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Abstract 1 

Polar lows (PLs), which are intense maritime polar mesoscale cyclones, are associated with 2 

severe weather conditions. Due to their small size and rapid development, PL forecasting 3 

remains a challenge. Convection-permitting models are adequate to forecast PLs since, 4 

compared to coarser models, they provide a better representation of convection as well as 5 

surface and near-surface processes. A PL that formed over the Norwegian Sea on 25 March 6 

2019 was simulated using the convection-permitting Canadian Regional Climate Model 7 

version 6 (CRCM6/GEM4, using a grid mesh of 2.5 km) driven by the reanalysis ERA5. 8 

The objectives of this study were to quantify the impact of the initial conditions on the 9 

simulation of the PL, and to assess the skill of the CRCM6/GEM4 at reproducing the PL. 10 

First, the track, size and intensity of the PL captured by the simulations and ERA5 have 11 

been compared to those of the observed PL. Second, the simulations and ERA5 have been 12 

verified against observations from surface stations and drifting buoys affected by the PL. 13 

In particular, the following statistics were computed: the mean error, the root mean square 14 

error, and the Spearman correlation coefficient. The results show that the skill of the 15 

CRCM6/GEM4 at reproducing the PL strongly depends on the initial conditions. Although 16 

in all simulations the synoptic environment is favourable for PL development, with a strong 17 

low-level temperature gradient and an upper-level through, only the low-level atmospheric 18 

fields of three of the simulations lead to PL development through baroclinic instability. The 19 

two simulations that best captured the PL represent a PL deeper than the observed one, and 20 

they show higher temperature mean bias compared to the other simulations, indicating that 21 

the ocean surface fluxes may be too strong. In general, ERA5 has more skill than the 22 



 3 

simulations at reproducing the observed PL, but the CRCM6/GEM4 simulation with 23 

initialisation time closer to the genesis time of the PL reproduces quite well small scale 24 

features as low-level baroclinic instability during the PL development phase. 25 

 26 

  27 
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1. Introduction 28 

The polar regions experience a variety of climate-related extreme events and high-impact 29 

weather conditions such as katabatic winds, blizzards, and polar lows (PLs) [1]. PLs are 30 

intense mesoscale maritime cyclones that develop between the poles and the main 31 

baroclinic zone, mainly during the cold season. Their diameter varies between 200 and 32 

1,000 km, and their associated near-surface wind speed is over 15 m s-1 [2]. PLs are short-33 

lived phenomena, with lifetimes ranging from three to 36 hours [3]. They develop over the 34 

open water near the snow-covered landmasses or the sea-ice edge during marine cold air 35 

outbreaks (MCAOs). PLs are associated with severe weather conditions, including gale-36 

force winds and heavy snowfall. These conditions can lead to large waves [e.g., 4], low 37 

visibility, snow avalanches, and icing on infrastructures. Therefore, PLs pose a threat to 38 

coastal populations, infrastructures, transport, and economic activities, and in some cases 39 

they have led to casualties [e.g., 5]. Producing accurate weather forecasts of PLs is thus 40 

critical to provide communities with enough time to prepare. 41 

 42 

Weather forecasting in the polar regions remains a challenge since conventional 43 

observations are sparse, with weather stations being mainly concentrated along the coast 44 

[6], and data assimilation often fails to optimally use the available observational datasets 45 

[7]. The small temporal and spatial scales – horizontal and vertical scales of 100 km and 46 

1 km, respectively – of PLs makes them particularly hard to forecast and to reanalyse [8]. 47 

Global reanalyses have low resolution (> 30 km of grid mesh), so they often fail to capture 48 

observed PLs. For instance, the reanalysis of the European Centre for Medium-Range 49 

Weather Forecasts (ECMWF) known as ERA-Interim [ERA-I, 9], which has a grid mesh 50 
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of 0.75 °, fails to capture many PLs [10, 11]. The fifth-generation ECMWF reanalyses 51 

ERA5 [12], which has a grid mesh of 31 km and hourly outputs, captures more PLs than 52 

its predecessor [13]. Regional reanalyses such as the Arctic System Reanalysis [ASR, 14] 53 

are likely to be more adequate to represent PLs than global reanalyses given their higher 54 

resolution, and the fact that they are adapted to a particular region. For example, the first 55 

version of the ASR, which has a grid mesh of 30 km, captures more PLs than ERA-I [15]. 56 

Limited-area high-resolution atmospheric models are also a useful tool to study PLs since 57 

they can represent more PLs compared to the coarser reanalysis used as initial and 58 

boundary conditions [e.g., 10]. 59 

 60 

PL forecasting has been improved recently thanks to the development of high-resolution, 61 

non-hydrostatic atmospheric models. Compared to large-scale models, convection-62 

permitting models (CPMs) provide a better representation of convection as well as surface 63 

and near-surface processes [16], which play an important role in the development of PLs. 64 

Indeed, Stoll et al. [17] found that, compared to the ECMWF global model HRES based 65 

on the Integrated Forecast System (IFS) cycle 32r3 [18], which has a grid mesh of 25 km, 66 

the regional model AROME-Arctic [19], which has a grid mesh of 2.5 km, represented 67 

better the small-scale features associated with a PL such as individual convective clouds. 68 

 69 

The emergence of high-resolution atmospheric models comes with its challenges. The 70 

increased resolution of the models requires that the model parameterisations be adapted to 71 

the resolution of the CPMs [16, 20]. In the polar regions, the parameterisation of surface 72 

fluxes needs to be optimised [21]. Furthermore, to make correct forecasts, atmospheric 73 
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models need to be initialised with good observed conditions. Initial conditions uncertainties 74 

affecting the prediction of small-scale weather systems are mainly associated with 75 

convective and mesoscale instabilities [22]. The initial conditions of moisture at the 76 

mesoscale are especially significant for PL forecasting [23]. The initialisation time also 77 

seems to have an impact on the representation of PLs, as shown by case studies of the PL 78 

developed on 3 March 2008 [24, 25]. McInnes et al. [24] found that the simulations with 79 

the MetUM using a grid mesh of 4 km showed better performance when the simulations 80 

were initialised at around 42 hours before the PL formed compared to the simulations 81 

initialised 24 hours later. The authors argued that this could indicate that initialising the 82 

simulations at an earlier stage may be necessary to reproduce the synoptic-scale 83 

atmospheric conditions leading to the PL development. Nevertheless, Wagner et al. [25] 84 

obtained opposite results using the Polar Weather Research and Forecasting (WRF) model 85 

with a grid mesh of 2 km. In effect, the authors found that the simulations that performed 86 

better were those whose initialisation time was closer to the genesis time of the PL. 87 

 88 

In this work we conducted a case study of a PL that developed over the Norwegian Sea on 89 

25 March 2019 with two main objectives: 90 

1) To quantify the impact of the initial conditions on the simulation of the PL; 91 

2) To assess the skill of the developmental version of the convection-permitting Canadian 92 

Regional Climate Model version 6 (CRCM6/GEM4) at reproducing the observed PL. 93 

The main verification method used in case studies of PLs is visual verification, but this 94 

type of verification does not quantify the skill of the model [8]. Therefore, we have applied 95 

an objective method to verify the simulations of the PL against conventional observations. 96 



 7 

Since the PL made landfall in Norway, we have been able to use near-surface observations 97 

of a wide range of atmospheric variables. Given that more work is needed on the 98 

verification of near-surface fields in the polar regions [7], this study will partly contribute 99 

to fill in this research gap. 100 

 101 

The article is organised in four sections. Section 2 provides information about the 102 

CRCM6/GEM4 and the datasets used for the verification of the simulations, as well as a 103 

description of the methods used to prepare the datasets and to verify the simulation output. 104 

Section 3 provides a description of the life cycle of the PL and includes the analysis of the 105 

results. Section 4 summarizes the main conclusions of this study. 106 

  107 
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2. Data and Methods 108 

2.1 Datasets 109 

2.1.1 Simulations 110 

The PL that developed over the Norwegian Sea on 25 March 2019 has been simulated with 111 

the developmental version of the convection-permitting CRCM6/GEM4. The dynamical 112 

core of the CRCM6/GEM4 has been developed from the limited-area version of the Global 113 

Environmental Multiscale Model [GEM; 26, 27, 28]. The CRCM6/GEM4 uses the 114 

dynamical core of the version 4 of the GEM model (GEM4), whose detailed description is 115 

given by Girard et al. [29]. GEM uses an implicit semi-Lagrangian method for 116 

spatiotemporal integration [26, 29]. The model uses a rotated longitude-latitude grid in the 117 

horizontal [30]. The vertical coordinate is a hybrid log-hydrostatic pressure coordinate, 118 

based on the formulation of hydrostatic pressure developed by Laprise [31]. For the spatial 119 

discretization, the model uses three-dimensional staggered grids, the Arakawa C grid in the 120 

horizontal and the Charney-Phillips grid in the vertical. For the lateral driving, GEM 121 

employs the nesting technique suggested by Davies [32], which consists of applying a 122 

sponge zone around the domain with a relaxation coefficient decreasing from the outside 123 

to the inside. 124 

 125 

For the simulations reported here, the model uses a grid spacing of 0.0225° (≈ 2.5 km), a 126 

vertical grid with 62 levels, and a time step of one minute. The size of the domain is 127 

1024 x 1024 grid points (Fig 1), including the ten grid point sponge zone around the 128 
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perimeter of the domain, and the model top is at 2 hPa. The output of the simulations, 129 

excluding the sponge zone, therefore covers an area of approximately 2510 x 2510 km2. 130 

Such domain is sufficient to capture not only the mesoscale phenomena, but also synoptic-131 

scale features affecting polar low development. 132 

 133 

Fig 1. Location of the drifting buoys and surface stations whose data has been used for the verification 134 
of the simulations of the PL. The observations used are sea level pressure (SLP), 2-m temperature (T2m), 135 
2-m dewpoint temperature (Td,2m), 2-m relative humidity (RH2m), 10-m wind (V10m), 10-m maximum wind 136 
gusts (WG10m,max), and 1-h accumulated precipitation (PR). The region showed is the domain of the 137 
simulation excluding the sponge zone. 138 

 139 

The following subgrid parameterisation schemes have been used for the simulation: the 140 

correlated-k radiation scheme [33], the planetary boundary layer scheme MoisTKE that 141 

unifies turbulence and cloudiness [27, 34], the non-convective condensation scheme 142 

Predicted Particle Properties [P3; 35], and the land-surface scheme Interactions between 143 

Soil, Biosphere and Atmosphere [ISBA; 36]. Since convection is partially resolved, the 144 

deep convection scheme is turned off and only the shallow convection scheme Kuo-145 
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transient [27] is used. The orographic gravity wave drag and blocking, and non-orographic 146 

gravity wave drag schemes are also turned off. 147 

 148 

The atmospheric and ocean surface initial and boundary conditions have been obtained 149 

from the ERA5 global reanalysis, which has a horizontal grid of 0.25° [12]. From 150 

September 2007 onwards, ERA5 uses the Operational Sea Surface Temperature and Sea 151 

Ice Analysis (OSTIA) product for the sea surface temperature (SST), and the Ocean and 152 

Sea Ice Satellite Application Facilities (OSI SAF) product for the sea ice concentration 153 

(SIC). The CRCM6/GEM4 is hourly (daily) driven by the atmospheric (ocean surface) 154 

fields of ERA5. The ocean surface condition is temporally interpolated. The land surface 155 

initial conditions have been obtained from the Canadian Meteorological Centre analyses. 156 

Eight simulations were conducted by initialising the model every 6 hours from 23 March 157 

at 0000 UTC to 24 March at 1800 UTC. All simulations ended on 26 March at 0600 UTC. 158 

In what follows, we will refer to each simulation by its initialisation date; for instance, the 159 

simulation initialised on 24 March at 1200 UTC will be referred to as 24d12h. 160 

 161 

Several variables at screen level have been output to compare them with conventional 162 

observations. It is important to note that the model computes the wind gusts using the wind 163 

gust estimate method developed by Brasseur [37]. This approach assumes that turbulent 164 

eddies lead to the downward deflection of air parcels located at higher levels in the 165 

boundary layer, producing surface wind gusts. Therefore, the mean wind and the turbulent 166 

structure of the atmosphere are included in the computation of wind gusts. This method 167 
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provides a wind gust estimate as well as a bounding interval around this estimate. For this 168 

study, we use the instantaneous wind gust estimate that is output every hour. 169 

 170 

2.1.2 Conventional observations 171 

The simulations have been evaluated against hourly observations from weather stations 172 

provided by the Norwegian Meteorological Institute (MET Norway), and from drifting 173 

buoys provided by Canada's Integrated Science Data Management (ISDM) centre. Drifting 174 

buoys have been deployed by different international programs, the largest being the Global 175 

Drifter Program (GDP), which is the result of an international collaboration under the 176 

World Meteorological Organization (WMO) and the United Nations Educational, 177 

Scientific and Cultural Organization (UNESCO) umbrella. The GDP has been deploying 178 

surface Velocity Program Lagrangian drifters equipped with barometers that measure mean 179 

sea level pressure (SLP) every hour [38]. The main advantages of using conventional 180 

observations as “truth data” are that they directly measure meteorological variables and 181 

they have high temporal resolution, which is essential to capture PL development. 182 

 183 

The observations from weather stations used to verify the simulations are SLP, 2-m 184 

temperature, 2-m dewpoint temperature, 2-m relative humidity, 10-m wind speed and 185 

direction, 10-m maximum wind gusts, and 1-h accumulated precipitation. The registered 186 

wind speed and direction are averaged over the last ten minutes before the observation 187 

time, and the maximum wind gust is the maximum wind registered during the ten minutes 188 

before the observation time. For drifting buoys, only SLP is available. Care should be taken 189 
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when comparing the observed 10-m maximum wind gusts with the simulation and ERA5 190 

wind gusts since the latter two are instantaneous wind gusts that are output every hour. 191 

2.1.3 ERA5 192 

The reanalysis ERA5 is produced by the EMCWF using a 4D-Var data assimilation scheme 193 

and the IFS Cy41r2 [12]. ERA5 has a grid spacing of 31 km and 137 levels to 0.01 hPa, 194 

and it provides hourly data. It covers the period from 1978 to the present, and there is a 195 

preliminary version from 1950 to 1978 [39]. Among other data, ERA5 assimilates 196 

conventional observations from surface stations and drifting buoys [see Fig 4 of 12]. Some 197 

studies have found that ERA5 shows a good performance in the Arctic [40, 41]. For 198 

example, Graham et al. [40] found that, compared to other reanalyses, including ERA-I, 199 

ERA5 had the smallest biases and root mean square errors (RMSEs), and the highest 200 

correlation coefficients at capturing the temperature, wind speed and specific humidity in 201 

the Fram Strait. Nevertheless, some studies have found limitations of ERA5 over Arctic 202 

sea ice. Since ERA5 does not represent a snow layer on top of the sea ice, the conductive 203 

heat flux from the ocean to the atmosphere is overestimated. As a result, like other 204 

reanalyses, ERA5 sea-ice surface temperature shows a warm bias during clear-sky 205 

conditions in winter [42]. This is consistent with the large warm bias of ERA5 2-m 206 

temperature over Arctic sea ice during the cold season compared to observations from 207 

drifting buoys [43]. 208 
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2.2 Data preparation 209 

We have prepared all the data from surface stations and drifting buoys available in the 210 

domain of the simulations in order to have complete time series of the variables whenever 211 

possible. Regarding surface stations, only data with acceptable quality has been selected, 212 

and outliers have been discarded. Therefore, some of the time series were incomplete either 213 

because there was already missing data or because some observations were discarded due 214 

to their low quality. In the case of noisy variables (10-m wind, 10-m wind gusts, and 1-h 215 

accumulated precipitation), the time series with one or more missing data have been 216 

completely discarded. In the case of smooth or continuous variables (SLP, 2-m 217 

temperature, 2-m relative humidity and 2-m dewpoint temperature), the time series with 218 

more than three missing values have been discarded. For the time series with three or less 219 

missing values, these values have been computed doing a linear temporal interpolation 220 

using the closest previous and following available observations, including sub-hourly 221 

observations. When the time between the previous or following observation and the 222 

missing observation was longer than one hour, the time series was discarded. Finally, since 223 

both wind speed and direction are needed to verify the simulations, only the data of stations 224 

that provide both wind speed and direction have been retained for the verification of the 225 

wind field. In the case of drifting buoys, no time interpolation of the missing data has been 226 

done. 227 

 228 

The simulated and ERA5 atmospheric fields have been spatially interpolated from the 229 

model grid to the observation points using either bilinear – for noisy variables – or bicubic 230 



 14 

interpolation – for smooth variables. A simple height correction has been applied to the 231 

simulated and the ERA5 temperature and dew point temperature to account for the 232 

difference in height between the real topography and the topography of the model. The 233 

lapse rate of the simulations and ERA5 at the lowest levels of the atmosphere has been 234 

used for the height correction of their respective temperature fields. 235 

2.3 Verification 236 

First, the track, size and intensity of the PL captured by the simulations and ERA5 have 237 

been compared to that of the observed PL. The track of the observed PL has been manually 238 

obtained using IR radiance satellite images from the Moderate Resolution Imaging 239 

Spectroradiometer (MODIS), the Advanced Very High Resolution Radiometer 240 

(AVHRR/3) and the Visible Infrared Imaging Radiometer Suite (VIIRS). The coordinates 241 

of the centre of the observed PL have been estimated at each hour from the genesis until 242 

the dissipation of the PL. The track that has been initially obtained using the satellite images 243 

has been improved by ensuring that the track is consistent with the conventional 244 

observations of SLP and 10-m wind. The tracks of the PL in the simulations and ERA5 245 

have been manually obtained using the SLP field. The criteria to identify the beginning of 246 

the PL is the presence of at least three SLP closed contours in a map showing the SLP 247 

isobars every 1 hPa. The size of the PL has been estimated in all the datasets by measuring 248 

the diameter of the cloud signature during the mature stage of the PL. The intensity of the 249 

PL in the simulations and ERA5 is given by the SLP minimum at its centre. In the case of 250 

observations, the SLP minimum corresponds to the SLP observation from the surface 251 

station that is the closest to the centre of the PL. Since some stations are too far from the 252 
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centre of the PL, only the observations from stations within a distance of 25 km from its 253 

centre have been considered. 254 

 255 

Second, all the simulations and ERA5 have been verified against observations from surface 256 

stations and drifting buoys affected by the PL. Therefore, we have only used observations 257 

obtained within a distance of 300 km – which approximately corresponds to the radius of 258 

the cloud signature of the PL at its mature stage – from the centre of the observed PL. The 259 

total number of observations used are 352 for SLP, 860 for 2-m temperature, 820 for 2-m 260 

dewpoint temperature, 483 for 2-m relative humidity, 534 for 10-m wind, 318 for 10-m 261 

wind gusts, and 448 for 1-h accumulated precipitation. From the genesis of the PL until 25 262 

March at 11:00 UTC or 12:00 UTC, depending on the variable, the number of observations 263 

is no more than 10, or there are no observations at all. The number of observations notably 264 

increases when the PL gets closer to the Norwegian coast (Fig 1). Therefore, the results are 265 

mainly representative of the mature and dissipation stages of the PL. The statistics 266 

computed to measure the performance of the simulations are the mean error (ME), the root 267 

mean square error (RMSE), and the Spearman correlation coefficient (r) [44]. Since the 268 

wind is a vector, the root mean square wind-vector-difference error has been computed 269 

[RMSE-WVD; e.g., 45]. The correlation coefficient has only been computed when at least 270 

three observations were available. 271 
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3. Results and Discussion 272 

3.1 Description of the life cycle of the PL 273 

Northerly winds on the cold side of a synoptic-scale low located over the Barents Sea 274 

caused a MCAO in Fram Strait at the end of March 2019 (Fig 2a). Cold northerly winds to 275 

the west of synoptic-scale lows is a common favourable environment for PL development 276 

in the Nordic Seas [46]. The PL developed early on 25 March near the sea ice edge east of 277 

Greenland, in a region with a strong temperature gradient (Fig 2b). The cloud streets and 278 

open cells associated with the MCAO are visible on IR satellite images from the AVHRR 279 

channel 4 (Fig 3). The PL started to form over open water at the leading edge of this 280 

MCAO, and a comma-shaped cloud signature was clearly identifiable in IR images by 25 281 

March at 0200 UTC (not shown). Like many PLs in the Nordic Seas [e.g., 47], it moved 282 

southeastward as it deepened (Figs 2b and 2c). The PL hit land in Nordland county of 283 

Norway after 0900 UTC (Fig 3a). By 1200 UTC, it had reached a large part of the 284 

Norwegian coast (Figs 2c and 3b). The winds associated with the PL reached an observed 285 

maximum speed of 24.8 m s-1. The PL started to dissipate at around 1800 UTC (2d and 3c). 286 

The lifetime of this PL was 20 hours (Table 1), in agreement with climatologies of PLs in 287 

the Nordic Seas [e.g., 15]. The estimated size of the PL at its mature stage was 586 km in 288 

diameter, which is larger than the typical diameter of PLs [e.g., 47]. With an average speed 289 

of 15 m s-1, the PL travelled 1,070 km. Both the average speed and distance travelled are 290 

larger than those of most PLs [47]. 291 
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 292 

Fig 2. ERA5 atmospheric fields showing the development of the PL on 25 March 2019 at (a) 0000 UTC, 293 
(b) 0600 UTC, (c) 1200 UTC, and (d) 1800 UTC. The blue isolines represent the SLP (contours every 294 
2 hPa), the colourmap represents the 2-m temperature (°C), and the arrows represent the 10-m wind direction 295 
and speed, with longer arrows representing higher wind speeds. The orange dashed line represents the sea ice 296 
edge, which is defined as the 0.15 contour of the SIC corresponding to the 25 March 2019 at 1200 UTC. The 297 
black outlining represents the coastline. ERA5 fields have been interpolated to the grid of the simulation 298 
using bicubic interpolation for the SLP and temperature and bilinear interpolation for the wind. 299 
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 300 

Fig 3. AVHRR channel 4 images showing the PL on 25 March (a) before it hits land, (b) when it is over 301 
a great part of the Norwegian coast, and (c) when it starts to dissipate. The yellow isolines represent the 302 
ERA5 SLP field (contours every 2 hPa). The blue outlining represents the coastline. 303 

 304 

Table 1. Lifetime, translation speed and distance travelled by the PL. 305 

Dataset Start hour 
[UTC] 

End hour 
[UTC] 

Size 
[km] 

Average speed 
[m s-1] 

Distance 
[km] 

Observations 0100 2100 586 15 1,070 

23d12h 1200 2000 402 14 395 

24d12h 0000 2000 585 12 892 

24d18h 0000 2100 561 15 1,113 

ERA5 0500 1900 561 13 636 
 306 

 307 

3.2 Verification of the track, size and intensity of the simulated 308 

PL 309 

Fig 4 shows the SLP isobars of the eight simulations and ERA5 on 25 March 2019 at 310 

1500 UTC, when the mature PL was affecting the Norwegian coast. The large-scale 311 
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features of the SLP field are similar for all simulations, whereas the simulations notably 312 

differ from each other at the mesoscale, in particular near the location of the PL. Overall, 313 

these spaghetti plots show that most simulations fail to represent the PL. Only 23d12h and 314 

the latest initialised simulations 24d12h and 24d18h represent a PL. 315 

 316 

Fig 4. Spaghetti plots showing the SLP isobars (contours every 3 hPa) of the simulations and ERA5 on 317 
25 March 2019 at 1500 UTC, when the mature PL was affecting the Norwegian coast. The contour lines 318 
correspond to the SLP field of (a) the simulations initialised on 23 March at 0000, 0600, 1200 and 1800 UTC, 319 
and (b) the simulations initialised on 24 March at 0000, 0600, 1200 and 1800 UTC, and ERA5. The black 320 
outlining represents the coastline. 321 

 322 

The PL in the the simulations and ERA5 forms and dissipates on 25 March. The simulations 323 

24d12h and 24d18h represent well the size and lifetime of the observed PL, as well as the 324 

the timing of its genesis and dissipation (Table 1). The average speed of the PL in 24d18h 325 

is the same as that of the observed one, and the total distance travelled is similar. The 326 

average speed of the PL and the distance travelled are lower in 24d12h, but they are fairly 327 
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close to the observed ones. The PL represented in 23d12h is much smaller than the 328 

observed PL, and its lifetime is less than half the lifetime of the observed PL. However, its 329 

average speed is similar to the observed one. The PL in this simulation forms eleven hours 330 

latter than the observed one, but it dissipates at a similar time. Therefore, the distance 331 

travelled by the PL in this simulation is significantly lower than the observed one. The PL 332 

in ERA5 has shorter lifetime and somewhat lower average speed than the observed one, 333 

but similar size.  334 

 335 

The tracks of the PL in the simulations and in ERA5 are reasonably close to that of the 336 

observed PL (Figs 5 and 6a). The distance between the simulated and the observed tracks 337 

notably increases at the end of the lifetime of the PL, which may be partly due to the high 338 

uncertainty when determining the centre of the PL at its dissipation stage. The tracks in 339 

24d12h and 24d18h remain within 100 km of the observed track most of the time, whereas 340 

the track in ERA5 remains within 50 km from the observed one. The observed SLP 341 

minimum attained near the centre of the PL is 999.1 hPa at 1500 UTC (Fig 6b). However, 342 

since the surface station providing this observation is located 8.82 km from the centre, the 343 

real SLP minimum may be lower. The SLP minimum of the PL in 24d12h and 24d18h is 344 

995.6 and 995.7 hPa, respectively, also at 1500 UTC. The PL in 23d12h shows a steeper 345 

decrease in SLP and, as a result, the SLP minimum is reached just two hours later than in 346 

the other simulations. With a shorter lifetime than the other simulated PLs, the PL in 347 

23d12h deepens slightly less than the others and, therefore, its associated SLP minimum is 348 

closer to the observed one. Compared to the simulations, the PL in ERA5 deepens less, 349 

corresponding better to the observations. The evolution of the SLP at the centre of the PL 350 
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in ERA5 follows closely the observations, and the SLP in ERA5 attains a minimum of 351 

998.6 hPa at 1600 UTC. 352 

 353 

Fig 5. Track of the observed PL and of the PL in the simulations and ERA5. The markers represent the 354 
position of the PL at each hour. Information about the genesis and dissipation times of these PLs can be found 355 
in Table 1. 356 
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 357 

Fig 6. Time series of (a) the distance between the centre of the observed PL and the centre of the PL 358 
in the simulations and ERA5, and (b) the SLP at the centre of the PL in the simulations and ERA5, 359 
and the SLP observed at the surface station the closest to the centre of the observed PL. 360 

 361 

3.3 Verification of the simulated PL against observations 362 

affected by the PL 363 

3.2.1 Sea level pressure 364 

As expected, all simulations except for 24d12h and 24d18h notably overestimate SLP, 365 

particularly the lowest observed SLP values (Fig 7). In contrast, 24d12h and 24d18h 366 

underestimate many SLP values between 1000 and 1010 hPa. The aggregate statistics show 367 

that 24d12h and 24d18h have lower absolute mean bias, higher accuracy and higher 368 
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correlation coefficient than the other simulations (Table 2). Whereas both 24d12h and 369 

24d18h have a ME of -0.2 hPa, the ME of the other simulations ranges from 2.1 to 3.5 hPa. 370 

The RMSE of 24d12h and 24d18h (2 hPa and 1.4 hPa, respectively) is considerably lower 371 

than that of the other simulations (between 3.2 hPa and 4.5 hPa). The Spearman correlation 372 

coefficient of 24d12h and 24d18h shows that they have, respectively, a strong and a very 373 

strong positive correlation with the observations. Except for 23d12h and 23d18h, which 374 

show a quite strong correlation with the observations, the other simulations show either 375 

weak or modest correlation. 376 

 377 

Fig 7. Scatterplots displaying, for each simulation, the relationship between the simulated SLP and the 378 
SLP measured at surface stations and drifting buoys. The scatterplot on the bottom displays the 379 
relationship between the ERA5 SLP and the observed SLP. The red line represents the regression line that 380 
would correspond to a perfect match between the values. 381 

 382 
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Table 2. Aggregate statistics computed to verify the simulated and ERA5 SLP against the observations 383 
from surface stations and drifting buoys. 384 

 ME [hPa] RMSE [hPa] r 
23d00h 3 3.8 0.54 
23d06h 3.5 4.5 0.48 
23d12h 2.8 3.6 0.71 
23d18h 3.2 3.9 0.67 
24d00h 2.1 3.2 0.59 
24d06h 2.5 3.6 0.53 
24d12h -0.2 2 0.81 
24d18h -0.2 1.4 0.92 
ERA5 0.1 0.6 0.98 

 385 

The simulations 24d12h and 24d18h have a small negative ME during the mature and 386 

dissipation stages of the PL, whereas the other simulations show a positive ME during the 387 

whole lifetime of the PL (Fig 8a). The ME of the latter steadily increases from around 388 

1100 UTC until around 1600 UTC, which is likely due not only to the deepening of the PL, 389 

but also to the fact that its centre is getting closer to the surface stations. The time series of 390 

the RMSE of these simulations shows a similar pattern to that of the ME (Fig 8b). The 391 

main difference is that 24d12h and 24d18h also show an increase in the RMSE during the 392 

deepening of the PL, although it remains much lower than that of the other simulations. 393 

This decrease in accuracy, together with the negative mean bias, confirms the previous 394 

finding that the simulated PL in both simulations is deeper than the observed one. All 395 

simulations except for 24d12h and 24d18h show a significant decrease in the Spearman 396 

correlation coefficient from 1300 UTC until 1500 UTC, when it reaches a minimum, which 397 

corresponds to the time when the SLP minimum is observed (Fig 8c). Then, the correlation 398 

coefficient increases until the PL has dissipated. The simulation 24d12h shows a similar 399 
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pattern, but the decrease in the correlation coefficient is much less pronounced. In contrast, 400 

24d18h shows a small decrease in the correlation coefficient. 401 

 402 

Fig 8. Time series of the (a) ME, (b) RMSE, and (c) Spearman correlation coefficient of the simulated 403 
and ERA5 SLP. The dataset used as reference to compute the ME is the SLP measured at surface stations 404 
and drifting buoys. 405 

 406 

ERA5 shows better skill at representing SLP than the simulations, even than 24d18h. 407 

Although the absolute ME of ERA5 and 24d18h are both small (Table 2, Fig 8a), the 408 

scatterplot shows that ERA5 has better skill (Fig 7). The higher accuracy of ERA5 is 409 

confirmed by its aggregate RMSE (0.6 hPa), which is less than half of that of 24d18h 410 
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(Table 2). The RMSE of ERA5 remains relatively constant and less than one during the 411 

whole lifetime of the PL (Fig 8b). Like 24d18h, ERA5 shows a very strong positive 412 

correlation with the observations, but its correlation coefficient is slightly higher than that 413 

of 24d18h (Table 2, Fig 8c). 414 

3.2.2 Temperature at 2 m  415 

All the datasets have a positive temperature bias (Fig 9). The aggregate statistics indicate 416 

that 24d12h and 24d18h have higher mean bias and lower accuracy, but higher correlation 417 

coefficient, than the other simulations (Table 3). These two simulations have a higher ME 418 

(2 °C) and a slightly higher RMSE (2.4 °C) compared to the simulations that did not 419 

simulate the PL (ME between 0.8 and 1.3 °C, and RMSE between 1.9 and 2.1 °C). The 420 

simulation that captured a small and short-lived low, 23d12h, has a ME (1.7 °C) and a 421 

RMSE (2.3 °C) lower than those of 24d12h and 24d18h, but higher than those of the other 422 

simulations. All simulations show a quite strong correlation with the observations. 423 

Although 24d12h and 24d18h show the highest Spearman correlation coefficient (0.78), 424 

the difference between the simulations is very small. 425 
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 426 

Fig 9. Scatterplots displaying, for each simulation, the relationship between the simulated 2-m 427 
temperature and the 2-m temperature measured at the surface stations. The scatterplot on the bottom 428 
displays the relationship between the ERA5 2-m temperature and the observed 2-m temperature. The red line 429 
represents the regression line that would correspond to a perfect match between the values. 430 

 431 

Table 3. Aggregate statistics computed to verify the simulated and ERA5 2-m temperature against the 432 
observations from surface stations. 433 

 ME [°C] RMSE [°C] r 
23d00h 1 2 0.75 
23d06h 0.8 1.9 0.74 
23d12h 1.7 2.3 0.74 
23d18h 1.2 2 0.73 
24d00h 1.3 2.1 0.75 
24d06h 1.2 1.9 0.77 
24d12h 2 2.4 0.78 
24d18h 2 2.4 0.78 
ERA5 0.9 1.5 0.87 

 434 
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 435 

In the initial stage of the PL, all simulations show a high positive ME, with 24d12h and 436 

24d18h showing the highest bias (Fig 10a). This could indicate that the MCAO is not well 437 

simulated. However, there are only two observations available at 0100 and one at 438 

0200 UTC, so the results should be interpreted with care. From 1000 UTC until the 439 

dissipation of the PL, the ME of 24d12h and 24d18h remains notably higher than that of 440 

the simulations that have not captured the PL. The ME of 23d12h remains lower than that 441 

of 24d12h and 24d18h, but higher than that of the other simulations virtually all the time. 442 

The important surface heat transfer from the ocean to the atmosphere that takes place in 443 

the simulations that have captured the PL (not shown) likely explains why these 444 

simulations have higher ME. The RMSE of 23d12h, 24d12h and 24d18h remains higher 445 

than that of the other simulations most of the time (not shown). The correlation coefficients 446 

of all simulations notably increase from around 1100 UTC until around 1500 UTC, and 447 

then the simulations show a strong or a quite strong correlation with the observations (not 448 

shown). 449 
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 450 

Fig 10. Time series of the ME of the simulated and ERA5 (a) 2-m temperature, (b) 2-m dewpoint 451 
temperature and (c) 2-m relative humidity. The datasets used as reference to compute the ME are the 452 
observations at surface stations. 453 

 454 

Surprisingly, the aggregate ME of ERA5 (0.9 °C) is closer to that of the simulations that 455 

have not captured the PL than to that of the simulations that have captured it (Table 3). 456 

The ME of ERA5 remains significantly lower than that of 24d12h and 24d18h, and closer 457 

to that of the simulations that have not captured the PL, during the whole observed lifetime 458 

of the PL (Fig 10a). With an aggregate RMSE of 1.5 °C, ERA5 has slightly higher accuracy 459 

than all the simulations (Table 3). The RMSE of ERA5 remains lower than that of the 460 
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simulations during virtually the whole observed lifetime of the PL, and the difference in 461 

accuracy between ERA5 and the simulations is more important during its dissipation stage 462 

(not shown). ERA5 shows a strong correlation with the observations (0.87), which is higher 463 

than that of the simulations (Table 3). The time series of the correlation coefficient of 464 

ERA5 follows a pattern similar to that of the simulations, but it becomes higher than the 465 

correlation coefficients of the simulations during its dissipation stage (not shown). 466 

3.2.3 Dew point temperature at 2 m 467 

The aggregate statistics indicate that the simulations that have captured the PL do not show 468 

better skill at representing the dew point temperature than those that have not captured it 469 

(Table 4). Most simulations have lower ME than 24d12h and 24d18h (2.2 °C and 2 °C, 470 

respectively). All simulations have similar RMSE, ranging from 2.9 to 3.4 °C. Some 471 

simulations that have not captured the PL have weak correlation with the observations, 472 

whereas the other simulations, including those that represent the PL, have modest 473 

correlation with the observations. Although the time series of the ME of each simulation is 474 

quite different, all the simulations show a positive ME during all or almost all the time (Fig 475 

10b). In general, the RMSE of the simulations significantly increases from around 476 

1000 UTC until some time between 1400 UTC and 1800 UTC, and then decreases (not 477 

shown). The Spearman correlation coefficient varies widely between simulations from 478 

1000 UTC until 1300 UTC, and then it converges to values mostly between 0.4 and 0.6 479 

(not shown). 480 

 481 
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Table 4. Aggregate statistics computed to verify the simulated and ERA5 2-m dew point temperature 482 
against the observations from surface stations. 483 

 ME [°C] RMSE [°C] r 
23d00h 1.2 2.9 0.58 
23d06h 1.4 3 0.53 
23d12h 1.7 3.1 0.55 
23d18h 1.9 3.1 0.47 
24d00h 2.3 3.4 0.45 
24d06h 1.9 3.3 0.44 
24d12h 2.2 3.1 0.53 
24d18h 2 3 0.56 
ERA5 1.1 2.1 0.73 

 484 

ERA5 shows better skill at representing the dew point temperature than the simulations. In 485 

effect, the reanalysis has the lowest mean error (1.1 °C), the lowest RMSE (2.1 °C), and 486 

the highest Spearman correlation coefficient (0.73), indicating quite strong correlation with 487 

the observations (Table 4). The ME (Fig 10b) and the RMSE (not shown) of ERA5 488 

decrease from around 1300 UTC until the PL has dissipated. During the last seven hours 489 

of the lifetime of the PL, the accuracy of ERA5 and the correlation coefficient are notably 490 

higher than that of the simulations (not shown). 491 

3.2.4 Relative humidity at 2 m 492 

The simulations that have captured the PL show somewhat better skill at representing the 493 

relative humidity than those that have not captured it (Table 5). The simulations 23d12h 494 

and 24d18h have the lowest mean error (0 %), and 24d12h and 24d18h have the lowest 495 

RMSE (13 %). The simulation 24d18h shows a weak correlation with the observations 496 

(0.41), and the other simulations have virtually no correlation with the observations. The 497 

time series of the ME (Fig 10c), the RMSE (not shown) and the Spearman correlation 498 
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coefficient (not shown) differ between simulations, although 24d12h and 24d18h show a 499 

quite similar pattern. The ME of the simulations tends to converge with time, and the 500 

difference between them remains relatively small from around 1600 UTC on. The time 501 

series of the Spearman correlation coefficient shows correlation coefficients ranging 502 

from -1 to 1, and even the same simulation shows a wide range of correlation coefficients. 503 

 504 

Compared to the simulations, ERA5 has higher accuracy (RMSE of 11 %) and notably 505 

higher correlation with the observations (r of 0.62) (Table 5). However, its ME (1 %) is 506 

only lower than that of half of the simulations. ERA5 has lower RMSE and higher 507 

correlation coefficient than the simulations from 1400 UTC until the PL has dissipated (not 508 

shown). 509 

 510 

Table 5. Aggregate statistics computed to verify the simulated and ERA5 2-m relative humidity against 511 
the observations from surface stations. 512 

 ME [%] RMSE [%] r 
23d00h 1 16 0.2 
23d06h 3 17 0.23 
23d12h 0 14 0.27 
23d18h 2 16 0.16 
24d00h 5 19 0.03 
24d06h 3 17 0.12 
24d12h 1 13 0.31 
24d18h 0 13 0.41 
ERA5 1 11 0.62 

 513 

 514 
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3.2.5 Wind at 10 m 515 

The simulations that have not captured the PL show few values of wind speed over 15 m s-1, 516 

whereas 24d12h and 24d18h show several values larger than 15 m s-1 (not shown). In 517 

general, all simulations show some large overestimations and underestimations of wind 518 

speed, but the observed wind speeds over 20 m s-1 are better captured by 24d12h and 519 

24d18h. Most of the wind directions of the simulations that did not capture the PL are 520 

located in the west-north-west/north-west/north-north-west (WNW/NW/NNW) quadrants 521 

of the wind rose (not shown), which correspond to the direction of the wind responsible for 522 

the MCAO. The main direction of the wind in 24d12h and 24d18h is NW, but these 523 

simulations also show winds coming from a wide range of directions, like the observed 524 

winds. However, the number of observations of the wind direction in the NW quadrant is 525 

much less compared to the simulations and ERA5, which is likely due to the fact that many 526 

wind observations are not represented in the wind rose because the recorded wind speed is 527 

zero. The simulation with the lowest RMSE-VWD is 24d18h (4.9 m s-1), followed by 528 

24d12h (5.9 m s-1) and 23d12h (6.2 m s-1) (Table 6). Overall, the RMSE-VWD of 24d12h 529 

and 24d18h increases from 1100 UTC to 1700 UTC, as the PL deepens (Fig 11a). The 530 

RMSE-VWD of 24d18h and 24d12h is lower than that of the other simulations during, 531 

respectively, almost all of the time and half of the time. 532 
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 533 

Fig 11. Time series of the (a) RMSE-VWD of the simulated and ERA5 10-m wind, and RMSE of the 534 
simulated and ERA5 (b) wind gusts and (c) 1-h accumulated precipitation. The datasets used as reference 535 
to compute the RMSE-WVD and RMSE are the observations at surface stations. 536 

 537 

Table 6. Aggregate RMSE-WVD computed to verify the simulated and ERA5 10-m wind against the 538 
observations from surface stations. 539 

 RMSE-WVD [m s-1] 
23d00h 7.1 
23d06h 7.8 
23d12h 6.2 
23d18h 6.3 
24d00h 6.6 
24d06h 6.8 



 35 

24d12h 5.9 
24d18h 4.9 
ERA5 3.7 

 540 

 541 

The wind rose of ERA5 is quite similar to that of 24d12h and 24d18h, the main difference 542 

being that ERA5 represents more frequent winds from the north-north-east (NNE) (not 543 

shown). ERA5 has the lowest RMSE-VWD (3.7 m s-1), even when compared with the 544 

simulations that have captured the PL (Table 6). The time series of the RMSE-VWD of 545 

ERA5 is similar to that of 24d12h and 24d18h, with the difference that the RMSE-VWD 546 

of ERA5 is lower throughout the whole period (Fig 11a). At the end of the lifetime of the 547 

PL, the RMSE-VWD of all the simulations and ERA5 tends to converge to around 5 m s-1. 548 

 549 

Given that the simulation and ERA5 capture the observed SLP quite well, it is surprising 550 

that the skill of both at capturing the near-surface wind is not as good. This is likely due 551 

not only to model error, but also to representativeness error and observational error. In 552 

complex terrain, wind observations from weather stations may not be representative of the 553 

average wind over a larger area. In addition, measurements by anemometers are affected 554 

by topography, surface cover and surrounding obstacles [48]. The differences between the 555 

observed and simulated winds may be also due to the different period used to obtain the 556 

average wind in the different datasets. 557 
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3.2.6 Maximum wind gusts at 10 m 558 

The ME of 24d12h and 24d18h is 1 m s-1, and that of 23d12h is 0.1 m s-1, whereas the ME 559 

of the simulations that have not captured the PL is negative or equal to zero (Table 7). The 560 

simulation 24d18h shows the lowest RMSE (4 m s-1), followed by 24d12h (4.9 m s-1). The 561 

other simulations have lower accuracy, with their RMSE ranging from 5.1 to 7.5 m s-1. The 562 

simulations 24d12h and 24d18h have a quite strong correlation and strong correlation, 563 

respectively, with the observations, whereas all the others except for 24d00h have modest 564 

or virtually no correlation with the observations. The ME of the simulations that have 565 

captured the PL remains positive most of the time, whereas the ME of most of the other 566 

simulations is negative from 1600 UTC on (not shown). Overall, the RMSE of 24d12h and 567 

24d18h increases from 1100 UTC on, and the latter has smaller RMSE than the rest of the 568 

simulations most of the time (Fig 11b). The time series of the Spearman correlation 569 

coefficient varies widely between simulations, with correlation coefficients ranging 570 

from -0.19 to 0.85, and even the same simulation shows a wide range of correlation 571 

coefficients (not shown). 572 

 573 

Table 7. Aggregate statistics computed to verify the simulated and ERA5 wind gusts against the 574 
observations from surface stations. 575 

 ME [m s-1] RMSE [m s-1] r 
23d00h -0.8 6.2 0.51 
23d06h -1 7.5 0.37 
23d12h 0.1 6.3 0.38 
23d18h -1.2 6.1 0.53 
24d00h -0.1 5.1 0.65 
24d06h 0 5.4 0.52 
24d12h 1 4.9 0.74 
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24d18h 1 4 0.8 
ERA5 1.9 3.9 0.81 

 576 

 577 

The aggregate ME of ERA5 (1.9 m s-1) is almost twice as that of the simulations that have 578 

captured the PL, but its RMSE (3.9 m s-1) is lower and its correlation coefficient is higher 579 

(0.81) (Table 7). However, the difference in the RMSE and the correlation coefficient 580 

between ERA5 and 24d18h is very small. Like the simulations that have captured the PL, 581 

the ME of ERA5 remains positive most of the time (not shown). The time series of the 582 

RMSE of ERA5 follows closely that of 24d18h (Fig 11b). The correlation coefficient of 583 

ERA5 shows less variability than that of the simulations, remaining between 0.58 and 0.84 584 

(not shown). 585 

3.2.7 1-h accumulated precipitation 586 

The aggregate statistics indicate that 24d18h has the most skill at representing precipitation 587 

(Table 8). The ME of the simulations is positive, with 23d12h and 24d18h having the 588 

lowest mean bias (0.1 mm). The latter also has the lowest RMSE (1.3 mm) and the highest 589 

correlation coefficient (0.53), indicating modest correlation with the observations. The 590 

other simulations have virtually no correlation with the observations, except for 24d12h, 591 

which shows weak correlation with them. During most of the time, the ME of all the 592 

simulations ranges from -1 to 1 mm (not shown). The highest values of RMSE are found 593 

at 16:00 and 17:00 UTC, just after the observed SLP minimum is attained (Fig 11c). There 594 

is a large spread of the correlation coefficients of the simulations (not shown). 595 

 596 
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Table 8. Aggregate statistics computed to verify the simulated and ERA5 1-h accumulated 597 
precipitation against the observations from surface stations. 598 

 ME [mm] RMSE [mm] r 
23d00h 0.2 1.6 0.22 
23d06h 0.3 1.8 0.22 
23d12h 0.1 1.6 0.35 
23d18h 0.2 1.5 0.34 
24d00h 0.5 1.8 0.19 
24d06h 0.5 1.8 0.23 
24d12h 0.2 1.6 0.42 
24d18h 0.1 1.3 0.53 
ERA5 -0.1 1.2 0.62 

 599 
 600 

In contrast with the simulations, ERA5 has a negative ME (-0.1 mm) (Table 8). The RMSE 601 

of ERA5 (1.2 mm) is lower than that of all the simulations, although it is only slightly 602 

lower than that of 24d18h. ERA5 shows modest correlation with the observations (0.62). 603 

Most of the time, ERA5 shows a somewhat smaller RMSE compared to the simulations 604 

(Fig 11c), and its correlation coefficients are higher than those of most of the simulations 605 

(not shown). The ERA5 1-h accumulated precipitation never exceeds 2.5 mm, which is 606 

likely due to its relatively low resolution. In contrast, the maximum simulated precipitation 607 

is 9.5 mm, corresponding to 24d12h, and the maximum observed precipitation is 20.6 mm. 608 

This agrees with the finding of Hu and Franzke [49] that ERA5 underestimates the daily 609 

precipitation extremes observed by weather stations in Germany. 610 

3.4 Final discussion 611 

To understand why only 24d12h and 24d18h correctly capture the development of the PL, 612 

it is necessary to analyse the simulated atmospheric fields from a few hours before its 613 
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formation until its genesis time. It is assumed that, during this period, the synoptic 614 

conditions are favourable for PL formation in 24d12h and 24d18h, but not in the other 615 

simulations. 616 

 617 

Fig 12 shows the SLP, the geopotential height at 500 hPa and the 1000-500 hPa thickness 618 

on 25 March at 0000 UTC. There is a 500-hPa through with a northeast-southwest 619 

orientation in all simulations. Although its shape is slightly different in the simulations, the 620 

through is in the same region and shows the same depth. The incipient PL in 24d12h and 621 

24d18h with a well defined SLP minimum is located on the right side of this mid-622 

tropospheric through, whereas in the other simulations only a weak (low-level) through 623 

within the SLP field in this area is observed. The 1000-500 hPa thickness field shows that 624 

the cold air tongue associated with the MCAO has a northwest-southeast orientation in all 625 

simulations. 626 
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 627 

Fig 12. Simulated and ERA5 fields showing the PL on 25 March 2019 at 0000 UTC. The colourmap 628 
represents the 1000-500 hPa thickness (dam), the black isobars represent the SLP (hPa, contours every 2 hPa) 629 
and the red dashed lines represent the geopotential height at 500 hPa (dam, contours every 2 dam). The black 630 
outlining represents the coastline, and the white dashed line represents the sea ice edge, which is defined as 631 
the 0.15 contour of the sea ice concentration. ERA5 fields have been interpolated to the grid of the simulation 632 
using bicubic interpolation for the SLP, 1000-500 hPa thickness, and geopotential height, and bilinear 633 
interpolation for the sea ice concentration. The sea ice edge in ERA5 corresponds to the 25 March 2019 at 634 
1200 UTC. 635 
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 636 

Since the atmospheric conditions aloft are similar in all simulations during the genesis time 637 

of the PL, they cannot explain why it has only been correctly captured by 24d12h and 638 

24d18h (with respect to both observations and reanalysis data). Therefore, the difference 639 

between the simulations must be in the lower atmosphere. Fig 13 shows the geopotential 640 

height, temperature and horizontal wind at 900 hPa on 24 March at 1900 UTC in the region 641 

where the low-level through preceding the genesis of the PL started to form (i.e. 5 hours 642 

before the PL shown in Fig 12). All simulations show a strong northwest-southeast 643 

temperature gradient to the west of Jan Mayen, close to the sea ice edge. In contrast with 644 

the other simulations, the northerly cold air advection and winds in 24d12h and 24d18h are 645 

more intense and more widely extended; therefore, the cold airmass moves further south in 646 

these two simulations. At the same time, on the east side of this cold air, a warm front 647 

pushes northward in these two simulations, with a more widely defined and stronger warm 648 

air advection in this area than the other simulations. These results indicate that, in the 649 

presence of a baroclinic environment, only the low-level atmospheric conditions with a 650 

well defined cold/warm air temperature advection present in 24d12h and 24d18h lead to 651 

baroclinic instability, which is involved in the genesis of the PL. It is also clear in Fig 13 652 

that the low-level pressure deepens or vorticity (wind rotation) starts to develop in these 653 

two simulations, i.e. small scale features corresponding to the PL development phase.  654 
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 655 

Fig 13. Simulated and ERA5 fields on 24 March 2019 at 1900 UTC over the region around Jan Mayen. 656 
The colourmap represents the temperature at 900 hPa (°C), the black isolines represent the geopotential 657 
height at 900 hPa (dam, contours every 1 dam), and the arrows represent the horizontal wind at 900 hPa. The 658 
white dashed line represents the sea ice edge, which is defined as the 0.15 contour of the sea ice concentration. 659 
ERA5 fields have been interpolated to the grid of the simulation using bicubic interpolation for the 660 
temperature and geopotential height, and bilinear interpolation for the horizontal wind and sea ice 661 
concentration. The sea ice edge in ERA5 corresponds to the 24 March 2019 at 1200 UTC. 662 
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 663 

Since 24d12h and 24d18h are the latest initialised simulations, their atmospheric fields 664 

during the hours preceding the PL formation are more similar to those of ERA5, the driving 665 

data, compared to those of the other simulations. Thus, the fact that the other simulations 666 

except for 23d12h do not represent the PL is due to forecast error growth and missing 667 

small-scale features during the initial stage of the PL formation. Nevertheless, the question 668 

remains about why 23d12h represents a PL at a later moment in time. In 23d12h, a strong 669 

low-level baroclinic zone forms a few hours before the PL forms in this simulation (Fig 670 

14), and the PL shows baroclinic development. This PL makes landfall shortly after being 671 

formed, thus dissipating before it can reach a larger size. Fig. 14 reveals also clearly that 672 

stronger winds over both cold (west) and warm (east) near the developed PL induce small 673 

scale conditions (i.e., temperature advections) favourable to strengthen low-level 674 

baroclinity and cyclogenesis in the latest initialised simulations, not present in the other 675 

simulations.  676 
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 677 

Fig 14. Same as Fig 13, but for 25 March 2019 at 0900 UTC and over the region to the west of the 678 
Norwegian coast. 679 

 680 
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In conclusion, on the 24-25 March, the simulated environmental conditions are favourable 681 

for PL development, with a low-level baroclinic environment and an upper-level through, 682 

but the different evolution of the low-level circulation and small-scale features explains 683 

why a few simulations capture the PL whereas the others do not. 684 

 685 

4. Conclusion 686 

Compared to low-resolution models, convection-permitting models provide a better 687 

representation of physical processes [20]. Therefore, they are a powerful tool to study 688 

mesoscale phenomena, including PLs. This study has focused on a PL that made landfall 689 

in Norway in 2019, and the aim was to analyse the impact of the initial conditions on the 690 

simulation of the PL, and to analyse the skill of the CRCM6/GEM4 at reproducing it. The 691 

main limitations of this study is that the available conventional observations mostly cover 692 

the mature and dissipation stages of the PL, and that they are irregularly distributed in 693 

space. 694 

 695 

One of the main findings of this study is that the ability of the CRCM6/GEM4 to capture 696 

the PL strongly depends on the initial conditions. In effect, only 23d12h and the latest 697 

initialised simulations 24d12h and 24d18h capture the development of the PL. The latter 698 

two represent well the lifetime, track and size of the observed PL. In contrast, the PL 699 

represented in 23d12h is much smaller than the observed PL, and its lifetime is less than 700 

half the lifetime of the observed PL. Further, the verification of the simulations against 701 

conventional observations has shown that 24d18h has more skill than 24d12h at 702 
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reproducing most of the near-surface variables analysed. These results indicate that the 703 

initialisation time has an important impact on whether the model captures or not this PL, 704 

and on how well it is represented. The two latest initialized simulations show northerly 705 

cold air advection and winds that are more intense than in the other simulations, leading to 706 

baroclinic instability and, subsequently, to the genesis of the PL. Nevertheless, since the 707 

environmental conditions – strong low-level temperature gradient and an upper-level 708 

through – on the 24 and 25 March are favourable for PL development, a PL can form at a 709 

later time if the low-level conditions are favourable for baroclinic instability to grow, which 710 

is what happens in 23d12h. In view of these results, it is suggested that future studies should 711 

investigate the potential to improve PL forecasts by using spectral nudging to maintain the 712 

low-level atmospheric fields and small scale features close to the driving data. Sensitivity 713 

tests should be conducted with different spectral nudging parameters and nudging 714 

horizontal wind, temperature, or both. 715 

 716 

Another key finding is that the processes involved in the development of the PL need to be 717 

improved in the model in order to decrease the mean bias of the simulations that have 718 

captured it. Although all the statistics clearly show the better performance of 24d12h and 719 

24d18h at reproducing SLP compared to the other simulations, it is notable that, for the 720 

other variables, these two simulations show similar or higher aggregate absolute mean bias. 721 

In particular, the parameterization of the surface heat fluxes in the CRCM6/GEM4 needs 722 

to be improved. In effect, the fact that 24d12h and 24d18h represent a PL deeper than the 723 

observed one, and show higher temperature mean bias compared to the other simulations 724 

and ERA5, seems to indicate that the ocean surface fluxes may be too strong. 725 
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 726 

Finally, the results have shown that ERA5 has more skill than the simulations, including 727 

those that have captured the PL, at reproducing the observed PL during its mature and 728 

dissipation stages. Table 9 shows the added value of the CRCM6/GEM4 compared to 729 

ERA5 when considering the best simulation (24d18h). For all the near-surface variables 730 

analysed here, the model does not provided added value in terms of accuracy (based on the 731 

RMSE values shown in Tables 02-8). It is surprising that the CRMC6/GEM4, a high-732 

resolution model, does not provide added value compared to ERA5, the coarser reanalysis 733 

that drives it. There are two main reasons that could explain the fact that ERA5 has better 734 

skill than CRMC6/GEM4. First, conventional observations are assimilated into ERA5. 735 

Second, the verification of high-resolution simulations using standard statistics has some 736 

limitations. For instance, when verifying the simulation of a PL using dropsonde 737 

observations, Stoll et al. [17] found that a fuzzy verification method showed that the 738 

regional model AROME-Arctic had higher skill at capturing extreme values at small scales 739 

than the global model ECMWF HRES, whereas standard verification statistics were similar 740 

for both models. Finally, note that for this work we used GEM4, but a new version with 741 

improved physics parameterizations, GEM5, was recently released [50]. Therefore, an 742 

interesting course of research would be to analyse if this new version of GEM provides 743 

added value compared to ERA5 and to the current CRCM6/GEM4 simulations. 744 

 745 

Table 9. Added value of the CRCM6/GEM4 (simulation 24d18h) compared to ERA5 for the following 746 
variables: sea level pressure (SLP), 2-m temperature (T2m), 2-m dew point temperature (Td,2m), 10-m 747 
wind (V10m), wind gusts (WG) and 1-h accumulated precipitation (PR). The added value has been 748 
computed using the aggregate RMSE (RMSE-WVD for the 10-m wind), based on values presented in Tables 749 
02-8. The added value computation is based on the study of Di Luca et al. [51; Equation 1)]. 750 

SLP T2m Td,2m RH V10m WG PR 
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-0.8 hPa -0.9 °C -0.9 °C -2 % -1.2 m s-1 -0.1 m s-1 -0.3 mm 
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