and 250 m resolution hgkn,250m (blue, dashed); and the estimate from ERAS hrgras (green),
shaded to £o. hpr,, have been resampled to a frequency of one hour for clarity. Computed for the Pearson Airport (CYYZ) location January
to March 2024.

Table 5. Diurnal variation in PBLh estimates at the Pearson Airport site (CY'YZ) over January to March 2024, as described by diurnal mean

maxima, minima, and amplitudes (difference between maximum and minimum).

Estimate ~ Maximum (m) Minimum (m) Amplitude (max-min; m)

Diurnal

hpr,p 847 £ 507 548 £ 345 300 £ 613
hpr,we 599 + 418 247 £ 186 352 £457
hpr,wg 591 £ 291 284 £ 115 307 £ 313
heras 951 + 487 426 + 353 526 + 601
heem 1041 £ 533 219 £ 291 822 £ 608
hgem2s0 741 £ 362 242 £275 499 + 455
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during this period: they have respective mean diurnal maximums over this period of 847 £ 507 m, 599 + 418 m, and 307 +
313 m, with mean respective diurnal amplitudes of 300 & 613 m, 352 4= 457 m, and 307 & 313 m. hg g ,2500 similarly shows
a higher daily maximum and diurnal amplitude than hpy, , of 741 £ 362 m and 499 + 455 m, respectively, but we find it to be
much less than its lower-resolution counterpart hggps-

Nighttime values for both hggas and hg e, 250 are similarly relatively low in comparison to hpy, ., With respective mean
daily minima of 219 4 291 m and 242 + 275 m. hg g 250 is slightly higher on average, however, exhibiting less extreme
diurnal variation. hg 45, conversely, retains a high bias at night. It follows an expected phase 3 collapse (Fig. 1) on average,
but stops short of the other estimates and instead gradually lowers overnight until rising in phase 1. hpr, ¢ and Apr, g, With
respective mean daily minima of 352 4 457 m and 307 & 313 m, remain below h g r 45 throughout the night, which has a mean
daily minimum of 526 £ 601 m. hpy, g, as before, does not follow the PBLh collapse into low night values due to a lack of
entrainment and is not comparable.

haEwm, hERAs, and ha g ar,250m also exhibit a narrower peak in the daytime convective period (phase 2). That is, they exhibit
a more abrupt collapse in the sunset period (phase 3) than the Doppler lidar-derived estimates, especially compared t0 Apr, wg
which exhibits a relatively flat, consistent daytime PBLh on average. The expected slow growth of the stable nocturnal PBL
(phase 4) is also not represented by any of the estimates over this period, with most (especially hgras and hpr .g) actually
exhibiting a decrease overnight before rising with entrainment (phase 1).

Comparison statistics between each of the estimates are presented in Table 6. These statistics show a better agreement
between model estimates and hpy .+ than with either of the other Doppler lidar-derived estimates. For example, r is largest
(indicating a stronger correlation) overall between hpr .+ and hgpras at v = 0.496, compared to the smallest magnitude
correlation between hpy g and hggar of 7 = 0.080. The values presented here therefore indicate a poor correlation between
all the datasets, particularly compared to values in the literature. For example, Tucker et al. (2009) find a » = 0.91 strength
correlation between Doppler lidar and radiosonde PBLh estimates and Wang and Wang (2016) correlation strengths of over
r = (.7 between radiosonde-derived PBLh and reanalysis products. That is to say, there is a statistically significant difference in
the PBLh variation between hpy, , and each of the model/reanalysis estimates. It should be noted that since these observations
are taken during the winter, when there is less variability overall in the PBLh and when stable PBL conditions are more
common, this is to be expected.

RMSE is similarly smallest for Apr, ¢ and hgrar,2s0m at 332 m, though bias is smallest for hpr, g and hgras at 23 m.
Daytime agreement is better than at nighttime; for example, the largest 7 magnitude overall is » = 0.550 during the daytime
between hpy .+ and hggas, and the smallest is at nighttime between hpy, ., and hggar at 7 = —0.027. The better agreement
during the day is consistent with the literature (e.g. as found by Wang and Wang (2016)), as are the RMSE and bias values:
RMSE and bias between Doppler lidar and aerosol lidar were found by Park et al. (2022) to be 500 m and -60 m, respectively,
and similarly Schween et al. (2014) found respective RMSE and bias values of 359 m and -86 m between Doppler lidar and
radiosonde estimates.

More insight can be gained from correlation plots presented in Fig. 7 (with 1:1 correlation shown for each plot by red

lines, and histograms of each estimate on the diagonal). In general, the Doppler lidar-derived estimates exhibit a noisier spread
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Table 6. Comparison statistics between each of the Doppler lidar-derived estimates (hpr,8, hprL,wt, RDL,wg) and the two numerical esti-
mates (hagenm, hEras). r is the Pearson r coefficient, RMSE is the root-mean-squared error, and bias is the mean difference in the estimates.

To calculate these statistics, all estimates were resampled to an hourly sampling rate.

hEeRAs heEM hGEM,250m
Time of day | r RMSE (m) Bias(m) | r RMSE (m) Bias(m) | r RMSE (m) Bias (m)
All 0226 541 23 0.159 646 144 0.128 580 249
hpr,p Daytime 0376 495 -116 0318 577 -108 0.263 466 79
Nighttime 0.133 586 169 0.067 715 428 0.084 681 430
All 0.496 399 -168 0468 394 35 0.488 332 51
hpr,wt | Daytime 0.550 382 -172 0.520 387 -81 0.521 307 13
Nighttime 0427 412 -165 0.367 400 133 0.428 350 82
All 0.104 577 -344 0.080 567 -146 0.083 421 -64
hpr,wg | Daytime 0.188 587 -371 0.105 606 -298 0.177 412 -127
Nighttime -0.027 565 -313 -0.049 512 449 -0.068 429 7

compared to the numerical estimates than the numerical estimates to each other. A greater sensitivity to high, noisy estimates
can be especially seen in the histograms of hpr, g and hpyr, g as compared to hpy .+ and the numerical estimates, as well as
in their respective correlation plots. hgras also shows a larger spread in values in the histogram than hggy or haea,250m
We can also see a much lower number of data points in hpy, .,q and, to a lesser extent, hpr, ..+ compared to the other estimates

due to filtering of non-turbulent conditions and cases of non-convergence of the smoothing functions for Apr 4.
3.3 Case study: CYYZ February 19-20, 2024

Radiosonde-based PBLh estimates are typically considered the most reliable, and often serve as a baseline for comparison for
PBLh estimation methods. There is, unfortunately, no regular radiosonde launch within Southern Ontario to provide a direct
comparison for PBLh estimates from the SOLID Mesonet. As an approximation, we instead make use of the NOAA radiosonde
launches at the Greater Buffalo International Airport (Station 72528; latitude 42.940 °N, longitude 78.725 °W; NOAA (2026)).
We compare PBLh estimates from the radiosonde data collected to those from measurements taken at the CYYZ site, which
is the closest of the SOLID Mesonet sites. In an attempt to ensure similar PBL structure between the two locations, we use
weather maps to select days with high-pressure systems and relatively homogenous atmospheric conditions between CYYZ
and Buffalo International Airport. The radiosonde launches occur at 00:00 and 12:00 UTC daily, which corresponds to a local
time of 19:00 and 07:00 EST. We have therefore chosen a case study the period of 19:00 EST February 19th to 19:00 EST
February 20th, 2024, for overlap with the SWAPIT data collection period, to investigate hpy, , in more detail and compare to

radiosonde-based estimates.
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Figure 7. Correlation plots between each of the PBLh estimation methods (with histograms of each on the diagonal) for CYYZ over January
to March 2024: a) a histogram of hpr,8, b) hpr,wt Vs. hpr g, ©) a histogram of Apr, we, d) Rpr,wg VS. hpr,g, €) hDL,wg VS. ADL,wi, f)
a histogram of hpr wg, 8) hEras VS. hpr,g, h) hEras vs. hpr,wt, 1) hERAS VS. RD L wy, j) @ histogram of hgras, k) haem vs. hpr,s,
1) haem vs. hpp,wt, M) hgeEm VS. hpL,wg, 1) hageEm Vs. hERas, 0) a histogram of hgen, p) haEm,250m VS. hpr,g, Q) hcEM,250m
VS. hpL,we, T) hGEM,250m VS. RDL,wg, S) RGEM,250m VS. hERAS, t) haEM,250m VS. hgEMm, u) a histogram of haenr,250m. The linear

relationship with slope 1 is shown in red on each plot.
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Figure 8. PBLh estimates from Doppler lidar (hpr,8,hDL,wt> ADL,wg)s GEM (haEnm), ERAS (hERras)), and Buffalo Airport radiosonde
hrsfor the case study period of February 19th-20th, 2024. For clarity, each of hpr . has been resampled to an hourly frequency. Daytime

(between sunrise and sunset as calculated by the ast ral Python package) is indicated with yellow shading.

There are a number of possible methods for the estimation of PBLh from radiosonde measurements. In this study we use the
height of the critical bulk Richardson number as is used by ERAS to estimate PBLh (h s, r;), described above, for consistency.
Surface values for the inputs to Eq. 2.4.2 are taken from weather data collected at Buffalo Airport (Meteostat, 2026).

PBLh estimates for each of the Doppler lidar, model, and radiosonde methods are plotted for the case study time period in
Fig. 8. Daytime, the period between the sunrise and sunset times, is indicated with pale yellow shading. Cloud base height
is also shown for reference with a grey line. For clarity, the Doppler lidar methods hpr, . have been resampled to hourly
observations.

Due to the variability in PBLh estimates even between different methods using radiosonde measurements, it is not possible
to treat hrg gr; as a baseline to compare hpy, , to. We can, however, note that the generally good agreement between hpy
and hrgs r; as seen in Fig. 8, even across the distance between CYYZ and the Buffalo International Airport site, suggests
robustness in hpr, .. Otherwise, we can draw further observations from the behaviour of each of the estimates presented here
over the case study period. hpr, s can be seen to tend towards heights that are coincident with cloud base heights in adjacent
cloudy observations (even in the observations considered here, which have been limited to clear-sky points). While sometimes
PBLh can coincide with cloud base height as warmer, humid air cools rapidly from mixing with entrained free atmosphere air,

it is not always the case that the PBL extends up to the cloud base height (Stull, 2012). hpr, 3 does show some ability to follow
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a shallower, more stable PBLh later in the night between February 19th and 20th, suggesting the presence of some, if weak,
convection. hpr, . similarly tracks the nighttime PBLh well during this period. Given that we only compute hpr, 4, in the
presence of turbulence (05, > 0.04 m? / s? at the surface), this confirms weakly convective nighttime conditions. hp L,wt €an
be seen to track diurnal PBLh evolution reasonably well as compared to theoretical expectations (Fig. 1). The points at which
hpr,wg produces an estimate are consistent with hpy, ... However, it suffers from frequent data gaps where afu observations
were clearly too sparse or noisy for fitting a smoothing function, as required for identifying minima in the gradient.

As with the diurnal means presented in Fig. 6, we can see a high bias during the day on February 19th in hgg 45 compared
to hpr . and a better agreement between hpy, , and the GEM estimates. On February 20th, however, hgras, hgrnm, and
hpr.. are in good agreement, reaching higher during the day, and hg g 250, remains lower down. Overnight across both
days, it can be seen that hggas and hg g, 250m Sink all the way to the surface where hpr a5 and hpy, , remain aloft. It should
be noted that hpy . all have an imposed minimum of 100 m as opposed to GEM’s minimum of 30 m, but most data points
over this period put hpr, , over this minimum, if slightly. Even with these differences, it can be seen that all of these estimates

generally follow a similar evolution in the PBLh throughout the two days considered here.

4 Discussion

The w-based methods qualitatively and quantitatively capture the general shape of the expected variations in PBLh diurnally
and seasonally across all five sites considered in this study. Both hpy, 4+ and hpr g reproduce the expected phases in Fig.
1, aside from a lack of growth overnight in the nocturnal PBL (during the case study period and on average). This failure to
track overnight PBL growth is attributable to the inability of hpr ..+ and hpr .4 to identify the stable PBLh, therefore biasing
nighttime estimates towards weakly or neutrally stable conditions that experience less radiative cooling from the surface and
so do not grow in strength overnight as the stable PBL does.

The tendency of Apr, ¢ and hpr, g to agree well with each other in the daytime on average and during the case study period
suggests that both methods function well in convective conditions. Overnight, we find that the high bias of mean diurnal values
of hpr wg compared to hpr, ¢ occurs due to a tendency in Apr, g to produce a more variable estimate, rather than a systemic
bias between the two. Measurement noise can often create large, sharp gradients, so overnight hpy, .4 is often characterized by
large jumps to high values in PBLh, where Doppler lidar signal is poor. When the estimates are averaged across all days, then,
we see a high bias in the hpr, ¢ mean overnight compared to hpr, ¢ across all sites (Fig. 3). Given the ability of Apr, wg
to otherwise capture the expected diurnal evolution in the PBLh and agree well with hpy, ., further refining the method to
reduce the sensitivity to noise could make it an effective location-agnostic estimate, as opposed to hpr .+ Which depends on
choice of threshold. This could be potentially accomplished by refining the noise-reduction QC methods applied to the data,
improving smoothing procedures applied to Vo2, or applying the Haar wavelet method often used for aerosol backscatter
PBLh estimation methods (Tucker et al., 2009; Aliabadi et al., 2016) to identify sharp dropoffs in Vo2, more systematically.

In its current form, however, Apr, . is less reliable overnight.
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hpr.s, conversely, struggles to capture both the appropriate diurnal and seasonal variations. During the day, diurnal means
across all sites are roughly consistent with the w-based estimates and successfully track the evolution of the convective PBLh.
This is useful as a test of robustness for all three estimates: where hpy .+ and Apr g estimate the PBLh following the as-
sumption that o,, experiences a sharp dropoff at the PBLh characteristic of the transition between a turbulent PBL and a stable
free atmosphere, hpy, g instead identifies it as the middle of the entrainment zone by tracking the process of entrainment it-
self. A good agreement between all of hp;, ., during daytime convective conditions, despite using slightly different theoretical
approaches and observations of different atmospheric components, increases confidence in the estimates in the case of convec-
tively unstable PBLh. hp1, s has also been found in other studies to be generally reliable in convective conditions as compared
to other lidar methods and radiosonde observations (Hennemuth and Lammert, 2006; Lammert and Bosenberg, 2006; Caicedo
et al., 2017).

Overnight, however, as well as in colder wintertime conditions, hpr, g fails to capture the evolution of the stable or neutrally
stable PBLh. In these cases, the entrainment zone assumption typically fails, as the processes that cause entrainment stop with
the collapse of the convective PBL. hpy, 3 then instead tracks noise or other processes causing variance in aerosol concentration
(like cloud formation), seen across all sites by its comparatively high nighttime/minimum values in the diurnal means in Fig.
3 and Table 3, lower seasonal variation amplitude in Fig. 4 and Table 4, and higher standard deviation at nighttime in both.
We can see in the case study (Fig. 8) that there are cases like the night between February 19th and 20th, 2024, where enough
weak convection occurs during the night for hpr, g to estimate a PBLh consistent with hpr, ., but that biases in the diurnal
and seasonal mean hpy g show that these conditions do not occur often enough for Ap;, g to be considered reliable for the
non-unstable PBL. Additionally, we see in the case study that in the presence of clouds, hp 1,3 may tend towards estimating the
PBLh to be coincident with the cloud layer rather than agreeing with Apr, ¢ and hpr 4. This possibly indicates the presence
of a multi-layered structure (Johansson et al., 2005; Hennemuth and Lammert, 2006), where lofted aerosol layers can cause
hpr,s to mistakenly select higher altitudes with maximized a% as the PBLh (Caicedo et al., 2017).

Site-to-site, there are some differences in the variability of hpy, ;. For example, MECP and UTSC have a much lower
diurnal variation in hpr, . than the other sites. This could be attributable to physical differences across the sites or seasonal
biases introduced by data sampling: the disparity is mirrored by hpr, .4, suggesting that it is not caused by an issue in hpr, ¢
site-to-site. As shown in Fig. 2, UTSC has more data availability during winter months (which exhibit lower PBLh and less
variability throughout the day), as does MECP to a lesser extent. CYOW, however, similarly has data availability limited
to winter months, but does not exhibit this decrease in variability in hpr ¢ and hpr g compared to other sites. Further
investigation into the viability of the chosen threshold value (0120 =0.04 m? /82) for hpr .+ would clarify some of these
differences (even for hpr .4, as the threshold is used to discard data with non-turbulent conditions), and will be performed prior
to the operational implementation of hpy, .+ for making PBLh estimates available with SOLID Mesonet data for forecasters.
Some differences between sites can be interpreted to be physical: for example, afternoon values in hpyr ¢ and hApr g sink
lower earlier for CYYZ and UTSC, which are closer in proximity to Lake Ontario, than for WEST, which exhibits more of
a consistent, plateau-like shape during the day. WEST also generally exhibits a larger diurnal and seasonal variation across

all estimates than at the other sites. These differences could be partially attributed to the moderating lake effect, as discussed
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further in Appendix A. However, as WEST is the only rural site in the SOLID Mesonet, this could also have implications for
the differences in convective PBL growth in farmland regions vs. urban/suburban environments.

Comparison to the model and reanalysis estimates hggar, hGEM,250m, and R Rras, as in Fig. 6, suggests that each estimate
tracks the phases of the expected diurnal variation at approximately the same times of day on average. However, there are
some differences. For example, hgr4s exhibits a similar high bias overnight to hpr ... The diurnal mean for hggras is not
biased by individual noisy estimates but by a systemic high bias compared to hpy, , throughout the dataset, clearly applying
to the daytime as well. Since hrgs, r;, Which uses the same methodology as hgr a5, does not exhibit as consistent a bias, it is
possible that the high bias is not due to the choice of critical bulk Richardson number (R, = 0.25) threshold but rather related
to the input variables of ERAS and/or its resolution. The choice of threshold can be further tested in future to confirm this.
Similarly, hggas’s tendency towards a high bias in PBLh during the day and low bias at night compared to the other datasets,
especially considering the nighttime behaviour during the case study period of hg g, tending towards estimating PBLh to be
at the surface, suggests a possible systemic underestimation of PBLh in the stable case. This could translate to poor estimation
of surface pollution, as found by Zhao et al. (2019) (in contrast to ERAS, for example, which can be seen to perform better
in this context in Zhao et al., 2024). However, the better agreement on average between hggar,250m and hpy, , suggests that
higher model resolution, especially in environments as complex as that of the urban, near-lake CYYZ site, could produce a
more reliable PBLh estimate. This result is consistent with prior literature on the subject (e.g. Leroyer et al., 2014). We can
see that this better agreement is not constant, however, with the low bias in hggas,250m on the second case study day. The
tendency of hgras, haewm, and hggar,2s0m to rise faster and collapse earlier, exhibiting a narrower peak in PBLh during the

day, has also been observed in other models, attributable to model error (Hegarty et al., 2018; Park et al., 2022).

5 Conclusions

This study presented three methods for the estimation of the PBLh from Doppler lidar observations of aerosol backscatter 3
and vertical wind speed w collected by the SOLID Mesonet: hpy, g, tracking the centre of the entrainment zone as an estimate
of the PBLh; hpr, ., identifying the PBLh as the height of a decrease in vertical wind speed variance below a prescribed
threshold; and hpy, .4, setting the PBLh to be the height at which the vertical wind speed variance drops sharply, identified by
a large negative gradient.

As a general assessment, while the w-based estimates are fairly consistent with each other, hpr .,q can be considered less
reliable due to its tendency towards highly variable estimates as caused by measurement noise, even after quality control mea-
sures are applied. This causes a high bias in hpr, ,q compared to hpr, ¢ in any average measure of the PBLh variability for
that method. The bias is especially evident in nighttime stable nocturnal PBL conditions as the Doppler lidar range becomes
especially limited, suggesting that hpr, .4 is particularly unreliable at night. hpr, .4 also suffers from a dependence on the
smoothing function applied prior to computing the gradient, causing data gaps for measurements for which a smoothing func-
tion fit cannot converge. hpy, g, while showing consistency with the other two estimates during daytime convective conditions,

fails completely to track expected afternoon (phase 3) PBLh collapse and nighttime nocturnal stable PBLh due to the failure of
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the entrainment assumption. It also struggles with tracking seasonal variation into the wintertime months for the same reasons.
hpr.we qualitatively exhibits expected diurnal and seasonal variations, and shows good agreement with model and radiosonde
PBLh estimates. Despite its dependence on the choice of threshold, it also does not exhibit any large discrepancies location-to-
location that are not also tracked by the other two estimates. Thus, the most reliable estimate for usage with data collected by
the SOLID Mesonet at this time was found to be Apr, .

Comparisons of these estimates to PBLh outputs from GEM (at both 2.5 km and 250 m resolution), ERAS, and radiosonde
estimates both affirm the soundness of the Doppler lidar-derived estimates and show the potential to use them in conjunction
with atmospheric composition observations to assess the performance. In the diurnal mean over January-March 2024 and in
the case study of February 19th-20th 2024, we see a general agreement in the shape of diurnal evolution in PBLh between
all estimates. However, hgras, haeam, and hgear,2s0m are all seen to exhibit a systemic high daytime bias on average and
narrower peak than Apy, .. haea also shows a low bias overnight compared to hpy, .-, even tending towards the surface in the
case study, whereas hgr 45 maintains a high bias overnight, indicating that investigation of the algorithm used in GEM, and
in particular for more stable conditions, is necessary. hg g ,250m Shows a better agreement with hpr, 5, with lower daytime
values, higher overnight values, and more gradual collapse in the afternoon on average (though it still exhibits the same biases
as hgpa to a smaller degree). These conclusions suggest the possibility that a higher model resolution and/or adjustment to
model PBLh estimation algorithms could improve the parametrization of mixing processes for numerical weather prediction.

Aside from continuing to improve the reliablility of the estimates presented here, future work will use Doppler lidar-derived
PBLh estimates to improve our understanding of the interplay between PBLh evolution and atmospheric pollutants in the PBL
and surface layer. For example, as discussed in previous sections, some models show a tendency towards over-prediction of
surface pollutants that may be influenced by discrepancies in PBLh estimation. These discrepancies could improved through
assimilation of PBLh observation datasets as has been performed in some studies (Tangborn et al., 2021; Pan et al., 2025).
However, there also exists a disparity in the fundamental theoretical assumptions between various definitions of the PBLh used
across observational and modelling techniques, particularly that of the difference between the turbulence-informed definition
used here and that of the mixed layer often used when observing the evolution of pollutant distributions. We can further use
long-term Doppler-lidar PBLh observations to better understand this issue and improve consistency in observations and models.

Future work will continue to improve on the Doppler-lidar PBLh estimates presented here. For example, possible improve-
ments to the noise sensitivity inherent in hpyr 4 Will be tested, such as refining noise filtering procedures and applying a
Haar wavelet method to identify sharp decreases in Vo2. Threshold-dependency in hpy, . will also be investigated in more
detail, and any need for changes in the threshold value between SOLID Mesonet sites identified. Additional possibilities for
future work in refining the estimates presented here include integrating site-to-site homogenization as performed by Wang and
Wang (2016), pairing temperature inversion measurements from the co-located Microwave Radiometer instrument at CYOW
for stable PBLh detection (de Arruda Moreira et al., 2018), and investigating the impact of including cloudy conditions in the
dataset. These PBLh estimates will also be used to aid in interpreting air quality observations made over the SWAPIT cam-
paign, providing insight into urban wintertime air quality modelling and the impact of PBLh evolution on the diurnal variability

of atmospheric constituents.
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Appendix A: ERAS sub-grid interpolation

Given that the numerical outputs we integrate from ERAS are obtained from a grid with a resolution of 31 km (0.25°), we apply
interpolation schemes for comparison to PBLh estimates at SOLID Mesonet sites. In particular, differences in the PBLh at the
sites can be quite pronounced with differing proximity to Lake Ontario: the planetary boundary layer height is generally lower
over and near lakes due to increased stratification (Ma et al., 2026). Influence of marine air on the boundary layer has been
studied in cities such as Chicago (Jackson et al., 2025), and Sao Paulo (Riberio et al., 2018). In Chicago, from measurements
taken throughout July 2024, a three-layered structure was observed under the influence of a lake breeze: the lowest sea-breeze
layer, followed by a stable residual layer, and topped by another residual layer with eastward flow. In Sao Paulo, the PBLh was
found to decrease in the presence of coastal marine air, through creation of a thermal internal boundary layer, similar to the
results from (Jackson et al., 2025).

We observe a similar pattern, as shown in Fig. A1, over Southwestern Ontario. Looking at the median of observations taken
in the month of July between 2022-2024 (Fig. Ala), we can see the lowest afternoon PBLh values over Lake Ontario and
notably shallower PBL along the shorelines compared to inland. Note that in January (Fig. A1b), the conditions are similarly
affected but inverted: the moderating effect of the lake now warms the air compared to inland. In order to account for this
lake effect and ensure comparisons are appropriate, we interpolate hourly PBLh estimates from the ERAS standard grid to
the precise latitude and longitude of the CYYZ (43.6660°, -79.6062°). Two methods were employed for interpolation: 1) An
inverse distance-weighted (IDW) interpolation to CYYZ, where distances are computed to the nearest four grids, and 2) a
weighted-mean of surrounding grid cells, based on the percentage of grid-cells in a defined box (bounds 43.54° < Latitude
< 43.78°, and -79.85° < Longitude < -79.35°) around Pearson. The diurnal mean of the resultant interpolated ERAS PBLh
estimates hgras are shown in A2. To quantify the marine-air effect, we also show hggras at the grid point 43.75°, -79.75°
containing CYYZ, and perform another IDW interpolation to the point 43.65°, -79.39° (Downtown Toronto).

The lake effect is apparent, with the highest and lowest afternoon heights occurring at the point 43.75 °N, 79.65 °W (furthest
away from Lake Ontario), and downtown Toronto (more exposed to Lake Ontario than CYYZ), respectively, as expected given
Fig. Al. Results from the IDW and box interpolation were nearly identical, where the absolute value of the mean difference
was only 1.5 meters. As a result, we use an IDW interpolation for our comparison estimates for consistency with ERAS, for

which this method is used when re-gridding data.
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Figure Al. Median PBLh for afternoon hours (12 to 17 local time) over the months of a) July and b) January 2022-2025. The white dot
indicates the location of interpolation (43.6660°N, 79.6062° W, corresponding to CY YZ). The outline of the box used in the box interpolation
method is also displayed.
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Figure A2. Diurnal mean of hgras over the period of October 2022 to September 2025 illustrating varying interpolation schemes: a) IDW
interpolation to CYYZ (43.6660°N, 79.6062°W), b) box interpolation to CYYZ, ¢) the grid point (43.75°, -79.75°), and d) IDW interpolation
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Code and data availability. This project used data from the Southern Ontario LIDar Mesonet, available at http://hiwr.ca/mesonet.php (Mar-
iani et al., 2026), the Global Environment Multiscale model (Coté et al., 1998; McTaggart-Cowan et al., 2019), and the ECMWF ERAS
Reanalysis available at https://cds.climate.copernicus.eu/datasets/reanalysis-eraS-single-levels (Hersbach et al., 2020) It also used data from
Buffalo International Airport: radiosonde data available at https://weather.uwyo.edu/upperair/sounding.shtml (NOAA, 2026), and weather
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