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Abstract: Here, we examine extreme ocean winds associated with intense wintertime extratropical
windstorms over the North Pacific. The study was mainly based on NASA Soil Moisture Active
Passive (SMAP) L-band radiometer observations allowing the retrieval of ocean wind speeds up to
70 m/s regardless of precipitation intensity. Additionally, we assessed the ability of atmospheric
reanalysis ERA5 and the Climate Forecast System Version 2 (CFSv2) to reproduce high-wind features
within severe windstorms, particularly those associated with “explosive” cyclogenesis. The analysis
identified 145 windstorm events with hurricane-force (HF) wind zones within the SMAP L-band
radiometer swath from 2015 to 2023. These windstorms develop most frequently over two areas:
southeast of Kamchatka and south of Alaska, spanning 40–47◦N latitudes. Both reanalysis datasets
significantly underestimated HF wind speeds compared to SMAP measurements, but CFSv2 tends to
reproduce more-intense windstorms than ERA5. Among the notable new findings is that the SMAP
data revealed two distinct groups in maximum wind speed distribution, indicating the existence of a
separate class of severe windstorm events with a distinct mechanism for extreme wind formation
related probably to a Shapiro–Keyser cyclogenesis and the presence of sting jet (SJ) feature. The
study highlights the potential of SMAP measurements to study wind extremes and underscores
the need for improvements in operational predictive models to better reproduce the formation of
SJ windstorms.

Keywords: extratropical windstorms; North Pacific; SMAP observations; sting jet; explosive
cyclogenesis

1. Introduction

Extratropical cyclones (ETCs) play a critical role in shaping daily weather fluctuations
at mid- and high latitudes, frequently leading to exposure to severe winds and waves [1–3],
storm surges, and intense precipitation [4–6], both at sea and along coastlines. These
events can have far-reaching socio-economic consequences, impacting shipping routes,
maritime infrastructure, and flood-prone regions. Consequently, the measurement of near-
surface wind speed becomes one of the major challenges. Notably, a recent investigation [7]
demonstrated that a mere 25% rise in peak gust results in a seven-fold amplification of
building damage.

Over the last 15–20 years, there has been increased interest in the mechanisms that
cause strong winds in extratropical cyclones [8–10], and especially sea/land surface
gusts [11,12]. Authors have paid special attention to intense windstorms with hurricane-
force (HF) winds that generally follow the Shapiro–Keyser (SK) conceptual model [13]
and account for the majority of the most-destructive ETCs (in Europe especially) [14–17].
The published catalog of extratropical cyclones with strong winds [18] makes it possible
to systematize knowledge about their structure and evolution and processes influencing
surface wind speed enhancement.
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Hewson and Neu [9] proposed a wind conceptual model for North Atlantic extratrop-
ical cyclones, identifying three distinctive areas: the warm conveyor belt jet (WJ), the cold
conveyor belt jet (CJ), and the sting jet (SJ). The latter is the smallest, short-lived, and the
most-damaging feature that occurs much less frequently at the end of the bent-back front as
high-momentum air descends from the cloud head into a frontal-fracture region [1,19]. The
WJ and CJ are low-level jets found in the warm and cold sectors of extratropical cyclones,
respectively. These jets can also cause highly destructive surface wind gusts.

One of the primary challenges in studying extreme winds in intense extratropical
cyclones is the lack of observational data. Severe windstorms can be brief and localized,
making it difficult to capture accurate wind measurements in real-time. Historical records
of extreme wind events are often sparse or incomplete, making it challenging to construct
long-term datasets of windstorm activity. Additionally, extreme windstorms over the North
Atlantic have been studied more extensively than those in the North Pacific—a region
producing some of the strongest “bomb cyclones” on Earth [20,21], capable of rapidly
amplifying extratropical planetary waves in the Northern Hemisphere [22].

The study of wind characteristics in intense extratropical cyclones is also limited by
uncertainties in both forecast models and reanalysis datasets, which are regularly used
in the classification and analysis of storm intensity (e.g., [23]). This partly refers to the
ability of models to reproduce SJ mesoscale feature causing the short-lived core of HF wind
speeds. Difficulties can be associated with both insufficient resolution and boundary layer
parametrization issues [9,24]. Concurrently, multi-sensor satellite measurements provide
valuable information about atmospheric water vapor and cloud liquid water content, sea
surface temperature distribution, and ocean winds. Combining imagery from multiple
sensors—operating in both optical and microwave wavelength spectra—can clarify the
position, intensity, and stage of development of mesoscale and synoptic-scale weather
systems [25–27], including extratropical cyclones [28–30].

The aim of this study was twofold: to study extreme wind conditions in intense
wintertime ETCs revealed over the North Pacific based mainly on the NASA Soil Moisture
Active Passive (SMAP) L-band radiometer measurements from 2015 to 2023 and to analyze
the possibilities of the fifth-generation atmospheric reanalysis ERA5 and Climate Forecast
System Version 2 (CFSv2) datasets to objectively reproduce high wind speed distribution
within extratropical windstorms with a focus on those associated with “explosive” cycloge-
nesis most fully provided by satellite observations. This study consistently developed the
first attempt to record sting jet windstorm cases in the North Pacific [31].

Section 2 describes the SMAP measurements, the ERA5 and CFSv2 reanalysis datasets
used in the study, as well as the intense windstorm identification method and the intensity
metrics. Section 3 presents windstorms’ characteristics and the distribution of extreme
ocean wind speeds; additionally, the most-intense windstorm event is analyzed. Finally, a
summary and conclusions are given in Section 4.

2. Materials and Methods
2.1. SMAP Observations

The analysis of sea surface wind speed distribution in the extratropical windstorms
was carried out by SMAP satellite microwave measurements. The SMAP mission and
spacecraft developed at the Jet Propulsion Laboratory (California Institute of Technology,
Pasadena, CA, United Sates) with assistance from NASA’s Goddard Spaceflight Center.
SMAP was launched in January 2015 into a Sun-synchronous orbit with an L-band ra-
diometer onboard, operating at a frequency of ν = 1.41 GHz. The spatial resolution of the
radiometer is about 40 km, and the swath width is 1000 km. In addition to the soil moisture
measurement, the SMAP data permit retrievals of ocean surface winds. Daily global fields
of the sea surface wind speed retrieved from the radiometer brightness temperatures [32]
were taken from the Remote Sensing Systems (California, United Sates) archive with a
0.25 × 0.25◦ grid. The radiometer onboard SMAP makes it possible to retrieve a sea surface
wind speed up to 70 m/s, including in areas of heavy precipitation due to extremely weak
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scattering and attenuation of electromagnetic waves by individual hydrometeors [33]. We
used Version V1.0 of SMAP winds, which takes into account a small dependence of the
brightness temperature (Tb) on the ocean surface temperature (SST). This dependence
becomes noticeable at mid-latitudes with significant fluctuations in the SST. The study
period was limited to the time of the satellite launch and consists of eight cold seasons
(November–March) from 2015 to 2023.

We excluded measurements from other satellite sensors—such as the Advanced
Scatterometer (European space agency, Paris, France) or the Advanced Microwave Scan-
ning Radiometer 2 (Japan Aerospace Exploration Agency, Tokyo, Japan) —from the anal-
ysis because: (1) in scatterometer sensors, the signal saturates when the wind speed
reaches 35 m/s [34], and they lose the necessary sensitivity; (2) the signal is attenuated
to varying degrees by heavy precipitation, which usually accompanies most HF winds
in intense extratropical cyclones. These factors can lead to noticeable errors [35] and
misinterpretations of extreme wind speed distributions.

2.2. ERA5 and CFSv2 Reanalysis Datasets

The hourly fields of zonal and meridional wind speed components, air temperature,
and sea level atmospheric pressure (SLP) were taken from the ERA5 reanalysis of the
European Center for Medium-Range Weather Forecasts (ECMWF, Reading, United King-
dom) [36] and from the operational analysis CFSv2 of the National Forecasting Center The
State of the environment of the United States (National Center for Environmental Prediction
(NCEP), College Park, Maryland, United States) [37]. The spatial resolution of both datasets
is comparable, but the pressure fields obtained from CFSv2 have a coarser grid of 0.5◦× 0.5◦

(see Table 1). In addition, the ERA5 data resolve the lower troposphere at 13 isobaric levels
from the sea surface to 500 hPa, providing a higher vertical resolution (200–350 m) and a
more-detailed representation of mesoscale wind speed variability compared to CFSv2.

Table 1. Main characteristics of reanalysis datasets.

Characteristics ERA-5 (ECMWF) CFSv2 (NCEP)

Period From 1979 to present time From 2011 to present time
Temporary resolution Hourly Hourly

Model resolution T639, 31 km 27 km
Horizontal resolution 0.25◦× 0.25◦ 0.2◦× 0.2◦, 0.5 × 0.5◦

Vertical resolution 137 levels (0.01 hPa) 37 levels (1 hPa)
Data assimilation 4D-Var 3D-Var

2.3. Windstorms Identification and Their Intensity Metrics

In this study, the ETC was identified as a major windstorm with HF winds and
included in the analysis if the following conditions were satisfied:

• The SMAP-based maximum wind speed was ≥33 m/s (according to the Beaufort scale)
within an 800 km radius of the ETC center, which greatly exceeds hurricane-force
wind radii determined for North Atlantic hurricanes [38];

• The ETC low-pressure center was registered over the North Pacific (30–65◦N,
130◦E–120◦W) using hourly SLP fields from ERA5;

• The selected HF wind zone was within the 1000 km SMAP swath and contained at least
four 0.25◦× 0.25◦ grid points, allowing unambiguously determining the maximum
wind speed within the entire weather system;

• Additionally, the distribution of high wind speed was analyzed only for windstorms
in which the HF wind area is completely covered by SMAP measurements.

It is important to note that the HF wind zones were associated only with extratropical
cyclogenesis (no other causes were observed in the cold seasons of 2015–2023). An exception
became the area off the southeastern coast of Kamchatka in March 2017, where SMAP
mistakenly measured an extreme wind near drifting ice due to incorrect sea ice masking.
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The dataset of identified windstorms was supplemented with SLP values in its centers
and geographical coordinates of their position from ERA5 for a period of ±24 h relative
to the SMAP measurements time. This made it possible to consider the evolution of the
ETCs and identify explosive cyclogenesis events, in which—according to the modified
criterion [21]—the following condition is fulfilled:(

Pc(ti − 6)− Pc(ti + 6)
12

)
×
(

sin45◦

sin
(

ϕc(ti−6)+ϕc(ti+6)
2

))≥ 1,

where ti is the time in hours; Pc and ϕc are the SLP in the windstorm center and the
latitude of its position at the times of ti − 6 and ti + 6, respectively. In fact, this formula
estimates the rate of the cyclone deepening (hPa/h) for 12 h, taking into account the average
center position relative to 45◦N. Figure 1 shows an event of a severe windstorm over the
Northwestern Pacific, which was identified on 25 November 2017 in the field of the SMAP
ocean wind speed. The SLP field close in time indicates that the extreme wind area is
located in the cyclone’s southwest sector (inset in Figure 1).

Figure 1. Example of the severe windstorm event (which is contoured by the red square) detected
on 25 November 2017 in the field of near-sea surface wind speed (color scale in m/s) retrieved from
SMAP measurements. The isotachs 25 and 33 m/s are outlined in blue. The inset in the upper
right corner shows the enlarged fragment of SMAP-based wind speed with SLP isobars from the
ERA5 dataset.

2.4. Additional Materials

The images identified the cloudiness structure of the explosive cyclones in the visible
or thermal infrared (10–12 µm) wavelength range obtained by the multi-channel radiometer
Advanced Himawari Imager (AHI) with a spatial resolution of 2 km from the Himawari-
8 satellite. For the analysis of the dry intrusion into the cyclone central part, the AHI
radiometer IR channel at the frequency of 6.9 µm sensitive to water vapor was used.

Additionally, we used the NOAA Ocean Prediction Center (OPC) HF Low Climatol-
ogy (https://ocean.weather.gov/climo/storm_track.php, accessed on 12 July 2023) for
a comparative analysis of the identified windstorm activity. The OPC dataset contains
extratropical storms from 2005 that reached HF wind strength in the North Atlantic and
Pacific Oceans. Note that both this dataset and the windstorms we identified do not in-
clude ETCs that have undergone an extratropical transition. The express analysis of Japan
Meteorological Agency (JMA) best track database (https://www.jma.go.jp/jma/jma-eng/
jma-center/rsmc-hp-pub-eg/trackarchives.html, accessed on 12 July 2023) revealed only
six extratropical transition events during the 2015–2023 cold seasons (November–March).
None of them were included in our study. For more confidence, the synoptic situations
analysis and ETCs’ tracking were also carried out by the surface weather and upper air
maps of the JMA.

https://ocean.weather.gov/climo/storm_track.php
https://www.jma.go.jp/jma/jma-eng/jma-center/rsmc-hp-pub-eg/trackarchives.html
https://www.jma.go.jp/jma/jma-eng/jma-center/rsmc-hp-pub-eg/trackarchives.html
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3. Results
3.1. Windstorms Characteristics

During the eight cold seasons (2015–2023), we registered a total of 145 HF wind events
(≥33 m/s) in ETCs within the SMAP swath (hereinafter, windstorms). Figure 2a shows
the spatial distribution of windstorms’ centers detected by SMAP and ERA5 data, which is
well consistent with the ones derived from the NOAA Ocean Prediction Center archive for
the corresponding period and clearly displays major cyclogenesis regions [31]. Although
the OPC archive includes a significantly higher number of events with HF wind, the SMAP
data statistics are sufficient to represent wintertime windstorm activity in the North Pacific.

Approximately 45% of windstorm events are concentrated southeast from Kamchatka,
at the primary region of cyclonic activity in the Northwest Pacific (Figure 2a), where most
windstorms were detected [39]. The maximum events were mainly observed during the
winter months coinciding with the winter monsoon, with a maximum (37%) in January
(inset in Figure 2a). A key factor for cyclogenesis during this period is the advection of a
dry cold air mass from the Asian continent. Under favorable conditions, this advection
leads to prolonged cold air outbreaks over the Japan and Okhotsk Seas’ surface, as well as
the adjacent oceanic areas [40].

Figure 2. The frequency map of extratropical cyclones with HF wind events (a); the map of explo-
sive cyclogenesis activity with different intensity (“Weak”, “Moderate”, “Strong”, and “Super”) by
classification [21] (b). The maps are constructed for the eight cold seasons (November–March) of
2015–2023 by SMAP data. The color scale in (a); in events per unit area of 106 km2 (corresponding to
a spherical segment of 5◦). The inset in (a) shows the seasonal distribution of windstorm events. In
the lower-left corner in (b) is presented a scale in kilometers and land miles.

The second cyclogenesis area (approximately 20% HF wind events) is located south of
Alaska. The analysis of SMAP data revealed that this area is zonally extended along the



Remote Sens. 2023, 15, 5181 6 of 14

subpolar oceanic front, spanning latitudes from 40◦N to 46◦N. Notably, the mechanism
responsible for the intensification of cyclones in this region is likely influenced by baro-
clinic instability, which arises from the unique temperature distribution of the sea surface.
Consequently, this distribution causes an elevation in cyclonic potential vorticity within the
lower troposphere [41]. It is important to highlight that this local area undergoes a seasonal
shift towards the east as sea surface temperature diminishes, resulting in the passing of
windstorms ever closer to the west coast of the United States (Figure 2a). Perhaps this is
one of the factors in the development of major extratropical windstorms of the Northwest
United States [8].

We identified 40% cyclones exhibiting signs of “explosive” development. Of these,
55% were observed in the Kuroshio Extension—a typical area for explosive cyclogenesis in
the North Pacific (Figure 2b) [20,21]. Interestingly, the “weak” explosive cyclones by the
classification [21] are scattered throughout the North Pacific and reach the United States
coast; “strong” ones are located in both local maxima specified in Figure 2a, whereas “super”
are concentrated exclusively in the local maximum area to the southeast from Kamchatka
(Figure 2b). It should be noted that the distribution of the explosive cyclones range is shifted
towards “strong” and “super”, which account for 29% of their total number, compared with
16%, as obtained by the authors [21]. Presumably, this is due to the fact that we selected
only HF wind events.

3.2. Distribution of Extreme Ocean Wind Speeds

In order to estimate the distribution of high wind speeds, we compared empirical
cumulative distribution functions (ECDFs) of SMAP-based ocean wind speed for 145 iden-
tified windstorms to those produced by the ERA5 and CFSv2 datasets (Figure 3a). The
ECDFs were firstly constructed for each windstorm within 600 km of its center and then
combined. In general, ECDFs of reanalysis datasets exhibit a noticeable underestima-
tion of wind speed (more than 2–3 m/s) in comparison with SMAP observations starting
from 15 m/s for ERA5 and 25 m/s for CFSv2. As the value of the wind speed grows,
the discrepancy increases rapidly—exceeding 10–15 m/s for both reanalysis datasets at
HF winds.

Moreover, there is a discrepancy in the maximum ocean wind speed (Wmax) estimates
between reanalyses: If CFSv2 recognizes 40% of windstorms with HF winds, the ERA5
identified only three cyclones with Wmax < 38 m/s. Thus, CFSv2 reproduces more-intense
cyclones, which agrees with the similar comparison analysis performed for the Atlantic
Ocean cyclones identified from 1979 to 2019 [23]. The exception was several windstorm
cases (eight windstorms) identified south of 44◦N, in which the CFSv2 produces lower HF
winds (Figure 3c,d).

The distribution of the Wmax from SMAP exhibits a substantial spread of values with
two PDF peaks (Figure 3b), which points to the presence of two different groups. The first
group includes the majority of windstorm events with typical values of
Wmax = 35–37 m/s; the second group consists of only 13% (14 cases) of the most-intense
windstorms with a Wmax ≥ 43 m/s (in some cases, up to 55–60 m/s; see Table 2). Moreover,
the second peak noticeably increases for explosive cyclones. Boxplots show (Figure 3b)
that, in the Wmax distribution, the first and second modes do not exceed the interquartile
range and 95th percentile, respectively.

To strengthen our argument, we applied the Hartigan unimodality test or Hartigan’s
dip statistic (HDS) [42], which evaluates the deviation from the unimodality distribution.
The calculation of HDS indexes indicated significant (p < 0.05) bimodality in the Wmax PDF
for all windstorms and explosive ones. Note that the second PDF peak is not distinguished
in the Wmax from the ERA5 and CFSv2 datasets.

We assumed that the second group probably comprises windstorms developed accord-
ing to the Shapiro–Keyser (SK) conceptual model [13] with the formation of an SJ capable
of manifesting itself in the field of surface wind speed. Most of these windstorms (with
the exception of two cases; see Table 2) exhibited explosive cyclogenesis 12 h before SMAP
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measurements. The Himawari-8 imagery of their evolution captured features inherent
in SK cyclones: a mutually perpendicular position of the cold and warm fronts (called a
T-bone pattern) and the formation of a frontal fracture.

Figure 3. Distribution of high ocean wind speed (W) within windstorms area: comparison of
W empirical cumulative distribution functions (ECDFs) between SMAP data (black lines), ERA5
(red lines), and CFSv2 (blue lines) datasets, produced for identified windstorms (a) and ones on
28 December 2018 (c) and 19 January 2023 (d); (b) the maximum wind speed (Wmax, m/s) proba-
bility density function and box and whiskers plots (circles denote events with more/less than the
95th/5th percentile of Wmax) in windstorms with non-explosive (blue line) and explosive (red line)
cyclogenesis. The black dotted line in (a) refers to the ECDF, where SMAP-based W = 33 m/s.

Table 2. Characteristics of the most-intense windstorms with extreme winds from SMAP (≥43 m/s).
The minimum SLP at the windstorm center was obtained from the ERA5 dataset. The * symbol
indicates non-explosive cyclones.

Date Time (UTC) Pc (hPa) Lon. Lat. Wmax (m/s) Intensity (hPa/h)

12 December 2015 19:10 936 176.0 48.8 46 2.14
14 January 2016 04:36 949 191.8 40.0 50 1.22
9 January 2017 20:27 962 153.0 38.5 49 0.76 *

25 November 2017 18:45 970 175.0 50.0 50 2.32
6 January 2018 20:01 968 162.8 37.3 45 2.07

28 December 2018 19:11 957 173.3 43.5 60 2.34
11 March 2019 07:51 962 144.0 38.8 50 2.24

27 December 2019 20:01 957 159.3 37.8 47 1.33
29 December 2020 18:21 971 179.0 37.3 55 2.01
31 December 2020 06:03 928 168.0 48.0 47 2.61

8 January 2021 04:23 965 197.3 41.3 51 2.04
20 January 2021 06:50 974 164.3 43.3 47 0.70 *
12 March 2022 05:10 967 187.2 41.0 46 1.86

29 November 2022 05:23 966 176.2 38.5 43 1.02

Finally, another interesting feature is related to the geography of the identified severe
windstorms with a Wmax ≥ 43 m/s: the centers of 9 out of 14 were located south of the
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42nd parallel, while the median position of all 145 cases corresponded to 45◦N. Simultane-
ously, these windstorms have more southerly and zonal storm tracks (at least until the HF
wind is observed by SMAP data). This finding is consistent with the requirement of warm
moist air to provide the release of conditional symmetric instability [10,43], one of the main
physical mechanisms for the development of a sting jet [1,24].

3.3. The Most-Intense Windstorm

This section presents an analysis of the explosive windstorm over the Northwest
Pacific with a wind speed of about 60 m/s—the maximum not only for 145 detected cases,
but also the previously studied ones over the Atlantic Ocean [44]. The cyclone developed
in accordance with the Shapiro—Keyser model, which was shown by such characteristic
features as the warm core formation and the mesoscale area with HF winds [13,44].

At the end of December 2018, synoptic conditions contributed to the active cyclogene-
sis over the North Pacific. The studied cyclone occurred at 18:00 UTC on 27 December in a
multicenter cyclonic system under the upper-level frontal zone (surface analysis and AT500
maps JMA (the map of geopotential heights of the 500 hPa isobaric surface); not presented).
It quickly moved to the northeast from a relatively warm sea surface to a colder one and
intensively deepened. During the day of 28 December, the cyclone deepened from 994 hPa
at 00 UTC to 962 hPa at 18 UTC (Figure 4a) with the maximum pressure drop in its center
(14 hPa/6 h) between 06:00 and 12:00 UTC (the inset in Figure 4c) and, therefore, classified
as “explosive” [31]. For about two days, it was a low baric formation. At 12:00 UTC on
29 December, the cyclonic circulation spread up to the isobaric level of 500 hPa. The tra-
jectory of the cyclone near-surface center made a loop (Figure 4c) when the pressure in its
center was minimal and amounted to 944 hPa. Subsequently, the cyclone was moving to
the east–northeast and gradually filled.

The tropospheric thermobaric fields’ analysis showed a seclusion process—cutting
off and isolating the part of the cyclonic warm sector and, as a result, the warm core
forming [13]. The AT500 (Figure 4b) and AT850 (the map of geopotential heights of
the 850 hPa isobaric surface isobaric level maps at 12:00 UTC on 28 December and at
00:00 UTC on 29 December JMA demonstrate the tropospheric cold tongue, which was
located latitudinally. The meridionally directed heat ridge deviated to the west at about
the 50th latitude and skirted the northern periphery of the upper-level low. Thus, the
cyclone began to occlude at a distance from its center, and a part of its warm sector
was isolating [31].

At 18:00 UTC on 28 December, the cyclone was in an extensive three-center cyclonic
system. According to the JMA maps, its horizontal size was about 450 km, and the pressure
in the center was 962 hPa (Figure 4a). SMAP registered extreme wind (about 60 m/s) at
19:10 UTC in the cyclone southern sector, when the SLP in its center was 957 hPa by ERA5.
The maximum wind speed area was located to the east of the strongest baric gradients zone,
in the isobars’ divergence area. This combination of characteristics is considered favorable
for SJ formation [9].

IR imagery from Himawari-8 at 15:10, 19:10, and 23:10 UTC on 28 December demon-
strated cloud bands separated by dark or translucent stripes (shown by the red arrows
in Figure 5a–c). Their presence can be interpreted as an indicator of inclined descending
air flows out from the cloud head tip into the frontal area and associated with a dramatic
near-surface wind increase [9,44]. The red ellipse in Figure 5b outlines area of high wind
speed (≥43 m/s) obtained by SMAP. Another descending sign is the scattering of dense
cloudiness on the cloud head “hook” near the cyclone center (green ellipse in the same
figures) [9]. It is possible that the wind was increasing up to hurricane force before and after
19:10 UTC. However, the lack of SMAP data does not allow drawing reliable conclusions
about the time when its speed was maximum.

One more feature of explosive cyclones is the “dry slot” (marked as DS in Figure 5d–f),
i.e., a narrow dry air strip separating the cloud head from the frontal band. A dry slot is
associated with a dry intrusion from the stratosphere or upper troposphere and, as a result,



Remote Sens. 2023, 15, 5181 9 of 14

with enhancing near-surface wind [44]. In IR images at a frequency of 6.9 µm (sensitive to
the atmosphere water vapor), the DS is identified as a dark area in the brightness fields.
Figure 5f shows that the cold air associated with the DS surrounds the cyclone center,
secluding the warm air [16,45]. The DS moves to the east–northeast in front of the cyclone
center. We can assume that the area of the extreme winds moves in the same direction as
the DS.

The wind speed fields by the SMAP and ERA5 data in the area with a radius of 500 km
from the cyclone center (outlined by a red dotted line) are shown in Figure 6a–c. This
area was determined taking into account the cyclone size and its effect on the wind speed
distribution in the environment.

Figure 4. The maps from the JMA of surface analysis at 18 UTC (a) and AT500 at 12 UTC (b) on
28 December 2018; IR image obtained by the AHI radiometer onboard Himawari-8 satellite at
19:00 UTC on 28 December and cyclone trajectory (blue/red) from 18:00 UTC on 27 December 2018 to
12:00 UTC on 1 January 2019 by the JMA (c). The inset in (c) is the pressure evolution graph in the
cyclone center. The red lines on the trajectory and graph indicate the explosive cyclogenesis.

In the SLP field from ERA5, the cyclone center is shifted to the southwest less than
50 km relative to the SMAP estimates (Figure 6a). The cross-section AB passes along the
meridian 173.75◦E through the area of the extreme winds about 80 km wide, located to
south from the center and oriented along the cyclone’s trajectory. Unlike Wmax ≥ 60 m/s
by SMAP (Figure 6a), the maximum wind speed by ERA5 (Figure 6b) is about 33 m/s. The
analysis of the wind speed difference field by SMAP and ERA5 (Figure 6c) clearly shows
small wind speed underestimation by reanalysis (up to about 5 m/s) at wind speeds up to
15 m/s. With wind strengthening, underestimation increases in the cyclone’s southwestern
sector. The maximum discrepancy between the SMAP and ERA5 data is registered in the
extreme winds area and exceeds 20 m/s.
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Figure 5. Infrared images at the wavelengths of 10.8 µm (a–c) and 6.9 µm (d–f) obtained by the
AHI radiometer from the Himawari-8 satellite at 15:10 (a,d), 19:10 (b,e), and 23:10 (c,f) UTC on
28 December 2018. The sign “X” indicates the cyclone center. Red arrows indicate dark gaps between
the cloud bands. The red ellipse in (b) outlines the extreme wind area. Green ellipses in (a–c) indicate
areas of dense clouds scattering at the cloud head end. “DS” in (d–f) denotes the “dry slot” area.

The comparison of the wind meridional profiles by SMAP and ERA5 data (Figure 6d)
also shows a good wind speed agreement up to values of about 23 m/s in the northern
quadrant of a windstorm and its systematic underestimation by reanalysis in the southern
part. The minimum discrepancies (within the SMAP measurements error) are observed in
the cyclone northeastern quadrant (Figure 6d). Finally, the plot demonstrates a dramatic
bias in the ERA5 wind speed (more than 25 m/s) for W ≥ 30 m/s when compared to the
SMAP data.

Cross-sections through the extreme wind area by ERA5 were performed at 16:00 UTC
along 41.5◦N (Figure 6e) and at 19:00 UTC on 28 December along 42.5◦N (Figure 6f). The
figures show that ERA5 reproduces descending movement of the extreme wind areas
W2 in the troposphere between the isobaric levels of 650 an d850 hPa. The maximum of
the vertical wind speed component outlined by the isotach 4 Pa/s, during three hours,
moved to east–northeast about 370 km and expanded in the area. At 19:00 UTC, it was
determined to be at a height of approximately 2–4 km. The wind field retrieved from
ERA5 demonstrated tropospheric jet stream interaction with the strengthening wind in the
cyclone. For three hours, the jet stream’s southern periphery descended from the 500 hPa
(Figure 6e) to the 600 hPa (Figure 6f) isobaric levels, and Wmax in the cyclone (about 60 m/s)
corresponded to the wind speed in the jet stream.

The above-listed totality-specific characteristics of the cyclone development suggest
a mesoscale damaging winds process—“sting jet”—the most-dangerous and -destructive
feature of explosive cyclogenesis [1,9,13,44].
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Figure 6. The combined fields of the near-sea surface wind speed by the SMAP measurements at
19:10 UTC with sea level atmospheric pressure from ERA5 at 19:00 UTC on 28 December 2018 (a), the
wind speed fields from ERA5 (b), and the wind speed difference field between SMAP observations
and ERA5 data (c) within an area with a radius of 500 km (outlined by a red dotted line); the plot of
wind speed along the line AB by ERA5 (solid line) and SMAP (dashed line) (d); zonal cross-sections
of the horizontal (in m/s) and vertical (in Pa/s) wind speed components from ERA5 constructed
through local maxima of 850 hPa wind speed at 16:00 UTC (e) and 19:00 UTC (f). The line AB runs
along the meridian 73.75◦E. Scales in (a–c) are in m/s. W1 and W2 in (e,f) are the extreme wind local
areas. The triangle in (e,f) indicates the longitude of the cyclone center position.

4. Summary and Conclusions

We presented a comprehensive analysis of wind extremes during wintertime (November–
March) extratropical windstorms using SMAP measurements over the North Pacific. The
L-band radiometer onboard SMAP allows for the retrieval of sea surface wind speed (W)
up to 70 m/s, even in heavy precipitation conditions. In this study, we utilized SMAP
data to assess the ability of the fifth-generation atmospheric reanalysis ERA5 and CFSv2
to objectively reproduce severe windstorms, focusing on those associated with “explosive”
cyclogenesis and the occurrence of a mesoscale feature probably associated with a sting
jet (SJ).

During the period from 2015 to 2023, we identified 145 windstorm events with HF
wind zones that fell within the SMAP L-band radiometer swath. Around 43% of these
severe windstorms occurred in the southeast of Kamchatka, where explosive cyclones are
common in winter due to enhanced baroclinicity caused by cold air outbreaks from eastern
Siberia. The second cyclogenesis area is situated to the south of Alaska and extends zonally
along the subpolar oceanic front between 40 and 47◦N. The intensification of extratropical
cyclones in this region may be attributable to enhanced cyclonic potential vorticity in the
lower troposphere during autumn–winter, influenced by the regional features of sea surface
temperature distribution [41]. The cyclonic activity in this area undergoes a seasonal shift
to the east, impacting the evolution of windstorms.

Comparing the maximum wind speed (Wmax) distribution obtained from the ERA5
and CFSv2 datasets with that of SMAP measurements, we observed a significant underesti-
mation of extreme wind speeds by both reanalyses. CFSv2 data identify HF winds in only
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40% of windstorm events, while ERA5 identifies just three cyclones with a Wmax below
38 m/s. Notably, ERA5 reproduces the descending air flow of the cloud head associated,
probably, with the sting jet, despite the discrepancies. Conversely, the SMAP data reveal two
distinct groups in the maximum wind speed distribution for all windstorms and explosive
ones. The first group consists of the majority of cases with the typical Wmax ranging from
35–37 m/s, while the second group contains only 14% of the most-intense cyclones with
Wmax ≥ 43 m/s. These findings suggest the existence of a separate class of severe wind-
storms exhibiting a distinct mechanism for extreme wind formation.

We hypothesize that these cyclones are developed through the Shapiro—Keyser model
of cyclogenesis, leading to the formation of an extreme wind mesoscale area, known as the
sting jet. An example of such a severe windstorm, with a wind speed of approximately
60 m/s according to SMAP measurements, represents the highest wind speed among
the 145 cases considered. A detailed analysis of this windstorm event demonstrates key
features specific to the Shapiro–Keyser model: explosive development without the closure
of cold and warm fronts at the cyclone center, the formation of a warm core in the lower
troposphere due to seclusion, the appearance of a mesoscale area of extreme wind speeds
to the south of the cyclone center, oriented along its trajectory, and the location of the Wmax
in the isobars’ divergence area to the east of zone with the strongest baric gradients. These
features correspond to the mesoscale sting jet process, which represents the most-dangerous
and -destructive aspect of cyclogenesis in the middle latitudes.

This work demonstrated the potential of SMAP measurements in studying wind
extremes during wintertime extratropical windstorms over the North Pacific. Our results
highlighted the limitations of ERA5 and CFSv2 in reproducing extreme wind speeds
compared to SMAP data and emphasize the existence of highly intense extratropical
cyclones associated probably with the formation of sting jets over the North Pacific. We
understand that the arguments presented here—supporting this significant finding—are
not exhaustive and still need further, more-detailed, studies. Improving the realistic
reproduction of sting jets requires enhancements in operational predictive models, further
underscoring the significance of this study.
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