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Abstract: This paper presents an analysis of a new method for retrieving the parameters of the
atmospheric boundary layer in hurricanes. This method is based on the approximation of the upper
parabolic part of the wind speed profile and the retrieval of the lower logarithmic part. Based on the
logarithmic part, the friction velocity, near-surface wind speed and the aerodynamic drag coefficient
are obtained. The obtained data are used for the verification of the modeling data in the WRF-ARW
model. The case of the Irma hurricane is studied. Different configurations of the model are tested,
which differ in the use of physical parameterizations. The difference of wind profiles in various
sectors of the hurricane is studied.

Keywords: hurricane wind speeds; atmospheric model; WRF; GPS-dropsondes; wind speed profiles;
verification

1. Introduction

Tropical cyclones are currently one of the most dangerous weather phenomena, often
leading to the loss of human lives and causing great damage to industry and transport [1].
They are observed predominantly in the tropics but can have a significant impact on the
weather of temperate and subtropical zones due to the extratropical transition of TC [2,3],
which is accompanied by high wind speeds and heavy rainfall, causing flooding both in
coastal areas and the mainland. In this regard, the forecasting and monitoring of such
phenomena, for example, the correct assessment of wind strength, are of practical value.

The microwave method of satellite remote sensing is one of the most important
methods for determining the surface wind speed over the sea for monitoring weather
conditions in the presence of clouds and precipitation. Such conditions are typical for
storms but they do not strongly affect microwave electromagnetic waves. The near-surface
wind speed is retrieved using empirical geophysical model functions (GMF). This relates
the characteristics of the radiation scattered by the sea surface and the wind speed [4-0].
To build the GMF, along with satellite data, field measurements are also needed. The data
from buoys and from GPS-dropsondes dropped over hurricanes are used.

The analyzed GPS-dropsondes are launched from National Oceanic and Atmospheric
Administration (NOAA) and United States Air Force (USAF) aircraft reconnaissance mis-
sions into tropical cyclones in the Atlantic and Eastern Pacific basins in order to collect
up-to-date information on environmental parameters in extreme conditions [7]. Most
of such research has traditionally been conducted to assess Category 5 and Category 4
hurricanes on the Saffir-Simpson scale, which have the most damaging environmental
impacts. The selected dataset for analysis and processing is from the NOAA Hurricane
Research website [8].

NOAA GPS-dropsondes are widely used to measure wind speed in tropical cyclones
at a height of 10 m. The main problem in determining surface wind speed in extreme
storm conditions is large measurement errors near the surface, mainly for GPS-dropsondes.
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In [9], one of the approaches is used to estimate such wind speeds within the lower
150 m layer of the atmosphere. The essence of this approach is that the average wind
speed in the lower 150 m layer of the atmosphere is calculated, and the 10 m wind speed
is recalculated by multiplying the obtained average value by 0.85. In [10], the WL150
algorithm is evaluated for SFMR winds. It shows that wind averaging over thinner layers,
in particular, 100 m, 50 m, and especially 25 m, has lower biases and is more suitable for
retrieving 10 m wind speed. Thus, the methods used to determine the wind speed using
GPS-dropsondes at a height of 10 m require further study. In [11], the authors proposed a
method for processing data from GPS-dropsondes that makes it possible to determine the
parameters of the atmospheric boundary layer. It includes the near-surface wind speed,
which is obtained from measurements in the upper part of the atmospheric boundary
layer, excluding the use of the WL150 algorithm or direct measurements of the 10 m wind
from GPS-dropsondes, where the data are characterized by a large scatter and errors. In
addition, at a sufficient distance from the water surface (usually two or three significant
wave heights), the momentum flux from the wind to the waves, which causes a deformation
of the velocity profile, disappears (see, for example, [12]). Within the framework of this
approach, the air flow velocity profiles averaged over turbulent fluctuations are used to
obtain geophysical parameters. The advantage of this method is that each hurricane is
considered separately and uses a much smaller set of GPS-dropsonde data for averaging.
This method also allows one to retrieve the wind friction velocity associated with turbulent
stress directly, in addition to wind speed. Tangential turbulent stress characterizes the
tangential force of the wind on the water surface and determines the energy flow to the
waves, the mixing in the upper layer of the ocean. It is the driving force of ocean circulation.

The developed wind speed retrieval methods are applied for comparison with the
calculations of the atmospheric model for the case of a hurricane. Atmospheric param-
eters were determined using the Weather Research and Forecasting, WRF-ARW (WRE),
atmospheric model [13]. The WREF is suitable for use in a broad range of applications,
including parameterization research, polar research [14] and hurricane research. The hurri-
cane numerical simulation quality is determined from the accuracy of the prediction of its
trajectory and intensity. The results of the calculation are largely determined by the use of
a set of parameterizations of physical processes included in the calculation. Thus, in this
paper, we analyze approaches to modeling hurricanes in the WRF atmospheric model using
certain parameterizations. A comparison of the performed calculations with the data of the
GPS-dropsondes will make it possible to analyze the wind velocity profiles in a hurricane.

2. Methods
2.1. Study Object

Hurricane Irma was chosen for the research carried out in this work. This is a very
powerful and destructive Cape Verde-type hurricane that developed during the period
30 August 2017-12 September 2017 in the Atlantic Ocean. Irma was assigned Category 5 on
the Saffir-Simpson scale on 5 September 2017. Hurricane Irma is indicative and convenient
for analysis; in addition, various data on atmospheric parameters have been published on
it [15].

2.2. Data Preparation in the WRF Preprocessing System (WPS)

Data preparation for hurricane modeling was carried out in the WRF Preprocess-
ing System (WPS). Geographical data “modis_lakes” were used for calculations. Nested
domain simulations were carried out. Test simulations for the analysis of the used pa-
rameterizations were carried out for three nested domains, and for the final comparison
of wind speed profiles, simulations for four nested domains in the hurricane passage
area were carried out. The cell size of the third nested domain is ~3.3 km; the fourth
was ~1.1 km (Figure 1). These data were used to describe the domains and to interpolate
static geographic information to given grids. To describe the current meteorological situ-
ation, meteorological data from “Climate Forecast System Reanalysis Version 2 (CFSv2)
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(ds094.0)” [16] were used. It was updated every 6 h. Next, the extracted meteorological
data were horizontally interpolated onto domain grids. The start date of WRF simulations
was 9 May 2017 06:00 UTC.
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Figure 1. Location of nested domains (D2, D3, D4) in WRF atmospheric model simulations.

2.3. Modeling within WRF

The hurricane was simulated using the atmospheric WRF model version 4.3.1. This
model consists of 48 terrain-following sigma-pressure coordinates in the vertical direction,
with the top layer kept at 50 hPa. The simulations were carried out for 90 h, including 12 h
of spin-off time. The simulation was performed in the MPI option on the IAP RAS cluster.
The resulting data were obtained with a time step of 1 h.

Parameterization schemes represent the physical processes that are unresolved by
the WRF model. Following the recommendations of the authors of the model [13], a
set of parameterizations for the case of a hurricane (configuration #2 in Table 1) was
initially used in the calculations, which consisted of a parameterization of microphysics
option WRF Single-moment 6-class Scheme [17], shortwave and longwave radiation option
RRTMG Scheme [18], a surface layer of the atmosphere option Revised MM5 Scheme [19],
a planetary boundary layer option Yonsei University Scheme (YSU) [20], and a cumulus
parameterization option Tiedtke Scheme [21]. At the same time, to describe the land
surface model, the parameterization of the 5-layer Thermal Diffusion Scheme [22] was used.
This configuration was expected to best describe the track and intensity of the hurricane.
However, calculations with such a set of parameterizations showed too much deviation
of the hurricane’s trajectory in comparison with satellite images and HURDAT?2 dataset
(see Table 2). Therefore, an analysis of the sensitivity of the model to the use of different
parameterizations and an assessment of the impact of their use on the trajectory of the
hurricane, its shape and intensity was conducted. More than 35 numerical experiments
were carried out with different sets of parameterizations. Some cases are shown in Table 1.
The parameterizations shown were chosen because they are the most widely used schemes
for regional climate modeling in WRE.

The main interest was the choice of parameterization of the atmospheric parameters,
particularly the planetary boundary layer (PBL) parameterization. The existing PBL pa-
rameterizations mostly describe the convective boundary layer under low-wind conditions
and poorly predict such high wind speeds that occur in tropical cyclones [23]. In such
parameterizations, turbulence is predominantly buoyancy-driven, whereas in the hurri-
cane’s boundary layer turbulence is predominantly shear-driven. Buoyancy becomes more
important in the upper boundary layer when vertical wind shear gets weaker. Nevertheless,
these schemes of PBL are widely used to predict hurricane events, but the performance of
such models needs to be controlled [24]. In this study, two first-order PBL schemes with
nonlocal closures are considered. One of them is YSU [20], it is a widely used scheme
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in WREF to the hurricane simulations. Another one is the NCEP Global Forecast System
Scheme (GFS) [25], it is used in the operational HWRF model [26], specifically designed for
tropical cyclone applications. On the other hand, the Mellor-Yamada—Nakanishi-Niino
Level 2.5 (MYNN) scheme [27,28] is a 1.5-order local closure scheme based on a prognostic
equation for turbulent kinetic energy. The MYNN scheme does not fully account for deeper
vertical mixing induced by large eddies but has a higher-order closure. In addition, another
approach is tested in this study: the application of large eddy simulation (LES) is tested
in the last domain. The use of LES resolves individual eddies. The LES option [29] is
recommended for use at a spatial resolution of the domain step of less than 1 km; however,
its use is also acceptable and studied at a lower spatial resolution [30,31]. The Kessler
Scheme [32] and WRF Single-moment 6-class Scheme schemes were used as microphysics
options, and the Kain—Fritsch Scheme [33] and Tiedtke Scheme were used as cumulus
parameterizations. The Kain-Fritsch Scheme has more active shallow convection over
the ocean surface than the Tiedtke Scheme, and it was interesting to compare these two
approaches. The 5-layer Thermal Diffusion Scheme approach was used to describe the
underlying surface. Together with GFS PBL and the surface layer, the Unified NOAH Land
Surface model [34] was used. The CAM Shortwave and Longwave Radiation Scheme [35]
and RRTMG Shortwave and Longwave Radiation Scheme were used to describe shortwave
and longwave radiation. Numerical experiments with the use of the ocean model [36] and
with the use of modified surface bulk drag in surface layer parameterization using the
Donelan formulation [37] were also carried out.

Table 1. Set of parameterizations in various configurations of WRF simulations.

Surface

Cumulus

Shortwave and

#  PBL Physics Layer Micro Physics Options Parameterization Long.w?ve Special Options
Radiation
1 YSU Revised MM5 Kessler Scheme Kain-Fritsch CAM n/a
2 YSU Revised MM5 WRE Slél_gcllz —Slsloment Tiedtke RRTMG “hurricane case”
3 MYNN MYNN WRE Slgfclg‘sls“omem Kain-Fritsch RRTMG n/a
4 YSU + LES Revised MM5 Kessler Scheme Kain-Fritsch RRTMG LES
5 YSU Revised MM5  VRF S‘é‘_‘o’ci‘;s“omem Kain-Fritsch RRTMG n/a
6 YSU Revised MM5 ~ "VRE S‘é‘fﬁ‘s:‘oment Kain-Fritsch RRTMG OCEANT coupling
7 YSU + LES Revised MM5 Kessler Scheme Kain-Fritsch RRTMG LES; drag coefficient
by Donelan
8 GFS GFS Kessler Scheme Kain-Fritsch RRTMG HWREF atmospheric
components
Table 2. Average deviation between the predicted trajectory and track from the HURDAT?2 dataset
for each configuration.
Configuration # 1 2 3 4 5 6 7 8
Average 138.18 98.27 72.96 130.25 74.35 93.7 106.42 88.02

deviation, km

2.4. Data Processing of GPS-Dropsondes

In this paper, an analysis of a new method for retrieving the parameters of the at-
mospheric boundary layer in hurricanes is presented. The method is based on the self-
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similarity of the wind velocity profile in the boundary layer [38], which is well-described
by the empirical function

u.(~Fin(z/0) +7);2/6 < 03,

1
,Bu*(l—z/é)z;z/(5>0.3. @

Umax — U(2) = {

where Upax is the maximum speed in the atmospheric boundary layer, k = 0.4 is the von
Kérman constant, J is the boundary layer thickness and u, is friction velocity.

A similar method was used in laboratory experiments [12] and is suitable for retrieving
parameters in tropical cyclones. The profiles averaged over the statistical ensembles and
the profiles of the simulated hurricane are similar to the wind velocity profiles measured
under laboratory conditions in the wind wave channel. They have a logarithmic slope in
the lower part of the profile and a parabolic portion in the upper part, where the boundary
layer passes into the external flow. The upper lid restricting the flow of air masses is
the capping inversion of the atmosphere. This similarity makes it possible to use our
modified profiling method to retrieve the dynamic parameters of the boundary layer,
which was previously successfully applied in laboratory facilities. The essence of this
method is that, by approximating the upper parabolic part of the wind speed profile, one
can retrieve the lower logarithmic part and obtain boundary layer parameters that are
important for numerical weather models, such as friction velocity, near-surface wind speed,
and aerodynamic drag coefficient. This approach avoids the use of measurements near
the surface, where the data are characterized by a large scatter and errors. In addition,
at a sufficient distance from the water surface (usually 2-3 significant wave heights), the
momentum flux from the wind to the waves disappears, which causes a deformation of the
velocity profile [12]. The parameters Umax, %, included in Formula (1) can be obtained
using the second-degree polynomial approximation of the measured velocity profile in the
“trace” part,i.e., atz/é > 0.3:

U(z) = p3 + paz + p12>. )

Comparison with (1) yields relationships that allow one to calculate the parameters of
the turbulent boundary layer Umax, U+, 9:

2 p2
o =—0=—=; = K
pu 1 2 Umax = p3 + pu (©)
Constants v and B were obtained by approximating the experimental data using
Formula (1) [see. 12]: —1/(kB) = 0.3474 4 0.014 and v/ = 0.07318. Then, using (3), the
friction velocity can be calculated and, using the obtained values Umax, U+, J, the roughness
parameter, 10 m wind speed Uj and the aerodynamic drag coefficient can be calculated:

2o = 6 exp(—kUmax/ i« + k)
Ulg = ¢ In(Hio/20) @)

CD _ ( Uy ) _ K2
tho (KUmax /1t —yk-+In(Hyo/5))2

where Hyjg = 10 m.

It should be noted that self-similar laws for velocity profiles in a turbulent boundary
layer are applicable only to values averaged over a statistical ensemble. Such ensembles
are groups of wind velocity profiles measured at of the order of equal distances from the
hurricane center [39]. In Figure 2a, an example of an averaged profile and a parabolic
approximation of the upper part of the atmospheric boundary layer can be seen. This
method works for the majority of the average wind speed profiles obtained in a hurricane.
Nevertheless, profiles similar to the profile in Figure 2b arise. In the lower logarithmic part,
the profile has two segments with different slopes. This complicates the data processing and
leads to an incorrect determination of the wind speed U;p and other parameters. This can
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be explained by the fact that the GPS-dropsonde does not fall straight down, but deviates
during the fall and enters the zones of the hurricane of different intensity. The difficulties
faced in the processing of data from GPS-dropsondes motivated us to perform hurricane
simulations in order to analyze the behavior of velocity profiles in it.
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Figure 2. (a) Averaged profile from GPS-dropsondes dropped at a distance of (a) 100-110 km from
the center of the hurricane (Irma, 2017) and (b) 40-45 km from the center of the hurricane (Rita, 2005).

3. Results and Discussion

The results of the WRF model simulations were obtained using model configura-
tions that differ in the use of various physical parameterizations (examples are shown in
Table 1). All the configurations tested showed a significant deviation in the hurricane’s
track (Figure 3). In Figure 3, the wind speed distribution at 18:00 on 9 July 2017 from the
WREF simulation with configuration #5 (see Table 1) is shown.

71°W 70°W 69° W 68" W
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20N 2
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) 20
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10
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Figure 3. Wind speed distribution (m/s) (9 July 2017 18:00) obtained from WRF simulations. The red
line is the track of Hurricane Irma according to [15]. The green line is the hurricane track obtained
from the simulation results with configuration #5 (see Table 1). Black lines are hurricane tracks
obtained with other configurations (the number corresponds to Table 1).
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In Table 2, the average deviation of the track is demonstrated. It was defined as a
mathematical average of the distance between the modeled track and HURDAT?2 dataset
trajectory. The problem of hurricane trajectory deflection during modeling is known and
described, for example, in [40].

Configuration #1 demonstrates a significant deviation of the hurricane track from the
HURDAT?2 dataset; in addition, the size of the hurricane is significantly overestimated (by
30%) compared to satellite imagery data from Sentinel-1. The wind speed distribution in
Figure 4a is obtained from the remote sensing data using GMF from [41]. However, the
use of this configuration provides a stable structure of the hurricane and the wind speed
profiles have the expected logarithmic slope at high wind speeds. Replacing the option of
shortwave and longwave radiation with RRTMG significantly reduces the deviation of the
calculated track from the one observed. With the same scheme for describing shortwave
and longwave radiation, configuration #2 is tested. The set of parameterizations in this
configuration corresponds to the “hurricane case” specified in the recommendations of [13]
for hurricane wind conditions. The track of the calculated hurricane in this case is close to
the observed one, but the size of the eyewall is highly overestimated (by two times) and
varies in structure along its path.
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Figure 4. Wind speed distribution (m/s) (9 July 2017 11:00) obtained from (a) WRF simulations,
configuration #8, domain 3; (b) WRF simulations, configuration #5, domain 3; (c) remote sensing data
Sentinel-1 using GMF from [41]; and (d) WRF simulations, configuration #5, domain 4 (Table 1).

In configuration #3, the use of a different parameterization of the PBL and the surface
layer of the atmosphere, MYNN, is tested. This configuration demonstrates a slight devia-
tion from the HURDAT? dataset track, and this result is promising in terms of the further
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study of the influence of PBL parameterizations. Another possibility to improve the PBL
description is coupling with wave models due to the improvement in the drag coefficient
parameterizations in the atmospheric models. Unfortunately, for the moment, in the results
when using this configuration, the size of the eyewall is overestimated compared to satellite
imagery data and it has a highly variable structure throughout its movement.

In configuration #4, the large eddy simulation (LES) approach is used. In this method,
the track is strongly deviated and the size of the hurricane is overestimated by 150%; the
structure of the hurricane is also unstable. Among the considered approaches, the best
agreement with the measurement results was obtained using configuration #5. In this case,
the same set of parameterizations is used as in configuration #2, except for the cumulus
parameterization: the Kain—Fritsch scheme was used instead of the Tiedtke scheme. The
track of the hurricane is close to the observed one, and the size of the eyewall better
corresponds to the data of satellite images. In Figure 4d, the wind speed distribution in the
fourth domain at 11:00 on 9 July 2017 from the WRF simulation with configuration #5 is
shown. This point in time corresponds to the moment of the Sentinel-1 imagery data (as in
Figure 4c). Wind speed profiles have a logarithmic slope.

The use of coupled modeling with the ocean model was also tested: configuration
#6 differs from configuration #5 only in that it takes into account the ocean model. How-
ever, the track deviation in this case turns out to be larger. The simulation using LES in
configuration #7 also turned out to be unsatisfactory. The track of the simulated hurricane
in this case is very different from the observed one, and the eye of the hurricane is highly
overestimated.

Configuration #8 has a set of atmospheric parameterizations similar to the HWRF
operational model [26]. This configuration also provides a satisfactory deviation of the
hurricane trajectory. In Figure 4a,b, the resulting wind speed distributions in the 3d domain
are compared using configurations #8 and #5. In configuration #8, the size of the eyewall
is a bit overestimated. This causes dropsondes to fall inside the eye of the hurricane,
which is inconsistent with observations. It should be noted that the HWRF modeling
is not used in this configuration, only HWRF atmospheric components (PBL, surface
layer parameterizations). The HWREF is designed specifically for hurricane forecasting,
allowing vortex tracking during the integration period. The use of the complete HWRF
approach will lead to better trajectory and intensity prediction [26]. However, at the
moment, WRF simulations within configuration #5 are used for further comparison with
the dropsonde data.

For comparison, the GPS-dropsondes dropped at approximately equal distances from
the center of the hurricane (scatter 5-10 km) [39] were selected. The obtained data on wind
speed profiles were averaged. The averaged profiles of the GPS-dropsondes of the WRF
simulation were obtained at the same distance from the center of the hurricane. For the
averaging, the profiles that are located in the coordinates of the fall of the dropsondes were
used. The wind speed distribution from the WRF simulation (Figure 5a,c,e,g) is shown at
14:00 on 9 July 2017 to let all the considered locations of the dropsondes fit the domain. The
center of the hurricane was determined from the results of the simulation. It was calculated
as the center of the circle obtained for a wind speed value of 50 m/s, since the track of the
simulated hurricane does not coincide completely with the remote-sensing data.

The averaged profile of the dropsondes located at a distance of 40-50 km from the
center (Figure 5b) shows slightly higher wind speeds than the profile obtained from the
simulation results.

The averaged profile of the next set of dropsondes (70-80 km from the center of the
hurricane “eye”, Figure 5d) shows a lower wind speed than the simulated one. At distances
of 100-110 km (Figure 5e) and 150-160 km (Figure 5h), the profiles behave similarly and
almost coincide. Perhaps the behavior of the averaged wind speed profiles is due to the fact
that the size of the eye of an observed hurricane and that of the simulated one are slightly
different, and this difference is the most pronounced in the region of the wall of the “eye”
of the hurricane, since the highest wind speeds are observed there. It is also worth noting
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that the simulated wind speed profiles have a pronounced logarithmic slope in the lower
part at high wind speeds, just like the profiles from the dropsondes.

The use of the data in the third domain proves to be convenient for observing the
dynamics of a hurricane and testing different sets of parameterizations for its simulation.
For a more detailed study of hurricanes, simulations with this configuration for four nested
domains with a resolution of 1 km in the last domain were performed. The location of
the fourth domain was chosen taking into account the resulting track of the simulated
hurricane in the third domain, since the fourth domain has a slightly larger size than the
hurricane itself, and it is necessary to match its position. The modified profiling method
used in [31] and partially presented in Section 2.4 is based on the self-similarity of wind
velocity profiles in a hurricane, and it is assumed that it is the same for the entire hurricane.
Using the obtained simulation results, it is interesting to analyze how the self-similarity
process is carried out and whether it is the same in different sectors of the hurricane.

Similar to the algorithm described in Section 2.4, to obtain constants v and p, it is
necessary to plot the wind speed profiles obtained as a result of the calculation in dimen-
sionless variables. However, in the case of GPS-dropsondes, each profile is considered
separately. It is not possible for the simulated data since the amount of data is many times
greater than the experimental ones. To achieve this, automatic sorting of the simulated
wind speed profiles was carried out, which have a positive logarithmic slope in the lower
part of the profile, since the profiles located in the zone of low wind speeds (the “eye” of
the hurricane or at a great distance from its center) are vertical or tilted in the opposite
direction and are not suitable for profiling. In Figure 6, all used wind speed profiles in
self-similar variables are shown.
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Figure 5. Cont.
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Figure 5. Distribution of 10 m wind speed (a,c,e,g) m/s (9 July 2017 14:00) and comparison of the
averaged vertical wind speed profiles of the hurricane obtained as a result of WRF simulations
and GPS-dropsondes (b,d,f,h). The black points on the left show the coordinates of the fall of the
GPS-dropsondes; the red curve is the observed track of the hurricane. On the right, the orange wind
speed profile is the averaged profile of the group of GPS-dropsondes and the blue one is the averaged
profile of the simulated hurricane at the same coordinates. Distance to the center of the hurricane:
40-50 km (b), 70-80 km (d), 100-110 km (f), 150-160 km (h).

(Umax'U)/(Bu*)

Figure 6. Wind speed profiles from the hurricane Irma simulations in self-similar variables. The red
line is the logarithmic approximation of the lower part of the boundary layer (z/delta < 0.3); the blue
one is the polynomial approximation (z/delta > 0.3).
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As can be seen in Figure 6, the profiles are indeed grouped with a certain spread
around one curve, which consists of a logarithmic part and a parabolic part.

In [42], three sectors are distinguished in hurricanes based on the observation of
different waves in them. It should be assumed that the form of self-similar dependences in
different parts of the hurricane may also differ. Using the same division of the hurricane
into three sectors, one can build separate self-similar dependencies for each of them and
compare the obtained coefficients (or, in fact, the slopes of the logarithmic part). The
division of the hurricane into sectors was carried out as follows (Figure 7): from the
direction of the hurricane’s movement, the first sector lay in the area of 20-150 degrees; the
second—150-240 degrees; and the remaining area is the third sector.

0 2r

2r

Figure 7. Sector division of the hurricane according to [34]; the arrow indicates the direction of the
hurricane’s motion.

As a result, the following values for the coefficient were obtained: 10.09 +/— 0.225
(sector 1), 9.80 +/ — 0.35 (sector 2), and 12.89 +/— 0.46 (sector 3) (Figure 8). As can be seen
from these values, the coefficient for the third sector is allocated, while the coefficients for
the first and second sectors are approximately the same within the confidence intervals.

To investigate the behavior of these sectoral self-similar dependences on distance, the
data are split into bins of 10 km by distance from the center of the hurricane, starting from
40 km, where the eye wall of the hurricane with high wind speeds begins. On Figure 9
the obtained results are shown, namely, the dependence of the coefficient on the distance
to the center of the hurricane for each sector. The dependences for the first and second
sectors behave similarly in almost the entire area under study, except for the range of
62.5-67.5 km, where there is a slight difference between them. The dependence for the third
sector differs quite significantly from the other two sectors outside the confidence intervals
at distances from 47.5 km to 72.5 km. It should be noted that, in [42], the dependences
of the aerodynamic drag coefficient on wind speed for these sectors are considered, and
the dependence for the left-front sector also stand out noticeably from the rest, which is
associated with the different waves in these sectors. Here, the difference in the coefficient
may be due to the different behavior of the wind velocity profiles in the upper parabolic part
of the atmospheric boundary layer. The wind in a tropical cyclone rotates in a spiral around
its center counterclockwise in the Northern Hemisphere, and just in the left-front sector, the
forward motion of the hurricane and the direction of the rotating winds are opposite, and
it can be assumed that this has a large influence on the vortex structure of the atmospheric
boundary layer for this sector, in contrast to the others. Due to different vortex structures,
the wind speed profiles also differ, which, in turn, manifests itself in the difference in
self-similar dependences. A similar situation is observed in [38], although for a turbulent
flow in a pipe, where different coefficients are obtained for different vortex structures.
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Figure 8. Self-similar wind speed profiles for sector 1 (a), sector 2 (b), and sector 3 (c). The red line is
the logarithmic approximation of the lower part of the boundary layer (up to 0.3 z/delta).
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Figure 9. Dependence of the 8 coefficient on the distance to the center of the hurricane for its three
sectors. The black curve is for the 1st sector, the blue one is for the 2nd one, and the red one is for the
3rd one.
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In previous works, the coefficients oy and B were obtained on the basis of a self-similar
dependence built on the entire available data set from GPS-dropsondes without division
into sectors. The estimation of the  coefficients suggests that the self-similar laws differ
slightly depending on the hurricane sector at certain distances to its center, and it would be
useful to take this fact into account when reconstructing geophysical parameters, if there is
a sufficient amount of experimental data.

4. Conclusions

In this paper, we have considered and analyzed a number of hurricane calculations
with different sets of parameterizations. The configuration consisting of YSU parameter-
ization for PBL, Revised MMS5 as the surface layer option, WRF Single-moment 6-class
for the microphysics option, the Kain—Fritsch scheme for cumulus parameterization and
RRTMG as the shortwave and longwave radiation option was used for further analysis.
The track of the simulated hurricane with this configuration shows a lower deviation of
the track from the HURDAT? dataset than other considered configurations simultaneously
with the stable structure of the hurricane and its eyewall size coinciding with the remote
sensing data from Sentinel-1. The wind speed profiles from GPS-dropsondes are in good
agreement with the profiles obtained as a result of the calculation, and the size of its “eye”
corresponds to satellite imagery.

The behavior of the self-similar dependences of wind velocity profiles in a hurricane,
which are used to retrieve geophysical parameters, was studied, and it was found that
the slope coefficient of the logarithmic part of these dependences slightly differs not only
depending on the choice of the sector in the hurricane, but also on the distance to its center.
The main obtained result suggests that when retrieving geophysical parameters, it would
be useful to take into account the difference in self-similar dependencies in different sectors
of the hurricane, if this allows the amount of data used for this reconstruction.
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