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Abstract: Doppler light detection and ranging (lidar) wind profilers have proven their capability
to measure vertical wind profiles with an accuracy comparable to anemometers and radiosondes.
However, most of these comparisons were performed over short time periods or at mid-latitudes. This
study presents a multi-year assessment of the accuracy of Doppler lidar wind-profile measurements in
the Arctic by comparing them with coincident radiosonde observations, and excellent agreement was
observed. The suitability of the Doppler lidar for verification case studies of operational numerical
weather prediction (NWP) models during the World Meteorological Organization’s Year of Polar
Prediction is also demonstrated, by using Environment and Climate Change Canada’s (ECCC) global
environmental multiscale model (GEM-2.5 km and GEM-10 km). Since 2016, identical scanning
Doppler lidars were deployed at two supersites commissioned by ECCC as part of the Canadian Arctic
Weather Science project. The supersites are located in Iqaluit (64◦N, 69◦W) and Whitehorse (61◦N,
135◦W) with a third Halo Doppler lidar located in Squamish (50◦N, 123◦W). Two lidar wind-profile
measurement methodologies were investigated; the velocity-azimuth display method exhibited a
smaller average bias (−0.27 ± 0.02 m/s) than the Doppler beam-swinging method (–0.46 ± 0.02 m/s)
compared to the sonde. Comparisons to ECCC’s NWP models indicate good agreement, more so
during the summer months, with an average bias < 0.71 m/s for the higher-resolution (GEM-2.5 km)
ECCC models at Iqaluit. Larger biases were found in the mountainous terrain of Whitehorse and
Squamish, likely due to difficulties in the model’s ability to resolve the topography. This provides
evidence in favor of using high temporal resolution lidar wind-profile measurements to complement
radiosonde observations and for NWP model verification and process studies.

Keywords: Doppler lidar; wind profile; remote sensing; model verification; forecast; radiosonde;
Year of Polar Prediction; Arctic

1. Introduction

Accurate and reliable measurements of the vertical wind profile are an essential meteorological
observation, particularly with respect to numerical weather prediction (NWP), climate modelling,
air-quality monitoring and forecasting, and generation of energy forecasting. Operational vertical
wind-profile measurements are dominated by global radiosonde observations and, to a lesser
extent, radar wind profilers (RWP). However, with recent advancements in light detection and
ranging (lidar)-based technologies over the past few decades, comprehensive high spatial- and
temporal-resolution profiling of winds within the boundary layer has become increasingly common.

Commercially available Doppler lidar wind profilers have proven their capability of measuring
the wind speed and turbulence intensity with an accuracy comparable to the well-established cup
anemometers over non-complex terrain [1,2]. Doppler lidars have several advantages over radiosondes
and RWPs: (1) the lidar’s narrow beam removes the issue of ground clutter, making measurements
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possible in complex terrain [3–8]; (2) measurements can be taken in urban areas where radiosondes
cannot be launched; (3) observations can be conducted during high surface winds when radiosondes
cannot be launched; (4) they are easily deployable and can be mobile [7]; (5) they can take measurements
below the height of the first range gate of most RWPs; (6) observations exhibit no measurement drift;
and (7) the cost of a lidar system is typically less than a RWP while offering higher-resolution data. The
most notable disadvantage of most Doppler lidars is their decreased vertical range, which is usually
limited to the boundary layer height. It should be noted that more powerful Doppler lidars, though
rare, are capable of conducting measurements above the boundary layer [9].

Previous studies comparing observations from Doppler lidars, anemometers, radiosondes, and
RWPs have generally shown good agreement with biases in the range of ~0.5–0.7 m/s and R2 values
>0.85 [10–19]. However, most of these comparisons were performed over shorter time periods lasting
less than a year and, with the exception of Newsom et al. [19], Achtert et al. [17], and Mizutani et al. [10],
took place at mid-latitudes. It is vital to assess the accuracy of the Doppler lidar wind profiles in other
climates such as the Arctic where operational conditions are extreme and the boundary layer height
and aerosol concentrations are lower than at mid latitudes. These atmospheric conditions typically
cause a reduced backscatter signal and lower vertical range for the lidar, presenting a ‘worst-case’
scenario in terms of its performance.

Environment and Climate Change Canada (ECCC) commissioned two supersites in the Arctic
and sub-Arctic to provide automated and continuous observations of altitude-resolved winds, water
vapour, clouds and aerosols, visibility, radiation fluxes, and precipitation as part of the Canadian Arctic
Weather Science (CAWS) project [20]. The supersites are located in Iqaluit, NU (64◦N, 69◦W) and
Whitehorse, YT (61◦N, 135◦W). A third, smaller ECCC site in Squamish, BC (50◦N, 123◦W) was also
equipped with a Doppler lidar.

Iqaluit and Whitehorse were designated supersites for the World Meteorological Organization’s
(WMO) Year of Polar Prediction (YOPP) project (core phase: mid 2017 to mid 2019) for international
NWP forecast model inter-comparison and verification [21]. The representation of the structure and
physical processes governing Arctic boundary layers is still a challenge in NWP systems due to issues
with numerical stability. Moreover, wind observations are among the highest-ranked contributors to
NWP model forecast error [22,23]. Therefore, it is essential to perform enhanced validation of NWP
model winds within the boundary layer in the Arctic environment, and to investigate the potential
of assimilating additional wind observations that could reduce this forecast error [9,24]. To address
these needs, international NWP modeling centres, including ECCC, provided high-frequency model
output data at and around each supersite during the YOPP, enabling enhanced model verification,
inter-comparisons, and process studies to be conducted.

In this study, comparisons between the Doppler lidar and radiosonde were performed at Iqaluit
during the pre-YOPP period to assess the accuracy of the Doppler lidar wind-profile observations.
Once the lidar-sonde agreement was characterized, comparisons between the Doppler lidar and ECCC
NWP model observations were performed at three sites to evaluate the models’ performance and
determine the models’ biases relative to the lidar at high temporal resolution. Section 2 describes the
Iqaluit and Whitehorse supersites, the Squamish site, and the instrumentation, including a description
of the two types of Doppler lidar scans utilized to measure the vertical wind profile. Section 3 provides
a discussion of results on the comparisons between the Doppler lidar and radiosonde observations at
Iqaluit, describes the ECCC NWP models used to perform the verification case studies, and provides
initial results on the comparisons between the Doppler lidar and the ECCC NWP models at all three
sites. Conclusions and future work are provided in Section 4.
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2. Materials and Methods

2.1. Iqaluit, Whitehorse, and Squamish Sites

The Iqaluit supersite is situated in the Arctic tundra ~200 m from the shoreline of Frobisher
Bay and ~200 m from the Iqaluit airport runway at 11 m Above Sea Level (ASL) (Figure 1a). The
town is located in a valley that runs in the north-west to south-east direction. As such, the primary
surface wind directions are from the NW and SE. The terrain is relatively flat with the exception of
~300 m-high hills located several kilometers north-east of the supersite. The site is equipped with a
suite of remote-sensing instrumentation, including a Doppler Ka-band radar, a Doppler lidar, Raman
and Differential Absorption Lidar (DIAL) water vapour lidars, a CL51 ceilometer, as well as a radiation
flux sensor suite, a Far-infrared radiometer, several disdrometers and precipitation weighing gauges,
radiosondes, and WMO-standard surface meteorological instruments [20,25]. The Doppler lidar is
located ~40 m from where the radiosondes are launched and started collecting data in October 2015.
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mountain ranges to the West of Whitehorse (706 m ASL) and Squamish (59 m ASL), respectively. Image
© 2019 Google.

The Whitehorse supersite and Squamish site are located directly on airport property, <100 m from
the airport runway (Figure 1b,c). Both sites are situated in complex mountainous terrain. Whitehorse
(706 m ASL) is located in a valley that runs in the north-north-west direction between two mountains
to its West (~1.6 km ASL) and East (~1.4 km ASL). Squamish (59 m ASL) is located in a narrow valley
that runs north-north-east with mountains >2 km ASL to either side. The primary surface wind
direction for both sites is along the valley. The sites are equipped with similar instrumentation as
Iqaluit, including the same make and model of scanning Halo Doppler lidars, which started collecting
data in November 2017 (Whitehorse) and May 2016 (Squamish).

2.2. Doppler Light Detection and Ranging (Lidar)

Similar to RWPs, the primary application for Doppler lidars is as a boundary layer wind profiler.
Doppler lidars provide precise and accurate backscatter and Doppler velocity measurements at high
temporal- and spatial-resolution along the lidar beam’s path (radial direction). As such, they have
demonstrated the ability to measure fast-evolving meteorological features, such as lake breezes and
low-level jets, and cloud microphysical properties [7,26–29].

Identical Halo Photonics Streamline XR scanning Doppler lidars were operated at all three
sites using the same configuration settings and scan strategies. The lidars were fully autonomous
and operated continuously, even during precipitation and severe weather events, with no operator
intervention required. For instance, the Iqaluit lidar’s uptime was 92% (2016 to 2018), with almost all
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downtime caused by power outages at the site. The lidar observations are well-suited to complement
existing radiosonde observations, particularly when extreme surface winds prevent radiosondes from
being launched. In Iqaluit, this occurred 13% of the time (2015–2018 statistics), resulting in significant
gaps in upper air observations [20] whereby the Doppler lidar was the sole source of upper air wind
observations at the site during these times.

The Halo lidars operate at 1.5 µm using an 80 µJ pulsed laser at 10 kHz with a range resolution
of 3 m (60 m range gates). The lidars are eye-safe, are fully customizable, and have full-scanning
capability, allowing them to conduct measurements at any elevation and azimuth. The lidar cannot
take measurements within the first range gate, resulting in a ‘blind spot’ within the first 60 m. All
Doppler lidars were subjected to identical quality-control procedures based on their signal-to-noise
ratio (SNR) within each range gate and filtering outliers and returns from clouds and rain droplets;
details are provided in Mariani et al. [7].

The maximum range of the lidar is limited by the lidar’s design (e.g., pulse power and receiver
sensitivity) and the atmospheric conditions (number of backscatterers to produce a sufficiently high
SNR). As such, the maximum vertical range typically followed the boundary layer height and varied
from one to three km Above Ground Level (AGL) in Iqaluit and two to four km AGL in Whitehorse.
The lidars operated with identical repeating eight-minute scan sequences, performing vertical stare,
plan-position indicator (constant elevation), range-height indicator (constant azimuth), Doppler
beam-swinging (DBS), and velocity-azimuth display (VAD) scans; the latter two were processed to
provide vertical wind-profile observations and are the focus of this study.

2.3. Doppler Lidar Wind-Profile Measurement Methodology

Initially developed for use by Doppler weather radars, several different scan strategies can be
utilized to obtain measurements of the two-dimensional wind profile above a Doppler lidar. Of these,
the DBS [14] and VAD [30,31] methods are the most widely-used. During a DBS scan, the lidar beam is
pointed in three directions: vertically (90◦ elevation), East (e.g., at 70◦ elevation), and North (e.g., at
70◦ elevation). A VAD scan is similar to a DBS scan except that many azimuth angles are used so the
lidar beam traces a cone at a single elevation angle. These additional azimuth angles help reduce the
uncertainty in the retrieved two-dimensional wind components u and v. For a DBS wind profile, the
uncertainty in u and v is estimated to be 0.32 m/s; for an 8-beam VAD profile it is <0.22 m/s [18].

In recent years, DBS and VAD wind-profile observations have been adopted into national and
international standards and guidelines. DBS is much faster than a VAD scan [15]. For instance, the
Halo lidars complete a DBS scan in 20 s versus a 90 s VAD scan using the same number of pulse
averages. This makes DBS scans more suitable in urban environments, where the flow changes quickly
in space and time. As such, DBS scans are more suitable than VAD scans only where the flow cannot
be considered uniform over the volume sampled or steady over the time it takes to complete the VAD
scan [14].

During this study, the DBS and VAD scans utilized a 70◦ elevation angle and eight VAD beams
were used (spaced evenly apart, every 45◦ in azimuth). Horizontal homogeneity and zero convergence
and deformation was assumed. From these scan geometries, the horizontal wind speed and direction
can be retrieved above the lidar with a vertical resolution of approximately three metres as outlined in
Lane et al. [15]. Note that each wind profile must be regarded as a snapshot of the wind profile at that
particular time rather than a representation of the mean profile [15]. Both DBS and VAD scans were
conducted in order to assess their performance with respect to Iqaluit radiosonde observations.

2.4. RS92 Radiosondes

Atmospheric profile observations from radiosondes are motivated largely by applications such as
NWP and climate modeling and have a well-established history of providing reliable information [32].
Radiosondes provide high temporal and spatial resolution observations of the vertical wind profile (as
well as other meteorological parameters) typically up to ~40 km AGL with high confidence.



Remote Sens. 2020, 12, 323 5 of 20

Vaisala RS92 radiosondes [33] were launched twice a day (00 and 12 Coordinated Universal Time
(UTC)) by the Meteorological Service of Canada as per WMO guidelines at the Iqaluit weather station
(WMO station code 71909, CYFB). While the radiosonde valid time was 00 and 12 UTC, the actual
launch occurred 40–45 min prior to this, i.e., ~23:15 UTC (day prior) and ~11:15 UTC. As such, all
comparisons with the radiosonde were done based on its launch time.

The horizontal winds were retrieved based on the change of the sonde’s Global Positioning System
(GPS) position. The radiosonde’s 2 s data sample rate provided a vertical resolution of roughly every
6 to 10 m (depending on the ascent speed). For RS92 radiosondes, the uncertainty estimates for the
wind speed are 0.4 to 1 m/s and 1◦ for wind direction (Global Climate Observing System Reference
Upper-Air Network, GRUAN, data processing) or 0.15 m/s in wind speed and 2◦ in wind direction
(instrument manufacturer Vaisala) [32,33]; these uncertainties are based on 1σ statistical uncertainties.

Despite their advantages, radiosondes exhibit poor observation frequency (WMO standard is twice
daily), cannot be launched during strong surface winds (>12 m/s), require substantial infrastructure
and an operator at launch sites, and are subject to horizontal displacement in their observations. As
such, the use of lidar wind profiling to complement radiosondes is currently under investigation.
By comparing side-by-side lidar and radiosonde wind profiles at Iqaluit, the accuracy of the lidar’s
wind-profile observations can be evaluated and the bias can be characterized using statistical methods.

3. Results and Discussion

3.1. Doppler Lidar and Radiosonde Comparisons

Nineteen months of coincident radiosonde and lidar observations at the Iqaluit supersite were
compared (January 2016 to July 2017). Where necessary, radiosonde observations were interpolated to
match the lidar observation altitudes. The closest lidar profile within 10 min after radiosonde launch
was used to perform comparisons. A 10-min window was selected since this was about the time it
took a radiosonde to reach 2 km AGL, which was near the Iqaluit lidar’s maximum vertical range.
This helped ensure that the sonde was sampling air within vertical range of the lidar during each
comparison. At ~2 km AGL, the radiosonde typically was ~6 km SE of the lidar, usually drifting over
Frobisher Bay; this increasing horizontal displacement with height between the radiosonde and the
lidar should be considered when interpreting their agreement.

Figure 2 illustrates how the number of coincident observations decreased with height since
the lidar obtained fewer observations at longer ranges. Other factors, including thick clouds and
precipitation, attenuate the lidar’s signal and limit its ability to make measurements above the cloud
base height, further limiting comparisons with the radiosonde at higher altitudes. The dip in the
number of observations at around 300 m is likely due to topographical effects, including blowing snow
from nearby hills, fog, and other meteorological effects that either reduced the lidar’s SNR or produced
outliers at these heights that were filtered out as part of the lidar’s quality control processing. The
observed difference between seasons is primarily due to the uneven study duration (most observation
days and successful radiosonde launches happened to occur during March–May, MAM).
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Figure 2. Number of coincident light detection and ranging (lidar)-radiosonde observations for each
season used in the comparison study (winter (DJF), spring (MAM), summer (JJA), and fall (SON)).

The bias and standard deviation of the error (STDE) between the lidar and radiosonde are provided
in Figure 3 for both the DBS and VAD lidar scans. The bias was calculated as the mean difference
between the lidar–radiosonde and the 1σ of the differences was used to characterize its uncertainty.
Comparisons indicate good agreement for both the DBS and VAD scans, with an average bias of −0.46
± 0.02 m/s (mean ± standard error of the mean, σ/

√
N) and R2 > 0.81 for DBS and −0.27 ± 0.02 m/s

and R2 > 0.89 for VAD (for heights up to 2 km AGL). Overall the DBS scan exhibited a larger error
and STDE than the VAD scan, which increased with height after approximately 1 km AGL. There
was also significantly more structure and variability in the DBS’ STDE compared to the VAD. This is
likely due to the fewer rays used to compute the DBS wind profile compared to the VAD. No seasonal
dependence on the bias, R2, STDE, or root-mean-square error (RMSE) were found. Note that above 2
km AGL the STDE increased with height for both scan types due to radiosonde drift and the fewer
number of comparisons available (and therefore it is not shown).

As an example of the lidar–sonde comparisons, the radiosonde wind profile on 2 February 2016
(11:18 UTC launch) is shown in Figure 4 (top panels) with three hours of lidar wind profiles (11:18 to
2:18 UTC) overlaid. Relatively good agreement (within ±3 m/s) during this time period was found
due to low wind variability; the weaker winds on this day also caused minimal radiosonde horizontal
displacement (Figure 4b). This was not typical for most radiosonde launches as the wind profile usually
varied drastically on shorter timescales. The 24-hour plot of lidar VAD wind profiles observed on 7
February 2019 (Figure 4d) demonstrates the more typical wind variability at Iqaluit. Figure 4d also
illustrates the lidar’s ability to fill the temporal gap in wind-profile observations at WMO radiosonde
observation sites.
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Figure 3. Doppler beam-swinging (DBS) (a) and velocity-azimuth display (VAD) (b) lidar-sonde bias
(mean difference, dashed line) and standard deviation of the error (STDE, solid line) for all coincident
observations within 10 min of radiosonde launch. Both the u (red) and v (blue) components of the
wind vector are shown. The mean biases from 0 to 2 km AGL are also shown (dotted vertical line).

The lidar-sonde mean absolute error (averaged from 0 to 2 km AGL) increased when comparisons
were performed at longer comparison times after the radiosonde launch time, as shown in Figure 5.
This provides an indication of the temporal representativeness of the lidar wind-profile measurements,
whereby on average the lidar-sonde absolute error increased roughly 0.13 m/s per hour after radiosonde
launch regardless of scan type. From Figure 5 it is clear that comparisons within 0–10 min after
radiosonde launch, which were used to produce Figure 3, exhibited the best agreement, when the
sonde remained relatively close to the ground.
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Figure 4. Radiosonde wind profile (green) at 11:18 UTC on 2 February 2016 overlaid with three hours 
(11:18-2:18 UTC) of lidar VAD wind profiles (black dashes) for the v (a) and u (c) wind components. 
Radiosonde drift distance compared to the lidar’s 70° beam divergence is also shown (b). 24 h of 
continuous lidar VAD wind-profile observations on 7 February 2019 are shown for comparison (d). 
Note: lidar wind profiles every 30 min and at every 99 m in height were plotted for clarity. Periods of 
radiosonde observations are indicated by the black rectangles. 

The lidar-sonde mean absolute error (averaged from 0 to 2 km AGL) increased when 
comparisons were performed at longer comparison times after the radiosonde launch time, as shown 

Figure 4. Radiosonde wind profile (green) at 11:18 UTC on 2 February 2016 overlaid with three hours
(11:18-2:18 UTC) of lidar VAD wind profiles (black dashes) for the v (a) and u (c) wind components.
Radiosonde drift distance compared to the lidar’s 70◦ beam divergence is also shown (b). 24 h of
continuous lidar VAD wind-profile observations on 7 February 2019 are shown for comparison (d).
Note: lidar wind profiles every 30 min and at every 99 m in height were plotted for clarity. Periods of
radiosonde observations are indicated by the black rectangles.
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The correlations shown in Figure 6 depend on the altitude. As shown in Figure 7, the correlation
(R2) for comparisons within 10 min of radiosonde launch decreased with height only for DBS wind
profiles. This is in agreement with the DBS’ increase in the STDE with height (Figure 3) and similar to
the lidar-radiosonde correlations provided in Kumer et al. [16]. The correlation strength decreased
roughly 0.22 and 0.08 per hour after radiosonde launch for DBS and VAD scans, respectively. At longer
comparison times (e.g., 40–50 min after radiosonde launch), both DBS and VAD R2 values decreased
with height, but more so for DBS.
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3.2. Verification of Numerical Weather Prediction (NWP) Models against the Doppler Lidar

3.2.1. Environment and Climate Change Canada (ECCC) NWP Models

From 2016–2018, ECCC has run its deterministic prediction systems operationally with domains
that cover most or all of the Arctic region (Figure 8). All of these models are based on the Canadian global
environmental multiscale (GEM) model [34,35] and details on their initialization and surface scheme
can be found in Bélair et al. [36] and Buehner et al. [37]. The regional deterministic prediction system
(RDPS, ~10 km grid spacing) is a limited area model (LAM) nested within the global deterministic
prediction system (GDPS, ~15 km grid spacing), which is fully coupled with the global ice and ocean
prediction system (GIOPS) [38]. The high-resolution deterministic prediction system (HRDPS, ~2.5 km
grid spacing) is in turn a LAM nested within the RDPS and resolved as in a scale-cascade. The Canadian
Arctic prediction system (CAPS, ~3 km grid spacing) is nested within the GDPS and is an experimental
model developed as ECCC’s contribution to the YOPP modeling effort. CAPS has been running
operationally since February 2018 and is coupled with the regional ice and ocean prediction system
(RIOPS) [39,40]. It has an enhanced microphysics scheme [41,42] and a large domain, encompassing
the whole Arctic.
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Figure 8. Environment and Climate Change Canada (ECCC) deterministic prediction system domains
for high-resolution deterministic prediction system (HRDPS, ~2.5 km grid spacing; red), Canadian
Arctic prediction system (CAPS, ~3 km grid spacing; blue), and regional deterministic prediction
system (RDPS, ~10 km grid spacing; cyan). HRDPS-north (orange) was not used in this study. Green
circles indicate the locations of Iqaluit, Whitehorse, and Squamish (top to bottom).

In alignment with the YOPP data access, CAPS gridded model output is available for research
studies at http://dd.alpha.meteo.gc.ca/yopp/model_caps and CAPS high-frequency time series in a 7 ×
7 grid surrounding the YOPP supersites (which include Iqaluit and Whitehorse) are available at http:
//thredds.met.no/thredds/catalog/alertness/YOPP_supersite/ECCC-CAPS/catalog.html. Radiosonde
data are assimilated into the models every 12 h, unlike Doppler lidar data. Forecasts analyzed in this
study are produced from model runs at 00 and 12 UTC and are valid for 48 h, since these are when the
origin and lead times are common to all NWP models considered.

3.2.2. Model Verification

Comparisons between the RDPS, HRDPS (“HRDPS-panCanadian” in Figure 8), and CAPS model
output and the Doppler lidar wind-profile observations were performed in this study. The Doppler
lidar’s wind-profile observations were averaged in larger 30 m altitude bins to better match the model
output’s lower vertical resolution. The models use sigma-hybrid vertical levels, therefore the models’
vertical structure is not uniform; vertical resolution is higher near the surface and jet stream. The
models’ horizontal winds were linearly interpolated to 90, 150, and 300 m AGL, and then every 300 m
above that up until 3.6 km AGL in order to perform comparisons with the lidar.

Lidar VAD wind profiles were compared to the 3-h lead-time forecast winds from RDPS, HRDPS,
and CAPS. The mean bias (model output–lidar) and RMSE for Iqaluit, Whitehorse, and Squamish
are provided in Figure 9; vertically averaged statistics are in Table 1. Output from each model’s grid
point closest to the lidar was compared against all available lidar observations from January 2016 to

http://dd.alpha.meteo.gc.ca/yopp/model_caps
http://thredds.met.no/thredds/catalog/alertness/YOPP_supersite/ECCC-CAPS/catalog.html
http://thredds.met.no/thredds/catalog/alertness/YOPP_supersite/ECCC-CAPS/catalog.html
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September 2018 at each site. The number of comparisons ranged from N = 9 at higher altitudes (3.6 km
AGL at Iqaluit) to N = 759 at lower altitudes (90 m AGL at Squamish). Similar results were obtained
for the DBS wind profiles and for comparisons against 27- and 39-hour lead-time forecast winds, with
the exception that the biases and RSME were slightly larger (not shown).
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Figure 9. Three-hour forecast lead time model-lidar average bias (dashed) and root-mean-square error
(RMSE, solid) for the RDPS (red), HRDPS (blue), and CAPS (green) model output above Iqaluit (a),
Whitehorse (b), and Squamish (c) from Jan 2016 to Sept 2018. Black arrows indicate the approximate
height of the top of the nearest mountain/hill relative to the lidar. The mean biases from 0 to 3.6 km
AGL are also shown (dotted vertical line). Note: Squamish falls outside the CAPS domain.

Table 1. Three-hour lead time forecast mean bias (model-lidar, from 0 to 3.6 km AGL) and RMSE for
RDPS, HRDPS, and CAPS at Iqaluit, Whitehorse, and Squamish. Note: Squamish falls outside the
CAPS domain.

Iqaluit Bias
(m/s)

Iqaluit
RMSE (m/s)

Whitehorse
Bias (m/s)

Whitehorse
RMSE (m/s)

Squamish
Bias (m/s)

Squamish
RMSE (m/s)

RDPS
201601-201810 0.53 ± 0.08 2.69 1.79 ± 0.13 4.56 0.01 ± 0.16 3.69

HRDPS
201601-201810 0.49 ± 0.08 2.64 1.49 ± 0.08 3.67 0.17 ± 0.05 2.76

CAPS
201802-201810 0.71 ± 0.09 2.47 1.44 ± 0.08 3.71 N/A N/A

Good agreement comparable to the lidar–radiosonde was found at Iqaluit for all models (except
for a large CAPS bias at altitudes above 2 km). The model versus lidar agreement at Whitehorse and
Squamish was less strong than at Iqaluit, possibly due to the difficulty in the model’s ability to resolve
the wind field in such complex mountainous terrain. In addition, no radiosonde measurements could
be assimilated in the NWP initial conditions at Squamish due to none being available. The small
constant positive bias at Iqaluit for altitudes above 500 m AGL is possibly due to the lidar’s systematic
underestimation of wind speed (Figure 3). The bias at the Whitehorse site increased linearly with height
between 500 m and 2 km AGL; the larger RDPS RMSE was mainly due to its larger bias. The model
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wind speeds at Squamish were underestimated at lower elevations (<1200 m AGL) and overestimated
at higher elevations (>1200 m AGL), again with a better performance of the high-resolution model. As
such, the low mean biases reported in Table 1 for Squamish are due to the large positive and negative
biases averaging out; the RMSE is a more reliable metric in this case.

Results in Figure 10 are separated by season (winter = December to February 2017–2018, summer
= June to August 2018) to illustrate the observed seasonal differences in the model-lidar agreement
as a function of forecast lead time. This provides an initial evaluation of the GEM models’ wind
fields during WMO’s 2018 YOPP period. Results shown are for comparisons at 900 m AGL but are
representative of the agreement at most heights. Good agreement between the lidar and GEM models
was found, particularly for the higher-resolution HRDPS and CAPS models and for Iqaluit (only
during the winter at Squamish did RDPS outperform HRDPS). No significant increase in the bias or
RMSE was observed as a function of forecast hour; the daily oscillation in biases and RMSE is typically
a stronger signal than the forecast error increase with lead time within this forecast range. Overall, the
agreement during the summer was better than that during the winter for all models. There was also
significantly more variability in the bias and RMSE during the winter than the summer at all sites,
indicating clear seasonal differences not only in the models’ performance but also in the verification
sample size (fewer comparisons were available during the winter months).
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Figure 10. RDPS (red), HRDPS (blue), and CAPS (green) model bias (dashed) and RMSE (solid) 
compared to the lidar VAD wind profile as a function of forecast lead time for Iqaluit (a,b), Whitehorse 
(c,d), and Squamish (e,f). Results are shown for comparisons at 900 m AGL. Differences between the 
RDPS and HRDPS RMSE are shown in the panels underneath (grey shading indicates 90% confidence 
intervals). Comparisons during the winter are shown in the top two rows (a,c,e); summer is shown in 
the bottom two rows (b,d,f). 

4. Discussion 

In this study, Halo Doppler lidar wind-profile observations were compared to coincident 
radiosonde observations at ECCC’s Iqaluit supersite over a 19-month period. Overall, excellent 
agreement was observed between the lidar–sonde. The larger bias and STDE within the first 150 m 
AGL for both scans (Figure 3) is likely the result of how radiosondes are launched; a tether that is 
released from the radiosonde at launch produces a torque, which causes the radiosonde to rotate 
below the balloon until it is stabilized. As such, wind speed measurements from the radiosonde in 
this lower region may be less reliable. For instance, Kumer et al. [16] found that the agreement 
between the lidar and sonde was better for heights > 125 m AGL.  

A systematic negative bias between the lidar-sonde existed during all seasons and times of day, 
indicating that overall the lidar measures smaller wind speeds than the radiosonde. Note that the 
bias magnitude is comparable to the radiosonde wind speed uncertainty (0.4–1 m/s) as estimated by 
GRUAN, but is larger than the Vaisala estimates (0.15 m/s). The lidar-sonde agreements and 
correlations were similar to the agreements found in previous studies [13,15,16,18,19]. Comparing 
the two scan methodologies, the DBS scan exhibited an increase in the error with height, after 
approximately 1 km, whereas the VAD wind profiles’ agreement with the radiosonde remained 
relatively unchanged with height, despite the radiosonde’s drift. This could be due to the larger 
scanning volume during a VAD scan, whereas the DBS scan did not sample air to its south where the 
radiosonde typically drifted. Since the VAD scan agreed with the radiosonde better than the DBS 
scan in almost every regard and the requirement for an accurate VAD scan is uniform flow, the flow 
over the Iqaluit supersite and surrounding region, including the airport runway, can be considered 
uniform.  

Figure 10. RDPS (red), HRDPS (blue), and CAPS (green) model bias (dashed) and RMSE (solid)
compared to the lidar VAD wind profile as a function of forecast lead time for Iqaluit (a,b), Whitehorse
(c,d), and Squamish (e,f). Results are shown for comparisons at 900 m AGL. Differences between the
RDPS and HRDPS RMSE are shown in the panels underneath (grey shading indicates 90% confidence
intervals). Comparisons during the winter are shown in the top two rows (a,c,e); summer is shown in
the bottom two rows (b,d,f).

4. Discussion

In this study, Halo Doppler lidar wind-profile observations were compared to coincident
radiosonde observations at ECCC’s Iqaluit supersite over a 19-month period. Overall, excellent
agreement was observed between the lidar–sonde. The larger bias and STDE within the first 150 m
AGL for both scans (Figure 3) is likely the result of how radiosondes are launched; a tether that is
released from the radiosonde at launch produces a torque, which causes the radiosonde to rotate below
the balloon until it is stabilized. As such, wind speed measurements from the radiosonde in this lower
region may be less reliable. For instance, Kumer et al. [16] found that the agreement between the lidar
and sonde was better for heights > 125 m AGL.

A systematic negative bias between the lidar-sonde existed during all seasons and times of day,
indicating that overall the lidar measures smaller wind speeds than the radiosonde. Note that the
bias magnitude is comparable to the radiosonde wind speed uncertainty (0.4–1 m/s) as estimated by
GRUAN, but is larger than the Vaisala estimates (0.15 m/s). The lidar-sonde agreements and correlations
were similar to the agreements found in previous studies [13,15,16,18,19]. Comparing the two scan
methodologies, the DBS scan exhibited an increase in the error with height, after approximately 1 km,
whereas the VAD wind profiles’ agreement with the radiosonde remained relatively unchanged with
height, despite the radiosonde’s drift. This could be due to the larger scanning volume during a VAD
scan, whereas the DBS scan did not sample air to its south where the radiosonde typically drifted.
Since the VAD scan agreed with the radiosonde better than the DBS scan in almost every regard and
the requirement for an accurate VAD scan is uniform flow, the flow over the Iqaluit supersite and
surrounding region, including the airport runway, can be considered uniform.



Remote Sens. 2020, 12, 323 17 of 20

Comparisons between the lidar wind profiles and the ECCC operational GEM modeled winds
showed good agreement that was better at Iqaluit (tundra) than at Whitehorse and Squamish
(mountainous terrain). While this indicates difficulties with the models’ ability to resolve the wind
field in mountainous terrain, note that these results are based on only three locations and may not be
representative everywhere. The models also performed better during the summer than the winter; this
is possibly due to the larger volume of data available during the summer in the Polar Regions, which
improves the NWP initial conditions via data assimilation. A better understanding of summer polar
processes might also play a role, however we believe the assimilation has a larger impact given that
the model performance is almost constant with lead time.

5. Conclusions

Environment and Climate Change Canada (ECCC) has equipped several of its meteorological
observation sites with Doppler lidars to investigate their ability to complement existing radiosonde
observations and provide enhanced meteorological data for model verification and process studies
during the World Meteorological Organization’s Year of Polar Prediction (YOPP). The Halo Doppler
lidar Doppler beam swinging (DBS) and velocity-azimuth display (VAD) wind-profile observations
were quality-controlled and compared against coincident radiosonde observations at ECCC’s Iqaluit
supersite. The best agreements were found for comparisons within 10 min of radiosonde launch, which
is when the radiosonde was still sampling air within range of the lidar.

Excellent agreement between the lidar and radiosonde was found during 19 months (January
2016 to July 2017) of continuous lidar observations. The mean bias between the lidar and radiosonde
was −0.46 ± 0.02 m/s and −0.27 ± 0.02 m/s for DBS and VAD scans, respectively, which falls within
the quoted uncertainty by both manufacturers. This small but systematic negative bias indicates that
the lidar measures slightly lower wind speeds compared to the radiosonde regardless of season, scan
strategy, or meteorological conditions. The lidar and radiosonde wind-profile measurements were also
strongly correlated (R2 > 0.81 for DBS and R2 > 0.89 for the VAD, for heights up to 2 km AGL). The
VAD scan agreed with the radiosonde better than the DBS scan in almost every regard. This evaluation
of the lidar wind profiles provides a characterization of its error statistics in the Arctic as required for
NWP model evaluation and assimilation, which is the focus of future work.

Doppler lidar wind-profile observations were compared to ECCC’s Numerical Weather Prediction
(NWP) model output and showed good agreement with mean biases slightly larger than the lidar-sonde
comparisons (e.g., 0.49± 0.08 m/s for HRDPS at Iqaluit). The models assimilated Iqaluit and Whitehorse
radiosonde data, which exhibited slightly larger wind-speeds than the lidar: consequently, at Iqaluit and
Whitehorse all models exhibited a small and systematic positive bias compared to the lidar. As expected
for very local variables (such as near-surface winds), the higher-resolution models (Canadian Arctic
prediction system, CAPS, and high-resolution deterministic prediction system, HRDPS) performed
better than the coarser resolution regional deterministic prediction system (RDPS), exhibiting a smaller
bias and root-mean-square error (RMSE).

The surrounding topography at the three sites had an impact on the model-lidar agreement.
Overall the model-lidar agreements were worse in mountainous terrain, indicating difficulties with
the models’ ability to resolve the wind field in mountainous terrain. At Iqaluit, the bias and RMSE
peaked at the height of the nearby hills, as it did for the lidar-radiosonde comparisons. A negative bias
was found near the surface for all models at Whitehorse and Squamish, whereas above the nearby
mountains a large positive bias was found. This indicates that the model underestimates winds within
the valley and overestimates winds above the mountains in mountainous terrain. However, only three
locations were used in this evaluation and as such these results may not be representative of the models’
performance everywhere. All models performed better during the summer than the winter (except
for RDPS at Squamish), whereas no differences between seasons were observed for the lidar–sonde
comparisons. Further investigation is required to explain the change in model performance from
winter to summer.
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This study provides strong evidence for the lidar wind profiles to complement existing radiosonde
wind observations, particularly when considering the ability of the lidar to provide autonomous
(unmanned) additional observations within the boundary layer at significantly finer timescales and
during all weather conditions. Changes in the winds that occur over timescales <12 h are currently not
observed nor assimilated into ECCC NWP models; these gaps can be addressed by lidar wind-profile
observations, albeit limited to the boundary layer, that exhibit similar accuracy to the radiosonde. A
detailed assessment of the feasibility of assimilating lidar winds into the NWP model is currently
underway at ECCC, and preliminary results indicate the additional information content provided from
the lidar has a positive impact on NWP model performance over short to medium timescales (0–24 h
forecasts).
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