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In recent years, Japan has experienced frequent river flooding and landslide
disasters caused by heavy rainfall brought by typhoons. Typhoons also cause
storm surges and salt damage. As progress of climate change, the location of
typhoon genesis in the Northwest Pacific Ocean is predicted to shift toward the
northeast. Also, a decrease in central pressure of typhoon and an increase in wind
speed and rainfall caused by typhoon are projected. These projections mean that
stronger typhoon generates near Japan area. One of the important factors to
predict typhoon strength is friction between the air and sea, which is described
by drag coefficient. To achieve disaster mitigation, more accurate prediction of
typhoon strength is required in the future projection that typhoon will become
stronger.

The drag coefficient can be estimated by observing the vertical distribution
of horizontal wind speed. However, there are few cases of observations under
typhoons, and the drag coefficient under high wind conditions has not been settled
yet, although many studies have been conducted. This study consists of field
observations, tunnel experiments and numerical simulations of the surface layer
of the atmosphere including sea spray generated from breaking waves, under
typhoon conditions and analytical methods. The vertical profiles of sea spray
concentrations and horizontal wind speeds were estimated from the observations
using ship radar and other instruments. This will contribute to the understanding
of the interaction between the air and sea under storm conditions.

In Chapter 2, the author summarizes the previous studies on friction between
the sea surface and the air under typhoons with various wind speeds and rainfall
intensities. It is suggested that the drag coefficient may increases or decreases due
to the effects of wind speed, waves, sea sprays and raindrops near the sea surface.
The effect of wind speed, waves, droplets, and raindrops on the drag coefficient
was examined, and the results showed that rainfall also had certain effects on the
drag coefficient. However, the concentration of sea spray distributed on the sea
surface is still not sufficiently known. Therefore, in the next chapter, the author
conducted the observation of sea spray in the field.

In Chapter 3, the author conducted field observations at the observation

tower of Shirahama Oceanographic Observatory, located 1.8 km off the coast
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of Wakayama Prefecture, using a disdrometer, anemometer, and wave height me-
ter. The disdrometer can detect particles with a diameter of less than 1 mm.
The instruments were installed at a height of 15 m in the observation tower, and
the observation of strong wind events without rainfall was collected. The number
density of sea spray as a function of the wind speed was formulated.

In Chapter 4, observations of sea spray and rain using a radar capable of ob-
serving vertical cross-section with high spatio-temporal resolution were achieved
for typhoon events that passed near the observation sites, such as typhoons 20,
21, and 24 (CIMARON, JEBE, and TRAMI) in 2018. The radar measured the
event when the 10-minute averaged wind speed is 39.5 ms~! during these events.
Detailed information about advections of sea spray and rain distributed near the
sea surface during extreme wind conditions was obtained. In this chapter, the
author propose a method to convert the radar images into backscattering radar
cross sections, which is a physical quantity that represents the properties of sea
spray and rainfall to electromagnetic waves. Specifically, the method extracts
the time when the wind direction coincides with the radar observation direction,
removes noise, converts the image to received power, corrects the electromagnetic
attenuation according to the distance, and estimates the radar gain by calibra-
tion using nearby meteorological radar. The vertical distribution of the horizontal
wind speed was estimated from the horizontal movement speed of rain and sea
spray observed by the radar, hypothesizing that the horizontal wind speed to
be similar to horizontal velocity of rain and sea spray. The drag coefficient was
estimated from the vertical profile of the horizontal wind speed.

In Chapter 5, the author proposed a method for estimating the number den-
sity and mass concentration of sea spray with respect to their drop size using
the results of backscattering radar cross sections obtained in Chapter 4. The
method represents the scattering by multiple particles in a unit volume (volume
scattering) by combining individual scattering in a unit volume expressed by Mie
scattering theory. It is shown that the existing mass concentration distribution
equation for suspended sediment can be applied to the obtained vertical distribu-
tion of mass concentration of sea spray. At the same time, this thesis proposes an
equation for the vertical distribution of mass concentration of droplets depending

on the wind speed. Furthermore, by using the vertical distribution of the mass
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concentration, the amount of droplets generated from the sea surface, which can-
not be captured by radar due to sea clutter, is estimated and shown as a function
of wind speed.

In this thesis, detailed quantitative information on the mixed conditions of
sea spray and rain on the sea surface was generated. This thesis highlights the
potential of using radar observation to obtain method for estimating the vertical
distribution of wind speed and the vertical distribution of sea spray mass con-
centration. It will lead us to derive a new parameterization of drag coefficient,
and hence provide highly significant information on detailed spatial distribution
of multi-phase flow with sea spray and rain in the surface boundary layer. This
line of investigation could improve the understanding of the vertical distribution
of wind speed and the vertical distribution of sea spray mass concentration under

strong wind conditions like typhoons.
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Introduction

1.1 Surface boundary layer under severe wind
conditions

Floods and landslides caused by heavy rains occur frequently in Japan. Hav-
ing discussed the impact of climate change on the frequency and intensity of heavy
rainfall, the Fifth Assessment Report (AR5S) of the Intergovernmental Panel on
Climate Change (IPCC) clearly suggested that there is no doubt that the climate
system is warming. Flood risk assessment and its response plan are considered
to be an urgent issue.

In the case of Japan, the Ministry of Land, Infrastructure, Transport and
Tourism (MLIT) has organized the “Technical Study Group on Flood Control
Planning in Climate Change” since 2018, and developed its recommendations
in October 2019. In line with this, analysis of d4PDF (detailed later) on pre-
cipitation changes was performed, to determine the extent of the future climate
relative to the past climate, and the result was 1.15 times higher in the entire area
of Hokkaido and 1.1 times higher in other areas with under 2 degrees of warming
by the 2040s. The warming represents an increase in global temperature since
the pre-industrial era (the 1600s). Since the beginning of 1600s, the temperature
has increased by about 1 degree. The d4PDF is a large ensemble climate dataset

released as the Database for Policy Decision Making for Future Climate Change,



1. INTRODUCTION

which consists of several thousand years of simulation with both a historical cli-
mate and climates following the progression of global warming (Mizuta et al.
(2017) (1)).

Prior to the study by MLIT, mutual discussion by MLIT’s Hokkaido Devel-
opment Bureau and Hokkaido prefecture was made immediately after the heavy
rainfall disaster caused by four kinds of typhoons in August 2016 to exchange
views on future flood control measures in relation to climate change. In 2009, the
Hokkaido branch of MLIT launched the “Study Committee on Flood Prevention
Measures in the Severe Rainfall Disaster in Hokkaido in August 2016,” implying
that ”"Hokkaido should take the lead in implementing measures for the climate
change, as the impact of climate change associated with warming has become
evident.” Thereby, the committee has been working to assess flood risks in detail
and develop adaptation measures. This has been executed by analyzing rainfall
data using the climate model in the form of “physically possible rainfall data, so
to speak, quasi-observables,” which is not based on the extrapolation of existing
observational data.

In a study of two river basins in Hokkaido, rainfall at the planning scale
was predicted to increase by a factor of 1.3 to 1.4 under climatic conditions
where the temperature increased by 4 degrees above pre-industrial levels. The
results showed that the frequency and amount of heavy rainfall caused by ty-
phoons increased, and that the intensity of rainfall was higher when the typhoon
approached southwestern Hokkaido, where the rainfall tended to be abundant
during the 4-degree increase experiment. Nonetheless, there is a need to improve
the accuracy of weather forecasts for extreme phenomena such as typhoons. By
the Japan Meteorological Agency (JMA), accuracy is evaluated using two ele-
ments: the path and intensity of the typhoon. In the case of a typhoon, the
forecast error for 24-120-hour forecasts has decreased from the 1980s to present.
Moreover, the error for the intensity of typhoons has remained almost unchanged

since the 2000s.



1.1 Surface boundary layer under severe wind conditions

1.1.1 Surface drag between the air and sea under tropical

cyclone

This study investigates friction between the air and sea, as it is the major
contributing factors for a typhoon’s strength. The surface boundary layer is the
lowest part of the atmospheric boundary layer, which ranges from the surface to
approximately 1 km below the surface. Within the surface layer, air turbulence
is generated and transfers various fluxes; sensible heat, latent heat and water,
which are expressed by bulk equations using bulk coefficients. These parame-
ters are The maximum potential intensity (MPI) theory developed by Emanuel
(1995)(23) suggested that the ratio of the enthalpy of the bulk transfer coefficient
to drag coefficient must be in the range of 0.75-1.25 when estimating the realistic
intensity of tropical cyclones. However, in a previous study, the ratio of observed
values was between 0.6 and 0.7 at moderate wind speeds (Black et al., 2007)(15)

I as it is technically difficult to simultaneously

whose upper limit was 30 ms™
measure wind speed beyond 30 ms~! and drag coefficient and the occurrence of
high velocity winds are rare near the sea surface. The ratio is well below 0.7 at
speeds more than 40 ms™~! in the case that the bulk enthalpy transfer and drag
coefficients in today’s meteorological model are applied. This difference could be
because the coefficients have not considered the effect of sea spray (Fairall et al.,
2009) (16). Numerical simulation studies have highlighted that parameterizations
considering the presence of sea spray decrease drag and enhance heat flux and
increase the cyclone intensity, which is associated with an increased maximum
surface wind speed by 1.7 times and a decreased minimum sea surface pressure by
0.96 times (Bao, 2011) (36). The simulations were based on the Monin-Obukhov
similarity theory, which invokes the parameterizations of air-sea fluxes. In prac-

tice, a meteorological model owned by the Australian Bureau of Meteorology

considering the sea spray effects has started to be adapted (48).
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1.1.2 Relationship between storm surge and drag coeffi-

cient

Flux exchanges are sensitive indicators of climate variability and affect storm
surges. A storm surge is an increase in the sea level beneath a storm and is caused
by the following: i) atmospheric pressure drop by sucking up the sea surface and
ii) winds blowing offshore by pushing the seawater toward the shore. In Japan,
a storm surge hitting the Ise Bay was caused by the Ise Bay Typhoon in 1959.
The typhoon made landfall in western Cape Shionomisaki around 6 p.m. on 26
September with a central pressure of 930 hPa and moved north-northeastward,
passing just west of the Ise Bay and passing through the Toyama Bay at midnight
on the next day. It was an extremely large typhoon; therefore, the entire Ise Bay
was contained within the danger semicircle, with sustained southerly winds more
than 30ms~—!. A tide gauge, a tool for determining water-level trends, at the
Port of Nagoya recorded an increase in water level of 3.90 m above the Tokyo
Peil (T.P.) and a meteorological anomaly of 3.55 m. The Ise Bay Typhoon has
significantly affected populations: to date, there are 4,697 dead, 38,921 injured,
401 missing, 38,921 houses destroyed, 113,052 houses partially destroyed, and
4,703 flooded houses. The largest typhoon characterized by the lowest central
pressure at landfall was the Second Muroto Typhoon. It made landfall on the
west side of Cape Muroto in the Kochi Prefecture at 925 hPa. As a side note,
a map of the estimated storm surge inundation area for the largest typhoon in
history is available in the 2020 Storm Surge Inundation Area Mapping Guide.
The map was created based on the return period, and the periods for three major
bays - Osaka Bay, Ise Bay, and Tokyo Bay - for instance, are set as 1/500 and
1/1000. When simulating, there are three or more different directions along the
path of the typhoon heading to these bays, and the paths can be shifted by each 10
and 20 km in parallel. Such typhoon track simulations are critically important to
develop countermeasures against a storm surge. The drag coefficient was thought
to increase with wind speed, but since the 2000s, the coefficient has been reviewed
due to saturated or reduced cases being found under severe weather conditions
including heavy rains and typhoons. Thus, the behavior of the coefficient is

regarded as an important element for the investigation of storm surges.



1.2 Fluid dynamics with sea spray

1.2 Fluid dynamics with sea spray

1.2.1 Turbulence in the surface boundary layer

This section provides more information on the Monin-Obukhov similarity
theory with reference to turbulence properties in the surface boundary layer and
highlights the position of this theory in our study. Specifically, the surface bound-
ary layer is regarded as the constant stress layer of which the vertical fluxes of
momentum and heat are considered to be equal to the fluxes at the sea surface.
One of the controlling factors of meteorological phenomena is vertical fluxes. The
amount of flux exchanged between the atmosphere and the sea surface affects the
development of meteorological phenomena. Rainfall often accompanies a storm,
generating sea spray at the sea surface. One of the purpose of this study was to
observe the concentration of sea spray under rainfall.

Turbulent conditions reflect the surface boundary layer; therefore, meteoro-
logical factors such as wind speed and temperature are subject to complex spatial
and temporal variations. Russian meteorologists Monin and Obukhov identified
such seemingly chaotic situations and proposed the Monin-Obukhov similarity
theory in 1954. It states that the mean values of wind speed and temperature
in turbulent conditions are expressed with respect to physical quantities of fric-
tional stress and vertical heat flux at the ground surface, 7/p(= —v/w’)[m?s~2]
Ho/(Cpp)(= 0w = Qo) [Kms™!], and buoyancy parameters, g/0g [ms™2K~!],

assuming a steady and horizontally uniform situation in turbulent conditions.

)

This theory is universally accepted and is still used today. It also serves as the

boundary layer theory of many advanced meteorological models.

1.2.2 Review of sea spray studies

This section discusses the historical aspect of sea spray based on the reviewed
papers (Andreas et al., 1995(9) and F. Veron, 2015(86)) and our investigation.
Researchers Bortkovskii, Borisenkov, Wu, and Ling are pioneers in examining
the net effect of sea spray on sensible and latent heat transfer. Flux of sea spray

from sea to air is an important aspect of the air-sea interaction, yet much remains
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unknown about the surface layer profiles of temperature and humidity. During the
1980s and 1990s, three types of sea spray were identified during the observations
of different sea spray concentrations, as shown in Figure 1.1. The two of these
are film and jet droplets, which emerge when the bubbles in whitecaps burst.
The whitecap coverage is the percentage of the sea surface covered by white foam
generated when waves break. A film droplet is typically a few pm while a jet
droplet is less than 20 um in size. In contrast to these two droplets, another kind
of droplet, a spume droplet, emerges when a wave breaks and is larger in size.
The critical wind speed at which spume droplets are generated has been actively
discussed. According to Andreas et al. (1995)(9), the wind speed threshold for
spume production is 7-11 ms™!.

The bubbles at the sea surface are directly related to production of
bubble-mediated sea spray. As the area of each whitecap decreases exponentially
with time, the ratio of whitecap area to the total area of sea surface is directly
proportional to the instantaneous fraction of the sea surface covered by white-
caps. Sea spray generation functions have not been clarified even in the 2010s
and are still being discussed. The same applies to the spume droplet production
rate. However, tremendous progress has been made in exploring the sea spray
generation function for small and medium-sized droplets, as shown in Figure 6
(Veron, 2015(86)).

In the context of spray droplet microphysics, the rate of spray-mediated
fluxes of sensible and latent heat has been determined (Andreas, 1989, 1990)
using equations typically used in cloud physics (Pruppacher and Klett, 1978).
Fairall et al. (1990)(25) highlighted the properties of sea spray followed by the
Monin-Obukov similarity theory and provided an overview of sea spray, the atmo-
spheric boundary layer, and related laboratory and field observations(25). This
is based on the Humidity Exchange Over the sea (HEXOS) project(40), which
is a research project using a combination of numerical model studies, field mea-
surements, and wind tunnel simulations by HEXIST (ST denotes the Simulation
Tunnel at the IMST Laboratoire de Luminy near Marseille, France). The tunnel
is 40 m long with a maximum depth of 1.5 m; it is designed to detect particles
in a range from 0.5 to 15 pum as well as from 10 to 150 um, along with profiles

of wind speed, temperature, and water vapor density. Fairall et al. (1994)(26)
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examined the effects of the microphysics of sea spray on tropical cyclones using
an analytical model. The results showed that sea spray rapidly exchanges sen-
sible heat with the surrounding air when it is ejected into the air-sea surface.
Assuming that the temperature of sea surface is warmer than that of air, sea
spray warms the air and subsequently evaporates followed by the phase change,
resulting in the removal of latent heat from the atmosphere. Successively, the
energy of evaporation of the sea spray must come from the atmosphere. In ad-
dition, Lighthill (1999)(46) noted that the energy at which sea spray evaporated
would come from the atmosphere. Therefore, the net sensible heat from sea spray
can be calculated as a difference between its sensible heat and latent heat, in the
form of the ‘feedback effect’.

In the 2000s and 2010s, considering the impact of sea spray on drag, the
CB-LAST project was carried out for wind speed observations in hurricanes us-
ing dropsonde. According to Powell et al. (2003)(62), the drag coefficient - an
indicator of drag between the atmosphere to ocean - decreases at the high wind
speed of 33 ms™!. Subsequently, over the last two decades, numerous studies have
attempted to explain the causal relationship between reduced drag coefficient and
wind speed (see Chapter 2).

Several studies have attempted to describe the leveling off and saturation of
the coefficient. We lack knowledge of why the coefficient decreases, and little is
known about how much sea spray exists under such situations because it is diffi-
cult to observe sea spray under rainfall. Thus, this study attempted to observe

sea spray under well-mixed conditions with rainfall (see Chapter 3 to 5).

1.2.3 Drop size distribution of sea spray

The basic physical quantity in this study is the concentration of sea spray.
Commonly, the concentration of sea spray is referred to as the drop size distribu-
tion, which is measured as the diameter increment per area per second. Previous
drop size distributions have been obtained from field observations, wind tunnel
experiments, and numerical experiments. The droplets can be classified into three
particle diameter scales. Particle diameter ranges from approximately 107> to 1
mm. 107° to 1073 are film droplets, 1073 to 1072 are jet droplets, and 1072 to
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10% are spume droplets. The diameter scale is widely spread and each diameter
varies by 2 or 3 orders, especially in spume droplets.

The first observation of sea spray was made by Monahan (1986)(56). In their
study, they determined that the amount of spray generated is proportional to the
whitecap coverage based on the experimental results. The whitecap coverage is
the percentage of the sea surface covered by white foam generated when waves
break. Wu observed the amount of spray generated by a kite attached to a ship
at sea. Andreas (1998)(5), using the observations of Wu (1993)(88) and Smith
et al. (1993)(75), proposed a droplet particle size distribution that includes all
particle size ranges up to a wind speed of 32 ms~1. Conversely, Fairall (1994)(26)
proposed a particle size distribution for spume droplets.

Based on this background, this study conducted three types of marine obser-
vations. Direct observations with a disdrometer were conducted at a marine tower
under rainfall (see Chapter 3). Furthermore, radar observation was performed;
the methods and results are reported in Chapters 4 and 5. Obtaining informa-
tion near the sea surface remains elusive because signals from the sea surface are

contaminated. Thus, observation near the sea surface has proven difficult.

1.3 Structure of this study

Following the Introduction in Chapter 1, Chapter 2 highlights the investiga-
tion of friction between the air and sea under typhoon-like conditions. Several
models have been previously proposed to explain the leveling off and saturation
of the drag coefficient. With understanding that, active discussions have been
conducted for a few decades. In this chapter the author summarized parameter-
izations and explore effects of sea spray and rain was conducted based on one
model.

As discussed in Chapter 3, a series of field observations were conducted at an
observational tower lying 1.8 km off the coast of the Wakayama Prefecture, Japan.
Two types of optical disdrometers were equipped to detect different particle sizes,
which were installed at the 15-m height of the tower. At wind speeds more than

10 ms™!, the amount of sea spray with a diameter less than 1 mm increased in the
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absence of rain according to the meteorological radar and tipping bucket located
near the tower. Another disdrometer obtained information on two rainfall events,
one of which was the typhoon KROSA in 2019. It showed an increased amount
of rain droplets with a diameter less than 1 mm along with an increased wind
speed. This phenomenon could be associated with an increased amount of sea
spray because the rainfall intensity remained constant. It also highlighted the
amount of sea spray at various hourly wind speeds (up to 20 ms~!), which may
provide better radar estimates of rainfall over the open ocean. A equation for
number of sea spray as a function of wind speed is proposed.

Chapter 4 discusses simultaneous radar observations that have the advan-
tage of high time-spatio resolution for a vertical cross section. These allowed us
to observe the dynamic structures of multiphase flow with sea spray and rain
over the ocean under the typhoons CIMARON, JEBE, and TRAMI in 2018.
However, it only included qualitative data due to the technical radar specifica-
tions. Therefore, a method was proposed to explore quantitative data that serves
as a radar cross section representing the electromagnetic properties of materi-
als. Specifically, the estimation was achieved by the following several proposed
methodologies: noise removal, conversion to reflected power, correction based on
density of electromagnetic wave, estimation of radar gain, and sea clutter height
estimation. The author also proposed a method to estimate profiles of horizontal
wind speed and drag coefficient based on radar observation data.

Chapter 5 introduces the conversion methods that were used to convert the
radar cross section into the drop size distribution and concentration of sea spray
in reference to the results in Chapter 4. This radar observation was based on
scattering phenomena in the mixed conditions of sea spray and raindrops: Mie
scattering or Rayleigh scattering, and single scattering or multiple scattering.
These phenomena differ from each other in the particle size, number, and salin-
ity. Given the drop size distributions of sea spray and rain at different wind speeds
and rainfall intensities, sensitivity analysis was conducted to examine the scat-
tering characteristics. This analysis confirmed that scattering by sea spray and
rain packed in unit volume was Mie scattering and single scattering, respectively.
The proposed two methods enable radar to observe profiles of concentration and

wind speed near surface layer simultaneously.
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Chapter 6 is the concluding chapter that explains the significance and im-
plications of our findings as well as the contribution of our study to the existing

literature.

Figure 1.1: Origins of various kinds of sea spray droplets. - Cited
from Andreas et al., 1995(9) and based on an illustration by Hokussai (c.
1833).

10



Drag coefficient over the ocean

surface

2.1 Introduction

In recent years, typhoons are expected to become more powerful due to the
climate change, and there is concern about the increase in damage caused by
heavy rains, storm surges, and strong winds. Drag, sensible heat, and latent heat
at the air-sea interface are essential variables to influencing the typhoons. In this
chapter, several drag coefficients proposed previously is introduced.

Using the drag coefficient at 10 m height Cpy19 (where D is drag and N is
the neutral atmospheric stability), the shear stress of the atmosphere (drag from

the sea on air) at 10 m height from the sea surface is defined as

T = patl = 74 = paCpn10Usy, (2.1)

where p, is the atmospheric density [kg m~3] and Uy is the horizontal wind speed
at 10 m height [ms™!]. Assuming the horizontal wind speed (hereafter referred

to as wind speed) is governed by the logarithmic law,

U(z) = & [log (i) - w(i)} : (2.2)

11
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Here, U(z) is the horizontal wind speed at height z, s is von-Karman’s constant
(k=0.4), zp is the roughness length [m], ¢ is universal function, and L is the
Monin-Obkhov length. Assuming neutral stability (¢» = 0 in Eq.(2.2)), the drag
coefficient at the height of 10 m is

2 2
Cpnio = lU_l*O] = lm} : (2.3)

Sensible and latent heat fluxes were obtained using the scholar coefficients C'y
and Cg.

H = p,C,CrU(T,s — T,)

E = paCELvU(QS - Q>-

Here, H is sensible heat flux [Wm™2], C), is specific heat at constant pressure
[Jkg71K™1], T, is the sea surface temperature (K|, T}, is the air temperature
[K], E is the latent heat flux [Wm~2], L, is the vaporization heat [Jkg™!], ¢s is
the saturated specific humidity [kgkg™'], and q is the specific humidity [kgkg™].
The roughness length is the height at which the wind speed becomes 0 ms™! by
vertically extrapolating the wind speed distribution downward in the boundary
layer.

The roughness length is commonly expressed as follows.

u2

"

20 = oz;, (2.4)
Here, « is a universal constant, and ¢ is the gravity acceleration [m s~2]. Eq.(2.4)
is known as Charnock’s equation, in which the roughness is non-dimensionalized
using the gravitational acceleration g, friction velocity of the wind, and the re-
lationship between the non-dimensional roughness and the constant gzo/u? is
proposed. This equation does not contain the effect of wave-breaking and sea
spray. A further study from Smith (1988)(76) showed that the roughness length
for a smooth surface is influenced by the kinematic viscosity of air v and the

friction velocity. Thus, the roughness length formula in Eq.(2.4) can be updated

to

12
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2
0=a2011L,
g U

The drag coefficient Cpy1o in Eq.(2.3) has been treated as a constant increased
monotonically with the increase of wind speed(43); however, the range of wind
speed that has been confirmed by both field observations and laboratory exper-
iments is up to approximately 20 ms~!. Powell et al. (2003)(62) flew into the
typhoon and then observed the vertical distribution of wind speed using a drop
sonde. The wind speed observed at a certain height was used as a reference to
classify the observation datasets, and the drag coefficient was estimated based
on the vertical distribution of horizontal wind speed obtained by arithmetic av-
eraging, and pointed out that the drag coefficient levels off at wind speeds above
30 ms~!. This behavior is contrary to surface flux parameterizations that are
currently used in various modeling applications, including hurricane risk assess-
ment and prediction of hurricane track and intensity, waves, and storm surges.
This difference under strong wind conditions leads active discussion and currently
many researchers proposed saturated drag coefficient. This trend has caused se-
rious concern in researchers. For example Andreas (2004)(6) explained the effect
of sea spray on darg as follows; the sea spray generated by wave breaking in a
storm is accelerated by the wind blowing near the sea surface. At this time, the
sea spray is considered to be synchronized with the wind speed in the lower layer,
which means that it is accelerated in the upper layer. Since the sea spray have
mass, they take momentum from the wind. When the sea spray falls to the sea
surface, the shear stress of the sea spray is transported to the sea surface.
Fairall et al. (1994)(26) concluded that the effect of droplets on the total
shear stress accounted for about 10% at a wind speed of 50 ms™!, and about
1% at a wind speed of 20 ms™!.
the drop size used here depends on the wind speed. Andreas (2004)(6) showed

that droplets account for about 10 % of the total shear stress at a wind speed of

The distribution of droplets with respect to

approximately 30 ms~!, and all the shear stress at a wind speed of approximately
60 ms~!. Soloviev and Lukas (2010)(77) investigated a two-layer transition layer
consisting of droplets and bubbles between the atmospheric and oceanic surfaces
and the Kelvin-Helmholtz instability theory; they found that the lower limit of

13
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the drag coefficient is determined by the collapse of the interface under high wind
speeds.

The effect of droplets on the heat exchange between the atmospheric and
oceanic surfaces has also been addressed. The sea spray moves within the at-
mosphere while undergoing phase change. In this process, droplets absorb latent
heat from the surrounding atmosphere. Lighthill(46) theorized that the cooling
effect on the lowest level of the atmosphere is due to the phase change of droplets
and argued the importance of revision to atmospheric boundary layer param-
eterization. Barenblatt (2005)(13) proposed theoretical approaches to quantify
the influence of sea spray on momentum using renormalization theory. Bao et
al. (2011)(36) focused on parameterizing the effect of sea spray at hurricane-
strength winds on the drag and heat fluxes in weather prediction models using
the Monin-Obukhov similarity theory, which is a common framework for the pa-
rameterizations of air-sea fluxes. As the wind speed increases, the mean droplet
size and the mass flux of sea-spray increase, rendering an increase of stability in
the marine surface boundary layer and a leveling-off of the surface drag. Soloviev
et al. (2014)(78) introduced a new parameterization for the air-sea interaction
based on Soloviev and Lukas (2010)(77) and suggested that the new parameter-
ization predicts a local peak of the ratio of the enthalpy coefficient against the
drag coefficient for the wind speed range around 60 ms~!. Emanuel(23) expressed
the vertical mixing in the atmospheric boundary layer based on the ratio of the
drag coefficient to the heat exchange coefficient. This indicates that the drag and
heat exchange between the air-sea surfaces affect convection of cumulus clouds
and suggests the importance of the effect of droplet-derived shear stress on the
drag coefficient.

Considering Powell et al. (2003)(62), the presence of sea spray has been
highlighted as one of the possible factors for drag coefficient decrease. The other
possible explanation is the development of the sea foam layer at the air-sea inter-
face, which is created with streaks of bubbles on the sea surface. These streaks are
formed by surface wind reaching hurricane strength and combined with patches of
20-50 m widely spread foam. As the wind speed reaches 50 ms™!, the sea surface

is covered by a layer of foam and becomes a smooth interface. The purpose of

14



2.2 Drag coefficient with various explanations

this chapter is to evaluate the effects of both sea spray and raindrops on the drag

coefficient; thus, recent studies are comprehensively introduced.

2.2 Drag coefficient with various explanations

In this chapter, drag coefficients suggested by previous studies were intro-
duced . As mentioned in the previous chapter, these coefficients have been treated
as constant, or linear. The linear relationship is based on the Monin-Obkhov
similarity theory assuming neutral stability. Then, Eq(2.3) is obtained. This
coefficient is validated by observations and a wind tunnel experiment up to 20
ms~ . However, this coefficient levels off at hurricane-like wind speeds around 30
to 40 ms~! (62). This means that the friction between the air and sea becomes
weaker. Consequently, typhoon keeps its energy. This huge difference of un-
derstanding of the drag leads active discussions and currently, many researchers
proposed saturated drag coefficient. The characteristics are summarized in the
Figure 2.1.

The real situation under typhoon is shown in Figure 2.2. As time goes on
(a) to (b) and (c), there are more wave breaking occurred and becomes foggy.
From (d) to (e) and (f), the situation becomes messy and complexed due to sea
spray and rainfall, and in (d) still wave breaking is captured. This is the real
situation under typhoon.

The Figure 2.3 shows the concept the air-sea interactions. The interactions
are drag, sensible heat transfer and latent heat transfer. These can be affected
by phenomena like rainfall, sea spray, waves, wind and so on. Several studies
proposed various parameter to represent the interactions considering effects of
phenomena. Following subsections introduce these parameterizations. The main
concepts of these are explained in Figure 2.4. The relationship between wind,
wave and sea spray generations is shown in Case 1. The situations of sea surface
varies by wind like high wave, wave breaking and generation of sea spray. Enough
wave breaking leads to smooth sea surface. These three situations have impacts
on the drag coefficient. Case 2 shows the effect of rainfall on the surface drag.

Case 3 shows the situations with third layer of sea spray on the sea surface. Case 4

15
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shows the relationship between wind direction and direction of wave propagation.

These are considered in following parameterizations.

2.2.1 Shear stress from sea spray

Andreas and Emanuel (2001)(8) suggested that wave-induced stress could be
subjected to a damping impact by the re-entrant spray into the ocean when the
wind speed is high. The momentum from the re-entrant spray could vertically
redistribute, causing a decrease in the effective stress, as postulated in Andreas
(2004)(6). It obtained the following equation based on the assumption of a con-
stant stress layer, where the shear stress 7 is composed of two terms: the shear
stress due to the atmosphere 7,(z) and the shear stress due to droplets 74y (2).

Furthermore, the total amount 7 is conserved, obtaining the following equation.

7 = 7a(2) + 7ep(2) = paCoN10,5pUT0 + Tsp(2),

The constant stress layer means that the total stress in the surface layer is not

influenced by height. At sea level z = 0,

pauz = paCDNlo,spu%O + Tsp(o)v (2'5)

Here, Cppn1o,sp is the drag coefficient with the effect of sea spray. When solving
Eq.(2.5) for CDNlO,spa then

us  Tsp(0)
CpN10sp = 755~ — : (2.6)
UL paUf
The shear stress of sea spray on the sea surface can be obtained,
47 ™S dE
Tsp = ?pwu /”o rOd_rOdTO’ (27)

where p,, is the density of sea spray [kgm 3], and here we use the same value for
rain. u is the wind speed at an averaged significant wave height because breaking
waves generate sea spray. The range of integration, r;, and rp;, are 1 and 500 pm,
respectively. 7 is the radius of sea spray [um]. Since F' is the amount of sea spray

per unit area and unit time, a unit of dF'/drg is the number of particles per unit
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area, unit radius, and unit time [m~2pm s, 47 /3p,ridF/drg is the mass flux
of sea spray with radius rg. Andreas (1998)(5) assumed that u is proportional to
uy. If wave breaking is caused by the energy received from the wind, the energy
lost when breaking is equivalent to it. The work of the wind per unit area is
expressed by the shear stress 7 and the wind speed w, which are expressed by
the equation Eq.(2.1). In addition, dF/drg is proportional to u3. Furthermore,
Andreas and Emanuel (2001)(8) assumed that the shear stress of the atmosphere
is equal to that of sea spray when the wind speed reaches typhoon strength, and

obtained the following equation.
Tep = 6.2 X 107 pyul, (2.8)
Vertical profile of wind speed assuming the atmospheric stability is neutral,
U(z) = % In(z/z0), (2.9)

The following equation is obtained by substituting Eq.(2.6) for Eq.(2.8) and
Eq.(2.9) and deriving the drag coefficient of C'pn10,sp-

2
Coniosy = [1—6.2 % 1075(22) 2] [&] : (2.10)

Pa H( 20

The above equation shows that the wind speed increases up to 10~15 ms™!
with increasing Zp in the Charnock(21) relation. Furthermore, Cpnig,sp has a
peak at 30~40 ms~!. This is because the shear stress of sea spray increases
with wind speed, which indirectly shows that the roughness height 2y decreases
due to the breakup caused by the impact of the spray on the sea surface. The
drag coefficient expressed by equation Eq.(2.10) does not consider wave breaking
caused by sea spray. This coefficient highly depends on sea spray stress shown in
Eq.(2.8) derived from Eq.(2.7). That is why the sea spray generation function
plays an important role in characterizing sea spray regarding its dragging effect
on the near-sea surface wind as well as its capacity in transferring shear stress
to the sea surface. However, the functions reported by previous studies vary
significantly(86). Wan et al. (2019)(87) proposed a new generation function
based on the windsea-Reynolds number as well as a new drag coefficient based

on the function.
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2.2.2 Roughness length and sea spray

It has been commonly recognized that the wave state has an important im-
pact on the wind shear stress(81). By analyzing and synthesizing numerous field
and laboratory observations, SCOR workgroup 101(39) presented a relationship

between the Charnock parameter o in Eq.(2.4) and wave age (3.

0.03Bexp (—0.148), ~ 0.35< B < 35
20 = (2.11)

0.008, 35 < 8.

Wave age [ is defined as ¢,/Ujg, and the corresponding drag coefficient can be
calculated through iteration. This relationship is determined mainly from ob-
servations under low-to-moderate wind conditions without consideration of other
factors such as sea spray. Liu et al. (2012)(47) proposed a new parameterization

of sea surface aerodynamic roughness as follows:

1/w
(0.0853%/%)1-1/w (0.035* exp(—0.14ﬁ*)> . (~0.35 < B, < 35)

zh = (2.12)

17.60' 1/« (0.008) /%, (Bs > 35)

Powell et al.(62, 63) estimated the drag coefficient from the vertical distribution
of the observed horizontal wind speed, which begins to decrease when the wind
speed reaches 33 ms™! (u, = 1.55). Makin(49) estimated the wind speed at which
the droplets begin to affect the wind speed distribution to be 33 ms™!, and the
fall speed of the droplets to be 0.64 ms™! from equation Eq.(2.12). w in Eq.(2.12)

shows an effect of sea spray on the following logarithmic profile,
u
U(z) = —In(2/2)).
() = = n(s/4)

This equation is based on Barenblatt (1979), which is a solution to turbulent
kinetic energy balance for the airflow in the part of the sea surface layer that
is saturated with suspended sea spray: the third fluid in Lighthill (1999)(46).
Here, zf) is the local roughness, w is positive and satisfies the condition that
w = a/Ku, < 1, and a is the terminal fall velocity of the droplets. The following
explanation is from Barenblatt (1996)(11).
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The friction velocity uy is proportional to the mean square velocity fluctua-
tion. Thus, if the fluctuation is large, so that during the time in which a fluid
mass is lifted up by the turbulent fluctuation the heavy particles inside it have no
time to fall (the velocity a of free fall being relatively small), the particles come
into the main core of the flow and become suspended in it. In the opposite case,
the particles are transported by the flow in the bottom layer, do not reach the main
core of the flow, and do not influence the flow dynamics in the main part of the
stream.

This means that suspended particles accelerate the flow and decrease the
turbulent drag. Under these conditions, the von Karman constant apparently
decreases, which has been observed by experimentalists (Vanoni, 1946; Einstein
and Ning Chen, 1955). This phenomenon is not only for the surface boundary
layer in the atmosphere but also for river flow with suspended sand particles.
This logarithmic law and a neutral one (Eq.(2.9)) are connected to each other
at the height of the sea spray suspension layer, h;. Makin (2005)(49) derived
the residence law of the sea surface at hurricane winds. It can be written as the
logarithmic law and the SCOR relation (Eq.(2.11)) were combined to obtain the

following relationship.

Cl 9 [0.038, exp (—0.148.)] ¥, (~ 0.35 < B. < 35)
_ (2.13)
U _1
* e TE(0.008) e, (B, > 35)
Here, B, is
_%
ﬁ* - U*’

Here, ¢, is the phase velocity of the wave [ms™!]. ¢ is the non-dimensional
significant wave height, thus
1 gH;

o 2.14
0 a2’ (2.14)

a

Here, Hy is the significant wave height [m] using the empirical equation of Toba
(1972)(82).

H, = BT?* B = 0.0062, (2.15)
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Here, H, is the non-dimensional wave height g H/u? and T, is the non-dimensional

significant frequency ¢7s/us. Combining Eq.(2.14), (2.15),

3/2
T
01:0.0062(9 5) ,

Ux

The peak frequency is derived from the significant frequency.
Ts = 0917,

The phase velocity of a wave ¢, is a function of gravity acceleration and peak

frequency T,

ng
P g

The wave age, which is an indicator of wave development is,

Bo=2 - 91p.
T ue 2mu

Then, inserting Eq.(2.17), (2.18),(2.19) into Eq.(2.13),

1/w
(0.0853%/2)1-1/w (0.035* exp(—0.145*)> . (~0.35 < B, < 35)

2 = (2.20)

17.601 1/« (0.008) /%, (Bs > 35)

The series of equations assumes that the terminal fall velocity of sea spray is 0.64
ms~!, because 33 ms™! (u, = 1.55) is a critical value of the wind speed(62). The
particle diameter for this falling velocity is 80 pm, which is consistent with the
representative particle diameter of 80~200 pum in the particle diameter distri-
bution of droplets, proposed in previous studies. Given the wave age and wind
speed at a height of 10 m, the drag coefficient is calculated using Eq.(2.6) and
Eq.(2.20) through iteration. This is one example in which the effect of sea spray
is described by roughness length.
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2.2.3 Lighthill’s sandwich model

This concept proposed by Sir James Lighthill (12, 22), who was a chair of the
Department of Applied Mathematics and Theoretical Physics (DAMPT), Univer-
sity of Cambridge as a Lucasian Professor of Mathematics in his last published
research. He suggested that parameterizations of the surface boundary layer, such
as drag on the air and exchanges of latent and sensible heat, should be revisited.
In his research, ”spray cooling” due to phase change of sea spray is estimated
by algebraic equations. The detailed derivation is in Appendix. His concept was
named as ”Sandwich model” by Barenblatt et al. (2005)(13). G. I. Barenblatt(14)
suggested that the von-Karman constant varied with the Reynolds number. This
breakthrough has versatility because this concept can be applied for turbulent

flow laden by particles such as sediment flow in a river or dust devils on Mars.

2.2.4 Sea spray generation function

In this section, previous drop size distributions are introduced suggested by
previous researchers. The previous drop size distributions have been obtained
from field observations, wind tunnel experiments, and numerical experiments in
previous researches. The droplets can be classified into three particle size scales.
The particle size range is approximately 107° to 1 mm. 107° to 103 are film
droplets, 1073 to 1072 are jet droplets, and 1072 to 10° are spume droplets.

The first observation of spray was made by Monahan et al. (1968)(56) In the
study, they determined that the amount of sea spray generation is proportional
to the whitecap coverage. The white wave coverage is the percentage of the sea
surface covered by white foam generated when waves break. Wu observed the
amount of sea spray generated by a kite attached to a ship at sea. Andreas
(1992)(3), using the observations of Wu (1987), proposed a droplet particle size
distribution that includes all particle size ranges up to a wind speed of 32 ms™1.
In contrast, Fairall et al. (1994)(26) proposed a drop size distribution for spume
droplets. Andreas and Decosmo (2002)(7) examined many drop size distributions
and found that they strongly depend on the wind speed. Wan et al. (2019)(87)

used the following sea spray generation based on the wind-sea Reynolds number
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Rp proposed by Toba (1961):

2

Rp = —, (2.21)

where w), is the spectral peak angular frequency. Through the function, the influ-
ence of wave states, which is described by the wind-sea Reynolds number at the
air-sea interface and the sea spray generation function, was investigated, which
suggested that the effect of ocean waves should be considered when studying
the influence of droplets on the sea surface drag coefficient. A new generation
function used in this paper is as follows:

(

1.43 x 1073 RES %%, 10 <19 < 30

AF 7.84 x 1073RE g, 30 <o <75

d
0 1441 X 10'RYr, 75 < g < 200

141 x 108 RE 7% 200 < 7o < 500
\

In Figure 2.5, previous functions are shown. These functions are under windy
situations at a wind speed of 15 ms~!. Those functions have different and narrow
diameter ranges. The drop size distribution proposed by Wan et al. (87) is shown
in Figure 2.6. Using this drop size distribution, change of drag coefficient is
investigated. The figure shows the relationship between the drag coefficient and
friction velocity. From this figure, an increase in drop size distribution causes
a decrease in the drag coefficient. The drop size distributions described above
are only a part of the equation; various other proposals have been made and are
summarized in Figure 2.5. In this figure, the wind speed at a height of 10 m

is 15 ms— L.

The drop size distribution shown is the result of field observation
and a wind-tunnel experiments. Aerosol particles are defined as particles with a
diameter is less than10 pm, and seas spray are defined as particles with a diameter
is 10 ~100 pgm or more. The number of drops differs from the aerosol particles

by two to four orders of magnitude.
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2.3 Dependence of parameterization of drag coefficient on the drop
size distribution of sea spray

2.3 Dependence of parameterization of drag co-

efficient on the drop size distribution of sea

spray

In this section, the dependence of the drag coefficient on sea spray functions is
investigated based on Andreas (2004)(6). It has been indicated that sea spray
with radius up to 500 pum could quickly reach at the wind speed within only 1
second when the wind speed is greater than 10 ms~!. This indicates that all sea
spray ejected from the sea surface can extract momentum from the air and slow
the near-surface wind before returning to the sea. After sea spray falls, the shear
stress of sea spray is transferred to the sea surface. This assumes that a droplet’s
speed is less than the wind speed at the generation height. Troitskaya et al.
(2016)(83) suggested a stochastic model of the life cycle of the droplets injected
from the sea surface to the air. This model contains both situations in which sea
spray delivers and gains the momentum, leading to sea spray decelerating the air
flow and increasing the drag coefficient.

Moreover, the effect is significantly larger at higher wind speeds. The depen-
dence of the drag coefficient on the sea spray generation function was investigated
in Wan et al. (2019)(87). Wan et al. (2019)(87) used the following sea spray
generation based on the wind-sea Reynolds number Rp proposed by Toba (1961):

2

Rp= —* 2.22
B WplV ( )

where w), is the spectral peak angular frequency. A new generation function used

in this paper includes the following equations:
(
143 x 1073 RES ;%% 10 <79 < 30
AF 7.84 x 1073RESrg 30< 1y <75

d
0 1441 x 10'RESrg? 75 < g < 200

| 1AL x 105 REPrg™ 200 < 7o < 500

23



2. DRAG COEFFICIENT OVER THE OCEAN SURFACE

The drop size distribution is shown in Figure 2.6. Through Eq.(2.22), the
influence of wave states, which is described by the wind-sea Reynolds number at
the air-sea interface and the sea spray generation function, was investigated and
suggested that the effect of ocean waves should be considered when studying the
influence of droplets on the sea surface drag coefficient. Figure 2.7 shows the
relationship between wind speed and the drag coefficient. The black line shows
the ordinal drag coefficient, which increases monotonically with an increase in
wind speeds. The dashed line shows the drag coefficient proposed by Andreas
(2004). Red lines indicate the drag coefficient with various sea spray drop size
distributions. The other dots are the results from airplane observations (Powell
et al., (2003) and Powell, (2007)). The range of drag coefficient widely spreads
at the higher wind speeds. This parameterization can represent the observed
drag coefficient. However, it is difficult to determine the drop size distribution is

correct or not.

2.4 Shear stress of rainfall and drag coefficient

Since raindrops exist under stormy conditions, raindrops can also be cited
as a factor. The relationship between the shear stress near the sea surface due
to raindrops and the wind speed distribution was discussed by Caldwell and
Elliott(17, 18). Raindrops falling on the field of shear stress change their hori-
zontal velocity as they fall.

Following the paper, it is hypothesized that the wind and the raindrop are
horizontally moving together at certain height. Below this level, the wind is pre-
sumed to be given by a logarithmic wind profile. Assuming the horizontal direc-
tion of wind and rain is always together, horizontal speed of rain at the sea surface
is obtained. As a result of that, shear stress from the ocean to the atmosphere
possibly varies. Hypothesizing that velocity of ocean surface current is zero and
shear stress of rain drops generates velocity of that, consequently relative velocity
between wind and ocean current becomes smaller and drag becomes smaller too.
Noted that this hypothesis is limited conditions. Drag coefficients obtained by

field observations are estimated from profiles of horizontal wind speeds. The wind
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2.4 Shear stress of rainfall and drag coefficient

speed profile is an end results of complex phenomena like wave development, wave
breaking, rain drop, sea spray, relationship between wind direction and direction
of wave propagation. With understanding that, ratio of shear stress of rain drops
on the ocean surface against the total shear stress of the air to sea is investigated.

The shear stress due to rain 7z on the ocean surface is described as
TR = T'tpwRu10 (2.23)

where ¢ is the horizontal velocity of a raindrop falling on the sea surface divided
by the 10 m height wind speed, p,, is the density of the raindrop [kg m~3], and
R is the rainfall intensity [mmh~!]. When the rainfall intensity is several tens of
mmh~! and the wind speed is 10~20 ms~!, the shear stress of raindrops 7 is
20~30 % of the shear stress of the atmosphere 7.

The horizontal velocity of a raindrop falling in a shear stress field does not
change immediately. The shear stress of a raindrop 7g is expressed by the equa-
tion Eq. (2.23). Caldwell and Elliot(17, 18) set r; to be 0.85 regardless of rainfall
intensity. In this study, r; is set to vary with raindrop diameter and wind speed.
The model considers the terminal fall velocity of rain against wind speed. Force
against rain is shown in Figure 2.8. Fq, F,, F, are friction force and the hori-
zontal /vertical elements of it, respectively. w,, w are the diagonal relative speed
and vertical element. v is the horizontal speed of rain, u is the horizontal wind
speed, and « is the angle between w, and w. Friction force against particle Fg

is described as follows:
1 s
Fg = §CDR,0awgzd2

Cpr is the drag coefficient depending on radius, and d is the rain drop diameter.

w, 18 described as

w§:w2—|—(v—u)2

Horizontal and vertical equations of motion for rain are described as follows:

1
——CDRpawgch sino = Ed?’pwah (2.24)
2 4 6
1 s T
§CDR10aw62LZd2 cosa = —gd?’pwav

(2.25)

+ gd?) (pw - pa)ga
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2. DRAG COEFFICIENT OVER THE OCEAN SURFACE

where aj, and a, are the acceleration of raindrops in the horizontal and vertical
directions, respectively. The second term on the right-hand side of Eq.(2.25) rep-
resents the difference between the gravitational and buoyancy forces. When the
raindrop reaches terminal velocity, a, becomes zero as an approximation. Assum-
ing that w2a is constant, the left-hand side of Eq.(2.25) is constant. Eq.(2.25)

becomes

1 T ™

§CDRPawZZd2 cos v & gdg(pw — pa)g. (2.26)
If the difference in the horizontal speed of rain and wind speed is relatively small,
then cosa ~ 1, w, =~ w. Eq.(2.26) becomes,

1 T T
§CDRPaU)QZd2 ~ gd?’ (Pw — pa)g (2.27)

Here, the terminal fall velocity of rain w is converted into —dz/dt, and tan « is
(v - u) Jw. From Eq.(2.24) and (2.27), we obtain

—tana = 2wt V7Y (2.28)

(pw - pa)Q w

Solving Eq.(2.27) for w?,

e 5 (pw —pa)g  4d(pw = pa)g (2.20)
%CDRpa%dQ 3CDRPa .

Multiplying Eq.(2.28) and Eq.(2.29)

SODRpa
(v - u)w e (2.30)
Using ap, = dv/dt, w = —dz/dt, Eq.(2.30) is
3CDpRPa dv
— (v —u) = — 2.31
(U u) 7 (2.31)

4dpy

Solving Eq.(2.31) numerically, the horizontal wind speed of rain is obtained.
Figure 2.9 shows the results of this.
Solving Eq.(2.27) for Cpp, the following Eq.(2.32) is obtained.

4d(pw - pa)g

2.32

Cpr =
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2.5 Results

The terminal fall velocity was estimated from the equation of Gunn and Kinzer(33).
In this process, the ratio r; of the horizontal speed of rain and horizontal wind
speed at a 10-m height is obtained. Using the horizontal velocity of raindrops at
the roughness length obtained from the same analysis, it is possible to estimate
the shear stress brought to the sea surface by raindrops with a certain drop size.
In addition, the number of raindrops with respect to the drop size at a given
rainfall intensity can be expressed by using the Marshall and Palmer distribution
(52) to estimate the shear stress of raindrops on the sea surface at a given rainfall
intensity. In this chapter, a ratio between the shear stress against the shear stress
of the atmosphere is investigated, which can be obtained from the ordinal drag
coefficient using the wind speed at 10 m height and the drag coefficient based on
Eq. (2.1) and (2.3).

2.5 Results

Figure 2.9 shows vertical profiles of horizontal wind (black solid line) and
raindrops (red soil line) speed when rainfall intensity is between 30 to 100 mmh~*
at every 40 mmh~!. Here, horizontal wind speed at 10-m height is 40 ms~!. Here
air density is 1.29 kgm ™3 and the roughness height is 0.005 m to correspond to
the wind condition. Raindrops have initially have equivalent horizontal speed
as surrounding winds but gradually have larger speed compared to winds with
decrease of height. Raindrops for every rainfall intensity still have horizontal
component of speed at the roughness height such as approximately 34 ms™! for
100 mmh~1!.

Figure 2.10 shows the ratio of rain shear stress on the ocean surface. To
calculate this ratio, the ordinal drag coefficient defined as Eq.(2.3) is used. The
color shows the ratio and white area is the proportion over 50 %. Up to a certain
wind speed below 30 ms™!, shear stress is dominated by the effect of raindrops.
However, ratio gradually decreases with increase of wind speed. On the other

hands, ratio gradually increase with increase of rain intensity.
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2. DRAG COEFFICIENT OVER THE OCEAN SURFACE

2.6 Summary and conclusions

The drag coefficient reaches a peak between wind speeds of 30 ~40 ms™!

(62) or becomes constant (63) contrary to expectation. The trends lead active
discussions by many researchers. There are several parameterizations considering
phenomena shown in this chapter: wave breaking, sea spray making third smooth
layer, relationship between wind direction and direction of wave propagation and
shear stress of rainfall on the sea surface.

The purpose of this chapter was to investigate dependence of parameteriza-
tion based on Andreas (2004)(6) on drop size distribution referred to Wan et al.
(2019)(87). Variety of drop size distribution leads various drag coefficient which
can represent the observed drag coefficient.

The effect of raindrops on the drag coefficient at a 10-m height is proposed by
Caldwell and Elliot(17, 18). The shear stress of each raindrop size on the ocean
surface is estimated based on its model, but in this thesis, number of drops in
each diameter is considered using drop size distribution of Marshall and Palmer
(1948)(52). The effect of raindrops becomes larger with increase of rainfall inten-
sity; however, the effect decreases with increase of wind speed.

Because of the complexity of phenomenon, the model is suitable for mak-
ing it simple and understanding that proportion of rainfall shear stress to the
total shear stress varies with wind speed and rainfall intensity. However, the
multi-interactions between the air and raindrop is not considered. This means
that the interactions affect the raindrop velocity but not the wind field. Shapiro
(2005)(73) suggested the two-way coupling model that the coupled equations of
motion for the air and raindrops together with a mixing length representation for
the turbulent stress were solved iteratively. As a result of that, profile of hori-
zontal wind speed was found to deviate only slightly from the logarithmic wind
profile, even when it is heavy rainfall.

More detailed observations of the vertical profile of wind speed are needed
to determine whether the shear stress caused by rainfall would change the drag
coefficient, and hence the vertical profile of wind speed, so that the effect of

rainfall on the drag coefficient would become apparent.
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Figure 2.1: Relationship between drag coefficient and horizontal

wind speed at 10-m height -
(2003)(62) and modified by the author.

This figure is cited from Powell et al.,
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Figure 2.2: Photos under typhoon 21st (JEBI) of 2018 at Shira-
hama, Wakayama Prefecture. - Photos are taken at Nanki-Shirahama.

(a)-(f) are taken at each 1 hour from 08:07 to 13:07 on September 4th, 2018.
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Figure 2.3: Air-sea interactions with rainfall and sea spray under
severe wind conditions. - Three types of sea spray are generated. This

figure is cited from Andreas et al. (1995)(9) and modified by the author.
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Case 1

wind
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Wind affects wind-wave
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from wave breaking.
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Figure 2.4: Air-sea interactions with several phenomena. - There are

mainly four situations.
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Figure 2.5: Drop size distribution of sea spray in previous studies. -
M86: Monahan et al. (1986), A92: Andreas (1992), S93: Smith et al. (1993),
F94: Fairall et al. (1994), A98: Andreas (1998), P99: Pattison and Belcher
(1999), G03: Gong (2003), OS16: Oritiz-Suslow et al. (2016).
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Figure 2.6: Drop size distribution of sea spray proposed by Wan et
al. (2019) -

34



2.6 Summary and conclusions

5 %1073

— OriginaI{No spras;) ' A
— -Andreas 2004 A
® Powell et al., 2003(10-100m)

'_l' = Powell et al., 2003(10-150m) |
— 4 - A Powell etal, 2003(20-100m) -
o~ + Powell et al., 2003(20-150m) .

(] o Powell, 2007(Right sector)
@] = Powell, 2007(Rear sector)
~ —A-Powell, 2007(Left sector)
+ '—Wan et al., 2019
= 3 —Waneta |
v
. A
v
v 2 1
o
(&
<
o 1
a b

10 20 30 40 50 60
Wind speed at 10m height (U, ) [m s71]

Figure 2.7: Relationship between the drag coefficient and friction
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The other plots are observation results.
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2. DRAG COEFFICIENT OVER THE OCEAN SURFACE

>

Figure 2.8: Force on a falling raindrop, velocity of the raindrop,
and wind speed (Hogh-Schmidt, K. and Brogard, S., 1975). -
Fq, F,, F, denote the frictional force on the raindrop and its horizontal and
vertical components, respectively. w,, w denote the oblique relative velocity
of raindrops and its vertical component. v represents the horizontal velocity
of raindrops, u represents the horizontal wind speed, and « represents the

angle between w, and w.
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Figure 2.9: Vertical profile of the horizontal wind speed (black line)
and horizontal velocity of raindrops by rainfall intensity - green: 10
mmh~!, yellow: 40 mmh™!, blue: 70 mmh=!, red: 100 mmh=t. Curve a
shows the vertical profile of the horizontal wind speed, and curves b, ¢, d,
and e show the horizontal velocity of raindrops by rainfall intensity (b: 10

mmh!, ¢: 40 mmh™!, d: 70 mmh~?!, and e: 100 mmh™1).
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Figure 2.10: Relationship between wind speed, rainfall intensity
and ratio of shear stress of rain against total shear stress - The

relationship calculated from the ordinal drag coefficient (Eq. (2.3)).

38



3

Classification method of drop size

distribution of sea spray and rain

3.1 Introduction: First observation

Rainfall observation using ground rain gauges and radars has been widely
used for flood control plans, disaster prevention, and weather forecasting. The
Japan Meteorological Agency (JMA) and the Ministry of Land, Infrastructure,
Transport and Tourism (MLIT) have established approximately 2,500 observation
sites in Japan using tipping buckets. In addition to rainfall observations, radar
observations are used to estimate rainfall. The main radar rain gauges are the
JMA C-Band meteorological radar with a temporal resolution of 10 minutes and
a spatial resolution of 1 km, and the MLIT C-Band meteorological radar with a
temporal resolution of 5 min and a spatial resolution of 1 km. Nowadays, these
radars are replaced with multi-doppler radars and a state-of-art radar called a
phased array radar. In rainfall observations using a meteorological radar, rainfall
intensity is estimated from the radar reflectivity. The following equation, called

the Z-R relation, is used for this estimation.

Z =10logyg »  N(D);DJAD;,
1
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3. CLASSIFICATION METHOD OF DROP SIZE DISTRIBUTION
OF SEA SPRAY AND RAIN

R =36 x 10*3% S N(D):D}V(D);AD;,

where Z is the reflection intensity [dBZ], N(D); is the number of particles of

3mm™~!], D; is the particle size of the ith particle [mm],

the ith particle size [m~
AD; is the width of the ith particle size class [mm]|, R is the rainfall intensity
[mmh~!], and V(D); is the vertical terminal fall velocity of the particle [ms™!]
for the ¢-th particle size. The estimated rainfall intensity varies depending on
the number of particles relative to the particle size (henceforth referred to as
drop size distribution: DSD). In recent years, with the introduction of multi-
parameter radar, rainfall intensity has been estimated using the Kpp-R relation.
A radar that can transmit and receive both horizontal and vertical polarizations
simultaneously and can observe the inter-polarization phase difference is called
a multi-parameter radar. The inter-polarization phase difference per unit dis-
tance is Kpp [°’km™!]. Particle size distribution was expressed by Marshall &

Palmer(52) using the following equation with two parameters.
N(D) = Ngexp (—=AD), (3.1)

Here, Ny=0.08 [cm~*] and \ = 41/R%?!{mm~1]. Ulbrich(85) describes this as
the following:

N(D) = NyD" exp (—\D). (3.2)

Here, i can be any positive or negative value, and the unit of the coefficient Ny
isim~3cm~17#]. The raindrop drop size distribution varies with the parameter
« in the range of a particle size less than 1 mm, even when the rainfall intensity
is constant, and the variation becomes smaller when the particle size is larger
than 1 mm. The drop size distribution also varies with the collision and merging
processes in cloud physics, and with cold and warm rain.(64).

The drop size distribution affects not only the rainfall itself but also the flux
exchange in the atmospheric boundary layer. Theoretical analysis has investi-
gated whether the momentum exchanged between the atmosphere and the ocean
varies with wind speed and rainfall intensity due to the presence of raindrops and

sea spray generated from the sea surface during storm conditions. This theory

40



3.2 Drop size distribution of sea spray

extends the discussion of momentum exchange coefficients to include the effects
of droplets proposed by Andreas(6) and allows the effects of raindrops and sea
spray to be discussed simultaneously.

Friedrich et al.(28) conducted field observations using a disdrometer called
Parsivel, which can measure raindrop size distributions. The disdrometer can
measure the size, velocity, and number of particles that pass through the laser
range of detection. However, the relationship between raindrop size and terminal
fall velocity deviates when the wind speed exceeds approximately 10~20 ms™!
(28). There are two possibilities for why raindrop diameter and terminal velocity
deviate from the relationship when observed with a disdrometer. The first is that
a particle passes through the edge of the detection range. The second is that
the particle hits the instrument and is detected at a smaller size than it should
be(35). Friedrich et al.(28) proposed a method to remove both data based on the
relationship between raindrop termination fall velocity and particle size. At that
time, observed data with wind speeds of 10 ms™! or higher were excluded from
the analysis because of their large deviations. However, typhoons, hurricanes,
and other phenomena that cause strong rainfall have wind speeds of 10 ms™! or
higher. The accurate determination of the particle size distribution is important
for rainfall estimation in radar observations.

In this study, we analyzed data that included observation results of wind
speeds of 10 ms~! and higher. The characteristics of the particle size distribu-
tion are presented. Section 2 presents an overview of the field observations, and
Section 3 describes the change in the mass of raindrops removed based on the
relationship between the terminal fall velocity of falling raindrops and the particle
size. In Section 4, the dependence of the particle size distribution on the wind

speed is described, and Section 5 provides a summary.

3.2 Drop size distribution of sea spray

This section describes the existing drop size distributions for sea spray. Pre-
vious drop size distributions have been obtained from field observations, wind

tunnel experiments, and numerical experiments. Based on these observations,
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droplets can be classified into three particle size scales. The particle size range is
approximately 107° to 1 mm. 1079 to 1072 are film droplets, 1073 to 1072 are
jet droplets, and 1072 to 10" are spume droplets.

The first observation of spray was made by Monahan (1986)(56). In their
study, they determined that the amount of spray generation is proportional to the
whitecap coverage. The white wave coverage is the percentage of the sea surface
covered by white foam generated when waves break. Wu observed the amount of
spray generated by a kite attached to a ship at sea. Andreas (1998)(5), using the
observations of Wu (1993)(88) and Smith et al. (1993)(75), proposed a droplet
particle size distribution that includes all particle size ranges up to a wind speed
of 32 ms™!. In contrast, Fairall (1994)(26) proposed a particle size distribution
for spume droplets. The particle size distributions described above are only a
part of the existing literature; various other proposals have been made and are
summarized in Figure 2.5. In this figure, the wind speed at a height of 10 m is 15
ms~!. As shown in this figure, the number of particles with a radius greater than
20 pm varies greatly. Andreas (2002) examined many particle size distributions

and found that they strongly depend on the wind speed.

3.3 Marine observations

The field observations were carried out at an observation tower located 2 km
off the Tanabe Bay in the southern Wakayama Prefecture. The observations were
conducted using a robust disdrometer (OTT Parsivel; OTT HydroMet, Loveland,
CO, USA ) which can observe raindrops. The disdrometer uses a laser with a
wavelength of 780 nm and a laser emission range of 27 mm depth, 180 mm width,
and 1 mm height. The droplet diameter and velocity of the raindrop passing
through the laser range are detected. The range of particle sizes and velocities
that the disdrometer can detect are 0.062 ~24.5 mm and 0.05 ~20.8 ms™!, re-
spectively. The particle size and velocity are classified into 32 classes.

The map showing the observation location, whole view of the observation
tower, and installation of the disdrometer is shown in Figure 3.1. Figure 3.1

(a) is a map showing the locations of the observation towers (marked with stars).
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3.3 Marine observations

Figure 3.1 (b), (c) show the whole appearance of the tower in the Tanabe bay
and the installation of the disdrometer, respectively. In this study, the same
disdrometer was installed at 10 and 15 m above sea level on the south side of
the observation tower. Since the tower is 23 m above sea level and the installa-
tion position is lower than the top of the tower, there is a possibility that water
droplets attached to the tower could fall and be detected by the disdrometer.
Therefore, only the period when the wind is blowing from the south was used
in this analysis. The southerly direction is defined as 45 ~315 degrees when the
angle is defined clockwise with north at 0 degrees. The observation periods were
August 27, 2013 ~November 27, 2013 (92 days) and July 22, 2014 ~October 30,
2014 (100 days).

In 2013, 31 typhoons occurred in the North Pacific Ocean, and typhoons 17
and 18 approached the observation tower during the observation period. In 2014,
there were 23 typhoons in the North Pacific, and typhoons 18 and 19 approached
the observation tower during the observation period. A propeller-type anemome-
ter is installed at a height of 23 m above the sea surface in the observation tower.
A maximum wind speed of 26.2 ms™! and a maximum significant wave height
of 6.5 m were observed on October 6, 2014, when Typhoon Phanfone (No.18)
approached. The observed data from 2013 is included in this analysis.

A time series of (a) hourly wind speed, (b) significant/maximum wave height
and significant wave period (b), and (c) rainfall intensity estimated from the
Radar-AMeDAS reanalysis data and disdrometer at both heights from September
14-17 is shown in Figure 3.2. During this period, Typhoon 18 passed the obser-
vation site. The maximum wind speed at this time was approximately 20 ms™1,
and the maximum wave height reached approximately 5 m. The Radar-AMeDAS
reanalysis data has a 1 km mesh spatial resolution and 30-minute averages of the
rainfall before 1 h obtained by combining AMeDAS rain gauge observations and
meteorological radar observations. Rainfall is indicated by discrete representa-
tion, e.g., a value of 0 mmh ™! indicates rainfall between 0 mmh~' and 0.4 mmh~".
As shown in this figure, the timing and values of the analyzed rainfall and the
rainfall intensity obtained from the disdrometer are generally consistent. In addi-
tion, Figure 3.2 (a), (c) shows that the peaks of wind speed and rainfall shifted.

The ratio of the time when the disdrometer showed no rainfall to the time when
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the analyzed rainfall was less than 0.4 mmh~! was 95.3 %. Therefore, the rainfall
data and the disdrometer can be used to estimate the rainfall at this location.
Histograms of wind speed and wave height are shown in Figure 3.3. Figure
3.3 (a) shows the maximum and average wind speed, Figure 3.3 (b) shows the
maximum and average wind speed observed in the absence of rainfall, Figure
3.3 (c) shows the maximum and significant wave height, and Figure 3.3 (c), (d)
shows the frequency distributions of the maximum wave height and the signifi-
cant wave height, respectively. The histograms show that there were strong wind
speeds and high wave heights even when our analysis was conducted only during

a no-rainfall period.

3.4 Impact of high wind speeds on the disdrom-
eter

The disdrometer used in this observation may shift in relation to the parti-
cle size and the velocity of the falling raindrop under high wind conditions.(29).
Since some of the observations deviated from the drop size distribution when
the wind speed is higher than 10 ms™!, Friedrich et al., (2013)(29) removed the
data at that time. The horizontal axis shows the diameter, vertical axis is the
terminal fall velocity, and gray scale shows the number of particles in Figure
3.4. The curved line shows the relationship between the diameter and termi-
nal fall velocity(33). Figure 3.4 (a) shows the one-hour average of the number
of particles observed when the wind speed was below 10 ms™! observed by the
propeller anemometer installed in the observation tower. Figure 3.4 (b) is the
same as (a) but with wind speeds above 10 ms~!. A comparison between the two
shows that particles observed at wind speeds of 10 ms™! or higher are classified
as deviating significantly from the relationship between particle size and fall ve-
locity. The same characteristics were obtained in the 2014 observation results.
Based on previous studies, we can estimate the following three situations. (i)
Misclassification by high wind speed, (ii) when a particle passes through the edge
of the laser detection range, the particle is detected as smaller than its original

size, and (iii) when particles collide with an instrument and small split particles
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are detected.

To remove the second and third situations, in a previous study, only the par-
ticles classified within = 60 % of the relationship between the particle size and
the terminal velocity of raindrops were included in the analysis(29). Jaffrain and
Berne(37) verified the amount of rainfall removed due to the particles eliminated
by the above method against the total observed rainfall. In this study, 3.5 %
of the total rainfall was removed during the period of 15 months. Conversely,
when comparing the results of the disdrometer and the tipping bucket, the total
rainfall of the former was 4.3 % lower than that of the latter. Therefore, the
removal of particles due to the deviation from the relationship has little effect on
the reduction of rainfall intensity.

Friedrich et al.(29) removed cases above 10 ms™! to remove the effect of
high wind speeds. However, in this study, the same method was applied to wind
speeds of 10 ms™! or higher because of the importance of the drop size distri-
bution at high wind speeds. The following analysis was conducted to examine
the threshold for the terminal velocity. The hourly rate of volume conducted of
particles classified within the range of 420 %, 440 %, £60 %, £80 % of the
terminal fall velocity against the whole observed volume was calculated for each
wind speed. The results are shown in Figure 3.5. The horizontal axis shows
wind speed [ms~!], and the vertical axis shows the rate ((a) £ 20 %, (b)£40 %,
(¢)£60 %, (d)£80 %) The white circles are mean values. The dashed line is 80
%; all mean values except (a) exceed 80%. This analysis shows that the method
of Friedrich et al.(29) is applicable at up to 14 ms™! wind speed. In this study,
we extracted particles that are within +60 % of the relation between the particle

size and the fall velocity, as in Friedrich et al.(29)
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3.5 Impact of wind speed on drop size distribu-

tion

3.5.1 Classification method based on the slope of the drop

size distribution of rain

In this section, after extracting the data using the method described in the
previous section, the dependence of the drop size distribution on the wind speed
is discussed. The following equation was used to convert the observed data into

the number of particles per unit volume and particle size N (D).

n(D,v)j;

N(D.v):: — 109 =
( 7U)’L] Z 180 x (30 — ().5Di)vjADiAt
ij

where, n(D,v);; is the number of particles classified into the representative size
and velocity observed by the disdrometer, D; is the representative size of the
i-th bin [mm], AD; is the width of the i-th bin [mm]|, wv; is the representative
velocity of the j-th bin, and At is the observation unit time, 3600 s(28). The
drop size distribution for each wind speed when radar-AMeDAS reanalysis shows
2 mmh~! is illustrated in Figure 3.6.

The legend indicates the observation height, and (a)~(d) indicates the wind
speed of 0~5, 5~10, 10~15, and 15~20 ms~!. For both disdrometers installed at
a height lower than the top of the observation tower, water droplets attached to
the tower may fall and be detected. Therefore, the possibility was eliminated by
analyzing only the period when the wind was blowing from the south. When the
wind speed was 0~5 ms™!, the number of particles was the same, but when the
wind speed was 15~20 ms™!, the number of particles at 10 m height was larger
than 0.687 mm in diameter.

The raindrop particle size distribution was expressed by Marshal& Palmer(52)
using two parameters. In addition , Ulbrich(85) used three parameters as shown
in Eq. (3.2). p is an arbitrary real number. The raindrop particle size distri-
bution varies depending on u in the range of particle size less than 1 mm, even

when the rainfall intensity is constant, and the variation disappears when the
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particle size is larger than 1 mm. Therefore, we classified the data obtained by
observation considering that the variation is small in the range of particle sizes
larger than 1 mm. We calculated the volume of particles detected in the range
of 1~3 mm in diameter and classified the data according to the obtained values.
The distribution of particle size by wind speed is shown in Figure 3.7. The
figure shows that the number of particles increased at a wind speed of 10~20
ms~! from 0~10 ms~!. This feature was more pronounced for particles smaller
than 1 mm in diameter. This difference changes the parameter p of the function
representing the raindrop size distribution in Eq. (3.2). For fitting to the exist-
ing Ulbrich’s equation, the obtained parameter p of the raindrop size distribution
varies from -0.85 to 72.9. In the Z-R relation of radar observation, the former
is the rainfall intensity and the latter is the rainfall intensity even if the same
reflection intensity Z is obtained. In addition, the range of particle size less than
1 mm partially overlaps with the range of particle size of wave breaking spray
generated from the sea surface. Previous studies have shown that the particle
size scale of wave breaking splashes exists in the 1072~10°mm scale, which was
superimposed on the present analysis. The observations made in this study were
made at sea, and this may be why the number of particles with a diameter of less
than 1 mm increases when the wind speed is high. Therefore, when considering
the raindrop size distribution at sea, it is necessary to account for the mixture of
breaking waves and droplets. In the next section, the dependence of the raindrop
size distribution on the wind speed is shown in the absence of rainfall estimated

using the analytical rainfall.

3.5.2 Classification method based on the radar-AMeDAS
reanalysis rainfall data set

In this section, we used the radar-AMeDAS analyzed rainfall to estimate
the no-rain time during the observation period and investigate the dependence
of the particle size distribution on the wind speed. This method extracts the
grid data of the observation tower, and defines the no-rainfall time as the time
when the rainfall rate is less than 0.5 mmh~!. After estimating the no-rainfall

time, the particle size distribution by wind speed [m~2mm~'h~!] was calculated
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using the particle size, particle number, and wind speed data observed by the
disdrometer during that time. The results are shown in Figure 3.8. The figure
shows that the number of particles increased with the increase in wind speed.
In addition, as in the previous section, the parameter p in Ulbrich’s equation
changes from -0.85 to 76.9(72). In the Z-R relation, the former is mmh~! and the
latter is mmh ™! for the same reflection intensity. The number of particles with a
diameter of less than 1 mm increased significantly at a wind speed of 10~20 ms™!.
The number of particles for the particle size obtained in this observation showed
a characteristic of increasing with wind speed. In addition, the particle size
distribution of particles with a diameter of less than 1 mm showed a remarkable

feature.

3.6 Summary

The field observations in this study were carried out at an observation tower
located 2 km off the Tanabe Bay in the southern Wakayama Prefecture. The
tower was equipped with two disdrometers, one at a height of 10 m and the other
at 15 m above the sea surface. A comparison of the results obtained from the
two instruments showed that the number of particles with a diameter of less than
1 mm detected at a height of 10 m was higher. By removing any particles that
deviate from the relationship between the particle size and the terminal velocity
of raindrops as described by Friedrich et al.(29), it is possible to eliminate (i) the
effects of particles that break up on impact with the instrument, (ii) particles
that pass through the edge of the detection area, and (iii) misclassifications that
are observed in high winds. In this study, we confirmed that the applicability of

the method can be extended to wind speeds of 14 ms™!.

Calculating the rain-
fall intensity conducted within + 60 % of the raindrop terminal velocity results
in a rainfall intensity that is approximately 80 % of the total rainfall intensity
calculated from all particles detected by the disdrometer. The drop size distri-
bution can be expressed by Eq. (3.1) and Eq. (3.2) proposed by Marshall and
Palmer(52) and Ulbrich(85), respectively. The shape of the drop size distribution

in the range of 1 mm or less in diameter changes depending on the parameter .
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The number of particles with a diameter of 1 mm or more is relevantly constant
for a given rainfall intensity, regardless of the parameter in the particle size distri-
bution of equation (3.2). After classifying the data using this feature, the particle
size distribution by wind speed was calculated. The number of particles with a
diameter of 1 mm or less is larger at a wind speed of 10~20 ms~! than at a wind
speed of 0~10 ms~!. The same characteristics were obtained by calculating the
distribution of raindrop size by wind speed only during the no-rainfall period. In
other words, wind speed changes the parameter y in raindrop size distribution. In
addition, this variation is likely to be due to the detection of particles other than
raindrops. Since the observation was made at sea, it may be sea spray generated
by breaking waves from the sea surface. Therefore, it is necessary to consider
the variation of the drop size distribution depending on the wind speed, because
observations at sea may detect wave breaking droplets originating from the sea
surface. Furthermore, it is difficult to directly observe wave breaking droplets at
sea, and the amount of droplet generation is not yet known; however, the results
of this study suggest the possibility of direct observation of droplets in this field.
In the future, it is necessary to examine the particle size distribution considering
the mixing of droplets shown in this study. In addition, direct observation of
droplets at sea should be continued to establish the dependence of droplets on
wind speed and the separation method from raindrops, and to clarify the particle

size distribution of both.

3.7 Introduction: second observation

Rainfall measurement over the open ocean plays a leading role in our under-
standing of the global hydrological cycle, and validates satellite precipitation and
global climate models (90)-(34). During storms, rainfall intensities measured by
tipping-bucket rain gauges over the open ocean (e.g., on ships) are addressed by
including both rain droplets and sea spray ((74)). Remarkably, sea spray exists
even on land; however, during severe typhoons (e.g., TRAMI of 2018, associated
with a maximum instantaneous wind speed of 42 ms™! at Choshi in the Kanto

region of Japan), tiny droplets of sea spray have been blown to Tsukuba city,
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located 50 km from the Pacific coast, resulting in salt damage (89). Notably,
sea spray affects momentum as well as latent and sensible heat fluxes within the
context of air-sea interactions (62)-(10), and rain droplets play an indispensable
role in flux exchanges (17), (18).

Small rain and large sea spray droplets co-exist in the diameter class of less
than 1 mm, and this has made distinguishing them difficult in practice. To esti-
mate the proportion of sea spray to total rainfall, salinity measurements of water
collected in a rain gauge have been performed (74). Yet, this observation un-
derlined the limitation of rain containing dissolved dry salt (reviewed in (90)).
Thereby, the gauge was placed at least 16 m above the water level so that the
proportion of sea spray was minimized. Alternatively, the proportion of sea spray
was minimized by placing the gauge at least 16 m above the water level (reviewed
in (90)).

To distinguish between sea spray and rain droplets, the characteristics of
rainfall intensity and the number of rain droplets of various diameters (the drop
size distribution [DSD]) needs to be analyzed. It is important to clarify the re-
lationship between rainfall and the number of rain droplets of various diameters,
e.g., the drop size distribution (DSD). DSD is used in conjunction with multi-
doppler polarization systems to estimate rainfall intensity from radar reflectivity
data, using the Z-R relationship for weak rainfall and the Kdp-R relationship
for heavy rainfall. It highlights the correlations between rain intensity and Z
(radar reflectivity), as well as between rain intensity and Kdp (specific differ-
ential phase shift of radar). The first and most well-known DSD model, the
Marshall-Palmer distribution (52), was used for the DSD first proposed in (85).
The Marshall-Palmer distribution was derived from observations of rain droplets
with diameters 0.1 to 5 mm spreading on dyed filter papers. Later, other equa-
tions were developed to characterize DSD denoted by log-normal, Weibull, ex-
ponential, and gamma and general gamma distributions (including log-normal,
Weibull, exponential, and gamma and general gamma distributions). The latter
usefully describes the drizzle mode and distributional tail of large droplets (54)-
(80). Among them, the Ulbrich distribution (85) is known as a special case of
the general gamma distribution and has been widely used to analyze rainfall, as

it allows for DSD flexibility when the diameters are less than 1 mm. At certain
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rainfall intensities, the number of droplets less than 1 mm in diameter varies
significantly compared to that of larger droplets. Such variations reflect the type
of rainfall and the seasonality ((72)-(67)). The DSD of Ulbrich (85) features a
shape parameter « , and f. For an open-ocean rainfall measurement, p indicates
the probability that the DSD variation of small-diameter droplets is affected by
sea spray.

The Ulbrich distribution is expressed as:
N(D) = NoD"exp (—AD), (3.3)

where N(D) is the number of droplets in diameter D (cm), N0 is 8 x 10% expressed

3em™7# and u (non-dimensional) and A [em™!] are shape parameters. A

in m
varies by the rainfall intensity R mmh~! and is therefore assigned to; here , it
is set to A = 4.1 x R7921 These two parameters Ny and A are selected from
Marshall and Palmeter (1948)(52). When p = 0, the equation is equivalent to
the Marshall-Palmer distribution. Previous studies recorded variations in the
diameter range, as well as seasonal changes in the DSD shape parameters p and
A. For example, one study reported that p varies from — 0.85 to 76.9 (although it
is generally positive) and A ranges from 3.3 to 591.5 cm ™! (72). When the shape
parameter ¢ varies from — 1 through 0 to 1, we proposed two cases to investigate
the proportion of small droplets (0.072 to 1.000 mm; this range corresponds to
the detection limit of the disdrometer) with respect to the total rainfall intensity.
First , as the total rainfall intensity reached 10 mmh~!, the proportions of small
droplets were 72%, 17%, and 2%, as determined by Eq.(3.3). Second, as the total
rainfall intensity reached 50 mmh~!, the proportions of small droplets were 40%,
6%, and 0.8%. The results revealed that light rainfall intensity was dominated
by small droplets. This indicated that small droplets were associated with light
rainfall intensity.

Sea spray observation over the open ocean was first described in (56). Several
studies have highlighted the significance of sea spray generation at the air-sea
interface by investigating the effect of rainfall on sea spray generation (50), (20);
however, these results have been contradictory. Some believe that sea spray is
generated predominantly by rainfall (50), while others note that heavy rainfall

can suppress significant wave height (20), suggesting the suppression of sea spray
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generation by rainfall. Moreover, wet and dry deposition and scavenging efficiency
can be influenced by rain and sea spray (45). Following this line of research, not
only the effect of rainfall but also the whitecap formation time, decay time (19),
and sea state (59) may have an impact on the generation of sea spray. Sea water
temperature could be a key element according to laboratory experiments showing
that high temperatures lead to low production of sea spray (68). Moreover, there
is a relationship between whitecap formation time and decay time with sea spray
generation (45), and between sea state and sea spray production (19). Laboratory
experiments have revealed that higher sea water temperatures lead to low sea
spray production (59). Remarkably, wind-tunnel experiments have been carried
out at high horizontal wind speeds, ranging from 36 to 54 ms~! (68). A new
observation system proposed in (51) provides an overview of the relationship
between surface-generation noise and sea spray aerosols. These findings may
help better understand the potential role of sea spray in the air-sea interaction;
however, details of these studies are beyond the scope of our study.

Sea spray generally has three types of droplets: film droplets (0.00001 ~0.1
mm), jet droplets (0.001~0.1 mm), and spume droplets (0.01~1 mm) (86). Here,
we focused on spume droplets, although the size class of 0.072 to 1.000 mm is
exceptional in (51). Compared to the other types of droplets, spume droplets
facilitate a greater transfer of heat and moisture across the air-sea interface in a
rapid manner. A wind speed over approximately 7-11 ms™! is typically required
to generate such droplets (4), which are ripped off wave crests by wind, principally
via the bag-breakup fragmentation first described in (32). The DSDs of sea spray
have been extensively studied (4), (3), while one review considered the DSDs of
spume droplets (figure 6 of (4)) at a wind speed of 15 ms~!. The DSDs were

obtained at a wind speed of 15 ms~!.

From the figure, the number of spume
droplets spanned two orders of magnitude. The review paper(86) introduces
three types of DSDs of spume droplets (57) (5). One of them was proposed by
observational data and the others were based on results obtained from theoretical
analysis and a wind-tunnel experiment, although all publications mentioned that
there was still a lack of data describing DSDs of spume droplets.

The diameter of rain droplets ranges from approximately 0.1 to 5 mm and

the diameter of large sea spray droplets ranges from 0.01 to 1 mm. Thus, in
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the diameter range below 1 mm, both droplets co-exist. Here, we performed a
series of observations using a state-of-the-art disdrometer at a marine tower off
the coast of the Wakayama Prefecture in Japan. The observational period ran
from August to October in 2019, including a day during which a typhoon passed
nearby. The proportions of sea spray to total rainfall measured by a tipping-
bucket rain gauge were used to derive sea spray DSDs as a function of horizontal
wind speeds. In Section 2, our observations, the use of the disdrometer, and the
data correction methodology are described. The results of our observations are
presented and discussed in Section 3, and a summary of our findings is presented

in Section 4.

3.8 Methods

3.8.1 Site and data collection

A series of observations were conducted using a disdrometer called an SPC
(Niigata Electric (42)), an anemometer, a time-lapse camera, and a tipping-bucket
rain gauge installed on an observational tower maintained by the Disaster Pre-
vention Research Institute of Kyoto University (33~ 42'32”N, 135" 19’58"E) at
a vertical height of 15 m above sea level. This height is higher than the one set
in (50), so we did not consider the increase of sea spray generation by rainfall.
The tower lies 1.8 km from off the coast (see the two-headed arrow in Figure 3.9
(a)). We validated all wind speed and rainfall measurements by comparing them
with data obtained from an automated meteorological data acquisition system
(AMeDAS) weather station, which was located 4 km south of the tower; this
station is maintained by the Japan Meteorological Agency ((38)). This station
was equipped with a tipping-bucket rain gauge with resolution, 0.5 mmh~'. We
conducted continuous observations during two rainfall events, from August 14
to 16 and October 17 to 19, 2019. These periods included the extreme event of
Typhoon Krosa.
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3.8.2 Disdrometer

Disdrometers were initially used to detect snow particles(70). The disdrom-
eter used in this study was modified by Niigata Electric (42) to detect water
droplets with both vertical and horizontal trajectories. Here, the history and
the modification of the disdrometer are introduced based on the reviewed paper
(58). The first-generation disdrometer from 1977 (42) detected snow particles.
With reference to the conventional approach, a small tungsten lamp with a hood
emitted light in one arm, and another arm with two phototransistors was fixed on
the same optical axis, where snow particles passed through the area between the
emitter and the receiver. Moreover, the phototransistors output signals reflecting
particle sizes (assuming that the particle is a sphere) in a spherical form (42).
This allowed the disdrometer to detect not only snow (79), (69) but also sand
(55) and water droplets on the upper deck of an icebreaker (61), (60). However,
this underestimated snow particle numbers by 20% compared to a fabric trap
(71). Thus, the disdrometer we used featured a self-steering wind vane with a
super-luminescent diode sensor to enable stable output signals. Each signal was
classified into 1 of 64 diameter classes between 0.072 and 1 mm every second to
deduce the size of the particles passing through the sampling area (3x25x1 mm).
To calibrate the disdrometer, thin wires with different diameters were passed ver-
tically through the sampling area in accordance with a previous study (69). The
calibration pointed out a measurement error related to the diameter sizes 15
m but not to the number of droplets, which was not reported in previous studies
(79),(60). In addition, the raw data contained systematic errors, due to ambient
temperature and detector lens pollution by dust; however, water particles, includ-
ing rain and sea spray, were successfully detected. The maximum and minimum
threshold droplet numbers were set to 1000 s~ and 10 h™!, respectively, and

thereafter the DSD was calculated as follows:
N(D;) =n(D;)/(A x At x v(D;) x AD;). (3.4)

where n(Di) represents the number of raindrops in diameter class i, D; represents
the mean of diameter class i, A represents the sampling area of the particle counter
surface (= 0.000025 m?), dt represents the sampling time (= 3600 s), v(Di) is
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the terminal fall velocity of rain with diameter, and D; is the diameter interval
between the two successive classes, ¢ and i+1. Following this calculation, the
rainfall intensity contributed by small droplets (hereafter, Rgpc) was determined.
Using this DSD, we calculated the rainfall intensity contributed by small droplets
detected by the disdrometer (hereafter, Rgpc).

3.8.3 Data correction for tipping bucket

Errors associated with the rainfall measurements included wetting loss, evap-
oration, splashing of water into and out of the rain gauge, and wind-induced
undercatch. Undercatch occurs due to deformation of the local wind field by
the rain gauge, resulting in changes in raindrop trajectory; the effect of this phe-
nomenon (examined by comparing reference gauges - installed in pits to minimize
wind deformation - with above-ground gauges) is typically 2%—10%. The refer-
ence gauges were installed in pits to minimize wind deformation. The rain gauge
data was adjusted using a commonly used empirical model followed by a later

modification (27), as shown below.
Rctb =k x Rtb-

where a (= -0.042303), b (= 0.00101), ¢ (= 0.018177), and d (= 0.043931) are
empirical parameters (27) and Ry, Rep, and u are the rainfall intensity yielded
by the rain gauge, corrected rainfall intensity, and horizontal wind speed, respec-

tively. This method is conventionally used to reduce the wind-induced effect.

3.8.4 Estimation methods

We first calculated the rainfall intensity of small droplets (diameter, 0.072—
1.000 mm) using the empirical function of Eq.(3.3) and compared this to the
Rgpc. In this analysis, the parameters of Eq.(3.3) were set to Ny = 8 x 10*
m=3cm~!17# and A = 41 x R~%2!. To calculate the parameter A(= 4.1 x R~0-21,
Ry and Ry, were substituted into R. The results followed the Rr(D < 1) and
Re(D < 1) values of Figure 3.10 in which the shape parameter p was set to
-1, 0, and 1. Here, Rr(D < 1) and Re(D < 1) reflect the calculation results of
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rainfall intensity contributed by small droplets using different rainfall data sets
(R and Reyp), respectively.

Our second analysis evaluated the properties of parameters A and p in
Eq(3.3). p was estimated using the least-squares method as shown in Figure
3.11. Ny was set to 8 x 10*m3ecm™!7#. Afterwards, a time series of the shape
parameter from Eq (3.3) was obtained. The root mean squared error between
this equation and the observation data was 7.4x106. The root mean logarithmic
error and the coefficient of determination were 77.4 and 0.63, respectively.

Furthermore, the DSDs of rain and sea spray were calculated based on the
collected disdrometer data. Although Eq (3.4) was utilized to calculate the DSD
of rain, the following equation was used for the sea spray calculation.

_ n(Dy)
A x At x AD;’

F(D;)

The unit of F(Di) is m™2s7tem ™1

3.8.5 Results and Discussion

The present experiments were conducted using a disdrometer, which was
specially designed to detect water droplets over the open ocean. The experimental
design is visibly illustrated in Figure 3.9 (see Methods for more details). Time
series data of rainfall intensity and cumulative rainfall were plotted based on the
observations from August 14 to 16, 2019. Although the data obtained in both
August and October, 2019 (JST), were assessed in this study, time series data of
rainfall intensity and cumulative rainfall were only available from August 14 to
16, 2019 (JST) (see Figure 3.10). The results showed that R.y was 1.32-fold
greater than Ry, using the correction method, which tended to increase the R,
values obtained under strong windy conditions (see Figure 3.11 (a)) and light
rain. Ry, and Ry were 0.82- and 1.13-fold greater, respectively, than the rainfall
intensity detected at the AMeDAS station (Rapze). The Rgpc followed the rises
and falls in Ry, and R.y. The results of (Rr (D < 1) and Re (D<1)) mentioned
in section 2.4 are indicated by the blue and green areas. Compared to Rr (D<1)
and Rc (D<1), RSPC fell within the range of 4 = -1 to 1. The green circles
and triangles are Rr (D < 1) and Rc (D < 1) with the shape parameter u = 0,

o6



3.8 Methods

which is equivalent to the Marshall-Palmer distribution. The left axis shows the
cumulative rainfall for each component (R, Res, Rspco, Rr (D > 1), and Re
(D > 1)) from 00:00 on August 14 (JST). During light rainfall at 13:00 (JST) on
August 15, accumulative Rgpc recorded the cumulative Ry, and Rey. However,
during heavy rain after 14:00 (JST) on August 15, the cumulative Ry, and Ry,
recorded drastic increases, leading to a large difference between the cumulative
Rypjep and Rgpe. Figure 3.11 (a) shows the time series of the hourly horizontal
wind speed Ry, Rep, and R4pre, which are total rainfall measured by the tipping
bucket at the tower and the AMeDAS station. Wind speed and rainfall intensity
increased as the typhoon approached; however, the wind speed at the AMeDAS
station decreased earlier than that at the tower , as the AMeDAS station was
located further south. The rainfall intensity reached its peak when the wind speed
decreased. Furthermore, the volume and total number of hourly droplets in the
range of 0.072 to 1.000 mm in diameter were measured by the disdrometer at
the tower, and both showed an increasing trend (Figure 3.11 (b)). The hourly
total number and volume of rain droplets recorded by the disdrometer exhibited
the same increasing trends (Figure 3.11 (b)). The shape parameter p varied
from -2.53 to 0.33 during this period and decreased monotonically as the wind
speed increased (Figure 3.11 (c)). Although the rainfall decreased after 16:00
on August 15, p continued to decrease during this period. Regarding the Ulbrich
distribution, the number of small droplets less than 1 mm in diameter increased
while that of large droplets decreased.

Figure 3.12 shows the time-lapse photographs of the sea surface conditions
at the time points indicated by the arrows in Figure 3.12 (a-d). In Figure
3.12 (a), Ry and Ry were 1 and 2 mmh ™!, with 1,978 droplets per hour and a
volume of 122.1 mm>h~!, suggesting that the sea was calm. In Figure 3.12 (b),
whitecaps were visible at a wind speed of 18.2 ms™! and the rainfall intensities
(R and Rey) were 8.5 and 13.4 mmh ™!, respectively. In Figure 3.12 (c), the
sea surface was covered with sea spray and streamlines were visible, such that
droplets recorded by the disdrometer must have included sea spray. After the
rainfall ended, some whitecaps remained (Figure 3.12 (d)). From the time-lapse
photographs, the disdrometer was not covered with waves, and the maximum

significant height was 4.23 m during the observation periods. The data sets were
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thus not directly influenced by waves.

Figure 3.10, 3.11, 3.12 demonstrate that rain and sea spray droplets less
than 1 mm were detected by the disdrometer. To derive the proportions of
small droplets against total rainfall, the relationships between R, and Rgpc are
drawn in Figure 3.13 in conjunction with the three lines based on the DSD of
Eq.(3.3). According to the data obtained from August to October, small droplets
dominated the total rainfall during light rain. Nonetheless, the proportion was
small during heavy rainfall. At wind speeds less than 5 ms™!, the relationship
followed the Marshall-Palmer distribution (red line), although Rgpc increased
when R, remained constant and the wind speed increased. Thus, the proportion
of small droplets to total rainfall increased, reflecting the increasing amounts of
sea spray as the horizontal wind speed increased. We hypothesized that the
proportion of small droplets to total rainfall varies depending on the properties
of sea spray. In the context of rain DSDs, this characteristic is important to
estimate the real rainfall intensity, as the p varies depending on the amount of
sea spray generated (Figure 3.13).

To investigate the proportion, the DSDs of sea spray need to be discussed.
Figure 3.14 shows the DSDs of rain and sea spray derived by the disdrometer
during two periods - August and October, 2019 - without rainfall monitored by
the rain gauge. Even when the rain gauge revealed no rainfall, it was possible
that rainfall may have been less than 0.5 mmh~!, due to the minimum resolution
of the rain gauge. Usually, the DSD of rain is given in units of m3cm~! and that
of sea spray in units of m™2s~'em™!. The DSDs of rainfall below the resolution
of the rain gauge and sea spray were averaged at the various wind speeds (from
1 to 20 ms~!) at 1-ms~! intervals, in which the standard deviations were derived
(Figure 3.14 (a)). The DSDs of rain below the resolution of the rain gauge are
shown in Figure 3.14 (a). The three DSD lines were derived using Eq.(3.3)
for a rainfall of 0.5 mmh™" and x values of -1, 0, and 1. All DSDs were within
the ranges of the lines, suggesting that the DSDs were those of rainfall; however,
it is difficult to define causality of why the number of droplets increased with
horizontal wind speed. In contrast, if the droplets were considered as sea spray,
the DSDs would be similar to those previously reported for sea spray (3), (57),
(5) (Figure 3.14 (b)). Our findings were higher than those obtained at low wind
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3.9 Summary

speeds (up to 15 ms™!), and presumably the DSDs from Figure 3.14 (a), (b) are
those of either rain or sea spray. Notably, the direct measurement of sea spray
DSDs offers valuable data sets (Figure 3.14), as a direct approach has been rare
in this field of study.

Figure3.15 is the drop size distribution, which is the same as Figure3.15
but with fitting curves. This drop size distribution was approximated by potential
functions

o5 = aD®, (3.5)

The number of droplets increased with wind speed. Therefore, the parameters a
and b can be approximated as a function of wind speed. Then, considering each
parameter as a function of wind speed, the drop size distribution Eq.(3.5) fits

the following explanation.

dF

dD

The scatter diagrams of each parameter and horizontal wind speeds are shown

1OCUdD€U+f

in Fig3.16. The values of ¢, d, e, and f in the approximated curves are listed in

Table 3.1. Finally, a new drop size distribution as a function of wind speed was

Table 3.1: Parameters in drop size distribution: ¢, d, e, and f

c d e f
1.85 0.28 -0.024 -0.91

obtained. Fig.3.17 shows the observed drop size distributions with approximated

curves.

3.9 Summary

Understanding the sources and properties of small rain and large sea spray
droplets, which coexist in the diameter class of less than 1 mm, enables far more
precise measurement of open-ocean rainfall; in this study, droplets with a di-

ameter of 0.072 to 1.000 mm were observed. We performed rain and sea spray
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observations at a marine tower using a disdrometer, rain gauge, anemometer,
and time-lapse camera. The shape parameter p of the Ulbrich distribution (as
estimated by the disdrometer) decreased even after rainfall decreased, indicating
an increase in the number of droplets less than 1 mm in diameter. Time-lapse
images of the sea surface throughout the rain event showed large amounts of sea
spray presenting as streamlines over the sea surface; this led us to conclude that
the disdrometer detects both rain and sea spray. The findings from our direct
measurements may have important implications in the study of air-sea fluxes, as
only limited observational data are available at present.

Additionally, the relationship between the number of small droplets with di-
ameters less than 1 mm and the total rainfall intensity was investigated. As the
wind grew stronger, the proportion of small droplets to total rainfall increased.
This is because more sea spray was generated as the wind speed increased. In
addition, DSDs were detected by the disdrometer during periods of rainfall less
than 0.5 mmh~'. Based on the results of previous studies, these DSDs could
possibly be both rain and sea spray, though the higher DSDs corresponded to
the increased wind speed. Our final analysis revealed the proportion of sea spray
to total rainfall, suggesting the contribution of sea spray to the rainfall measure-
ment. When the hourly wind speed varied from 16 to 20 ms™!, the average sea
spray proportions were 82.7%, 19.1%, and 5.3% of the total rainfalls of 2.1, 8.9,
and 32.1 mmh™!, respectively. The variations reflect differences due to the prop-
erties of sea spray.

This study investigated the effects of sea spray on open-ocean rainfall mea-
surements through the calculation of DSDs and rainfall intensities based on direct
observations. The study also explored the significance of spume droplet DSDs in
estimating the air-sea fluxes of sensible and latent heat. In the context of rain
DSDs, we proposed that the amount of sea spray generated could be another
influential factor on possible variations of u, in addition to the rainfall types and
seasonality that were noted previously. Finally, the ratio of sea spray to the total
rainfall was calculated to determine the contribution of sea spray, enabling us to
improve the accuracy of rainfall estimates over the open-ocean. From this study,
it is confirmed that rainfall over the open ocean was certainly affected by sea

spray under strong wind conditions. The DSD of rain was also affected by sea
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spray, as the parameter p decreased monotonically with wind speed, even when
rainfall intensity was constant. Considering that rain and sea spray co-exist in
the open ocean, rainfall and sea spray DSDs should be addressed separately when

calculating real rainfall intensities over the open ocean.
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Figure 3.1: Location of the observation site, the observational tower
and disdrometer. - (a) Map showing the location of the observation tower
(marked with a star). The observation tower is located 1.8 km offshore from
the mouth of the Tanabe Bay, Wakayama Prefecture. (b) Whole view of the
Tanabe Island storm surge observation tower. Circle 1 shows the location of
the disdrometer. Circle 2 shows the location of the propeller-type anemome-

ter. (c) Installation of the disdrometer. The circle shows the disdrometer.
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Figure 3.2: Time series of wind speed and direction, significant wave
height, maximum wave height, significant period, rainfall intensity
from analytical rainfall, and rainfall intensity from disdrometers
at heights of 10 and 15 m at 12:00 on September 14, 2013, and
12:00 on September 17, 2013, during the passage of Typhoon No.
18 in 2014. - (a) The solid line indicates wind speed [ms™!] and the dots
indicate wind direction [ ]. The hatch indicates the wind direction of 45~315

(b) The solid line indicates the maximum wave height [m], the dashed
line indicates the significant wave height [m], and the circle indicates the
significant period [s]. (c¢) The solid line shows the analytical rainfall and the
round and triangular lines show the rainfall intensity [mmh~'] obtained from

the disdrometer at 10 and 15 m height, respectively.
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Figure 3.3: Relative frequency of wind speed and wave height. -

(a) Histogram of the maximum and average wind speed, (b) histogram of

the maximum and average wind speed observed in the absence of rainfall, (c)

histogram of the maximum and significant wave height, and (d) histogram of

the maximum and significant wave height observed in the absence of rainfall.
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Figure 3.4: Number of particles averaged over 1 h for each drop size
and fall velocity. - The data are the results of observations from a 10 m
high disdrometer. (a) Observation result when the wind speed is 5~10 ms™*
and the rainfall intensity estimated from the disdrometer is 3~6 mmh~!. (b)
Observed result when the wind speed is 10~15 ms™! and the rainfall intensity

is 3~6 mmh~!. The gray scale indicates the number of particles.
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Figure 3.5: Relationship between the wind speed and the percent-
age of rainfall intensity calculated from the particles in accordance
with the relationship between the particle size and the terminal fall
velocity to the rainfall intensity calculated from the total volume of
particles detected by the two installed disdrometers. - (a) Percentage
of particles with a terminal velocity of £20 % of the total volume. (b), (c),
and (d) show the percentage of particles with a terminal velocity of £40 %,
+60 %, and £80 %, respectively. The white circles indicate the mean values,
and the dashed line indicates 80 %.
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Figure 3.6: Hourly averaged drop size distributions detected at 10
and 15 m heights. - (a)~(d) are the results when the wind speed was 0~5,
5~10, 10~15, and 15~20 ms~!.
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Figure 3.7: Drop size distributions at wind speeds of 0~10 ms™!

and 10~20 ms~! obtained from observations. - (a) and (b) are the
drop size distributions obtained from the observations at 10 and 15 m height,
respectively. The length of the bars represents standard deviation. The slope
of the drop size distribution is used as a threshold to classify the data.
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Figure 3.8: Drop size distributions obtained from observations at

wind speeds of 0~10 ms™! and 10~20 ms™'. - (a) and (b) are the same

as Figure 3.7.
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Figure 3.9: Map of the study area. - (a) Observation site is indicated
by a black star. Colored circles indicate the central pressure and track of
Typhoon Krosa over time (JST). (b) Observational tower; the arrow indicates
the height of the observation deck (15 m) and the positions of the instruments,
including (c) the tipping bucket and (d) snow particle counter (SPC).
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Figure 3.10: Time series of rainfall intensity and cumulative rainfall
from August 14 to 16, 2019 (JST). - The rainfall intensity (right axis)
of Ry and R is shown in the red circles and black crosses, respectively.
Rainfall intensity detected at the automated meteorological data acquisition
system (AMeDAS) station (Ranze) is indicated in black triangles, and the
intensity calculated from the SPC data (Rgpc) is in black circles. The areas
where the estimated results ((Rr(D < 1) and Re(D < 1)) are described in
Section 2.4 are highlighted in blue and green, respectively; they depend on
the shape parameter (u) values ranging from -1 to 1. The green circles and
triangles represent (D < 1) Rr(D < 1) and Re(D < 1) (D < 1) with u = 0.
The left vertical axis shows the cumulative rainfall for each component ( Ry,
Rew, Rspc,(D < 1), Rr(D < 1), and Re(D < 1) (D < 1)) from 00:00 August
14 (JST). Cumulative rainfall of Ry, and Ry are shown with the blue solid
line and blue crosses, respectively, and that of Rspc is in the black line.
Cumulative rainfall of Rr(D < 1) (D < 1) and Re(D < 1) (D < 1) with p
= 0 are expressed in red solid and dashed lines, respectively. The red area
indicates the difference between the shape parameter ;4 = -1 and g = 1 where

AMeDAS data points are plotted as red triangles.
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Figure 3.11: Time series of hourly wind speed and rainfall intensity

(Rw, Rews and Rape), as well as the total number and volume of

droplets and drop size distribution (DSD) shape parameter u. -

(a) Wind speeds at the tower and automated meteorological data acquisition

system (AMeDAS) station are expressed with blue and red bars, respectively.

Ry and Ry are shown in green dots and black crosses, respectively, and

Rape is in red dots. (b) Red circles indicate the total number of droplets

detected by the SPC. Green squares indicate the total volume of particles.

(c) DSD shape parameter p is shown. Arrows in (a—d) indicate the time

points photographed in Figure 3.12.
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Figure 3.12: a-d Photographs of sea surface conditions. - (a)-(d) are

equivalent to the time points indicated by the arrows in Figure 3.11 a-d.
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Figure 3.13: Relationship between rainfall intensity (R.;) and the
intensity derived from SPC data (Rgpc). - Hourly wind speed is in-
dicated in bar colors. Lines indicate the relationship between the rainfall
intensity of drops with diameters less than 1 mm and the total rainfall inten-
sity based on Ulbrich distributions for different values of u, where light blue

= -1, red = 0, and orange = 1. The black line indicates a one-on-one line.
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Figure 3.14: Drop size distributions (DSDs) that may include

droplets derived from both rainfall and sea spray. - Each DSD is

averaged for each hourly wind speed. The black bars show standard devi-

ation (0. Bar colors indicate hourly wind speed. (a) Ulbrich distribution

for different values of u, where light blue = -1, red = 0, and orange = 1.
1

(b) DSDs of sea spray at hourly wind speeds ranging from 1 to 20 ms™' in

intervals of 1 ms~!. The DSDs calculated in previous studies are also shown.
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Figure 3.15: Drop size distribution of sea spray with fitting curves.

- Same as Fig.3.14(b) but with fitting curves with red lines.
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Figure 3.17: Drop size distribution of sea spray with fitting curves.

- Color of dot and fitting curves shows horizontal wind speed.
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4

Estimation method of radar gain

and sea clutter

4.1 introduction

Drop size distribution of sea spray is generally observed at a single point us-
ing buoy, optical disdrometer, or other instruments. In this study the disdrometer
observations were conducted. To obtain the vertical distribution of concentration
and dynamic structure of sea spray under winds and rain conditions, ship radar
observation was conducted. This chapter introduces the detail of observation and
a method to estimate radar gain which is the parameters of radar instruments in
order to convert the received power, which is the result of radar observation, into
the normalized backscattering radar cross section. The radar used in this study
was a relatively inexpensive ship radar, which was rotated in the vertical direc-
tion to observe a height of about 2.5 km from the sea surface. This method is an
innovative method proposed by Fujiyoshi et al. (2018)(31). However, since the
radar was designed to detect surrounding ships and wave height, the algorithm
to estimate the concentration of sea spray need to be proposed. Furthermore, be-
cause data size from radar observation is too huge to store, the radar image which
has gradation from 0 to 255 is stored. Because of that, the color image should

be converted into physical quantity. Therefore, in this chapter, the conversion
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method from radar image into normalized radar backscattering cross section is
proposed.

In addition, the height of sea clutter from the sea surface, which is a prob-
lem in radar observations, is taken into account in the radar width to lower the
observable range as much as possible. Near-surface observations include reflec-
tions from the ground and sea surface. The received power from sources except
the observation target is called clutter, for example, ground clutter and sea clut-
ter. XRAIN (X-MP radar), a radar network system provided by the Ministry
of Land, Infrastructure, Transport and Tourism (MLIT), is designed to observe
rainfall and snowfall. The X-MP radar has a spatial resolution of 250 m and a
temporal resolution of 1 minute. In this radar network, it is known that ground
clutter from mountainous areas and sea clutter can be observed in winter because

the radar elevation angle is small.

4.2 Ship radar observation

In this study, a ship radar was installed in the coastal area of Tanabe Bay,
Wakayama Prefecture, to observe rainfall and sea spray during the summer in
2018. The location, typhoon path, typhoon center pressure, and installation
status of the ship radar are shown in Figure 4.1. The observation location
was about 2.7 km from Tanabe Bay, Shirahama, Wakayama Prefecture, in the
ocean direction, and 2.6 km above the sea surface. The observation have been
conducted from 2 August to 20 October, 2018 when three typhoons (CIMARON;
JEBI, TRAMI) have been passed from the site. Figure 4.1 (a-1, 2, 3) shows the
typhoon path, central pressure, the Tanabe-Nakashima storm surge observation
tower (hereafter referred to as the tower) at the Disaster Prevention Research
Institute (DPRI), Kyoto University, and the location of the radar. Figure 4.1
(a-1) shows the typhoon path and central pressure. Figure 4.1 (a-2) shows an
enlarged image of the area enclosed by the red frame. Figure 4.1 (a-2) shows
the Kii Peninsula, and Figure 4.1 (a-3) is an enlargement of the red frame in

the same figure. In Figure 4.1 (a-3), the star indicates the observation tower
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and the circle indicates the location of the radar. The radar is launched in the
direction of the observation tower. Figure 4.1 (b) shows the installation of the
ship radar. The RHI observation was performed by rotating the radar in the
vertical direction. The ship radar used in this study is conventionally used for
ships. In this study, the radar was used to observe rainfall and sea spray over a

horizontal distance of 2.7 km and a vertical distance of 2.5 km.

4.2.1 Data

4.2.1.1 Meteorological data

The rainfall data from the Nanki-Shirahama AMeDAS (Automated meteo-
rological data acquisition system), which is located about 4 km away from the
observation site, and the rainfall data from the X-MP radar are used for compar-
ison. The wind speed and direction data were obtained from the 10-minute mean
values at the AMeDAS site and from the 10-minute mean values of the propeller-
type anemometer installed in the observation tower. For significant wave height,
the 10-minute mean value of the ultrasonic wave height meter at the observation
tower was used. The maximum horizontal wind speed at 23 m height was 39.5

ms~! and maximum wave height is 11.2 m within this observation periods.

4.2.1.2 Ship radar data

The radar used in this observation is generally mounted on a top of ship to
detect surrounding other ships. Radar wave length is 3 cm, frequency is 9410
MHz, and transmitted power is 25kW. Horizontal beam width is 1.2 degree,
vertical width is 22 degree. Due to the usage, this radar just observe color image
which has gradation from 0 to 255. This should be converted into normalized

radar cross section which is kind of radar reflectivity.

4.2.1.3 Observation results

Figure 4.2 shows an example of the results obtained from the ship radar
observations during the passage of Typhoon No. 20 from 11:00:01 to 23 seconds
on August 23, 2018. The hourly mean wind speed at the same time was 11.2
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ms~! with rainfall intensity of 0.5 mmh~!. The wind direction was the same
as the radar injection direction. The position of the radar is at the lower left
of the image, the horizontal distance is 2.7 km and the vertical distance is 2.5
km. The strong echo from the sea surface is a sea clutter. These confirm that
rainfall falls diagonally due to wind. The radial lines in images (a), (e) and (f)
are noise because another radar with horizontal rotation is settled at the same
observational site to detect wave height.

Figure 4.3 shows what radar detect in this observation series. Radar
detect rain, sea spray, sea foam and sea surface in this observation. Each scat-
tering phenomenon are shown in the figure, respectively. Scattering by rain and
sea spray is represented by Rayleigh and Mie theory, respectively. The Rayleigh
scattering can be described by Mie theory (detailed explanation is in Appendix).
The foam is also represented by Mie theory, assuming that foam is recognized
as air particle with thin water shell(44). Scattering by sea surface is represented
by surface scattering called as Bragg scattering. Bragg scattering occurs when
scatterer is much larger than wavelength you use. In this observation, scattered
waves by sea surface and foam are excluded by estimate of the height which sea
clutter reaches.

Figure 4.4 shows time series of observed variable: rainfall intensity,
wind speed and direction, and wave height from 06:00 (JST) to 18:00 on 4th
September, 2018. Typhoon 21 (JEBI) passed the site during this period. Rainfall
intensity, wind speed and wave height increased with typhoon approach and the

1

maximum wind speed 39.5 ms™" was obtained. This event caused the recored

maximum wind speed at the AMeDAS station from 2006 to 2020. The other
events, typhoon TRAMI and CIMARON, caused the second and third record

maximum wind speed in the same AMeDAS station.

4.3 Methodology of estimate for radar backscat-
tering cross section

Radar image has gradation from 0 to 255, although the purpose of this ob-

servation is to estimate concentration of sea spray. To achieve the main purpose,
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radar image should be converted into radar backscattering cross section which is
an indicator of reflection. In next chapter, the estimation method of concentra-
tion of sea spray is proposed.
In this section, the conversion method from radar image into normalized
radar backscattering cross section is proposed.
The method consists of following 5 steps.
1. Collect radar images for time periods when the wind direction and radar
observation coincide.
2. Exclude noise due to interactions between two radars and apply spatial av-
erage (arithmetic).
3. Estimate electric power from color gradients in the gray scale images by a
reference.
4. Apply the bias correction to represent distance between radar and target
grid cells.
5. Calibrate the radar electric power (ship radar) using meteorological radar.
The first step is to ensure that there is no difference between the direction in
which rain and sea spray move and the behavior that appears in the image. Here,
it is hypothesized that horizontal wind and horizontal advection of rain and sea
spray match together. Radar is not able to detect the movement which does not
follow the direction of radar emission.
The second step is to reduce the noise. As mentioned before, there are noises
in the radar image because two ship radars are installed in this observation. The

methodology to mitigate the noise in the image is shown in next section.

4.3.1 Noise reduction

The method to remove noise (shown in Figure 4.2) is introduced in this
chapter. In another figure to show the data, received power is converted into
reflectivity shown in Figure 4.5 (Conversion method is in Chapter 5). The origin
of x-y coordinate shows ship radar. The strong signal at 1.8 km of x-coordinate
is from the tower. At 0 m height, strong signals horizontally distributed are
sea clutters. Under a calm sea, rainfall intensity was 0 mmh~! (Figure 4.5 a).

There was no signal except sea clutter. In Figure 4.5 b-c, although rainfall was
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0 mmh~! by X-MP, signals existed at the altitude less than 1 km. In Figure 4.5
d rainfall intensity was 13.0 mmh~!. Strong signals were observed in all area. In
summary, it is confirmed that ship radar observed rainfall and also sea spray.
The raw value ranges from 0 to 255; the minimum value shows black and
the maximum value shows white. Figure 4.6 (a-1) shows raw data and Figure
4.6 (a-2) shows histogram of the gradation from 0 to 255 in each grid in the
red rectangular. Figure 4.6 (b-1) shows the same raw data as Figure 4.6 but
different rectangular. Figure 4.6 (b-2) shows histogram inside of red rectangular
in Figure 4.6 (b-1). The value at both ends are relatively decreased, because
the surface area contains strong reflection from sea surface and the signal from
the tower. However, there still exists 255 due to the radial noise. Focusing on the
data around the noise, the raw data and the maximum data are shown in Figure
4.7. The (a-1) shows raw data and (a-2) show histogram of that. The right
column shows data above (b-1) 255, (b-2) 230, and (b-3) 200. The radial noise
has more than approximately 200 value. To eliminate noise grid, interpolation
is applied for raw data. The methodology is that the value of the grid with
data above the threshold is replaced by the arithmetic mean of the surrounding 9
grids. The example result is shown in Figure 4.8. The Figure 4.8 (a-1, 2) show
raw data, Figure 4.8 (b-1, 2) shows the data above the threshold of 200 and
the right column shows the interpolated data. From (b-1), the data above the
threshold is distributed near radar site and exist in a discrete state as noise, and
the number of pixels is 32224 (3%) against the total of 1408000. From Figure
4.8 (c-1), the strong signals are eliminated using the threshold of 200. Comparing
the histogram of (a-2) and (c-2), the shape below 200 is similar to each other.
The final figure in this section is shown in Figure 4.9, which is the relationship
the ratio of eliminated data against the total area with various threshold from
190 to 255. The rate decreases to less than 2.5 % when threshold is 200. From

these analysis, the threshold is determined as 200.
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4.3.2 Estimate electric power and bias correction to rep-
resent distance

In this section, the third and fourth method are introduced. Radar image
has 0 to 255 gradations. The gradation can be converted into electric power by

a reference. That is defined as following equation.

Pr(z,y) = —100 + 0.352 x Image(z,y),

Here, P(z,y) shows electric power [dBm] in grid of x-th row and y-th column and
Image(x,y) shows gradation (0 255) in x-th row and y-th column. The value,
-100 is the minimum limitation of detection. This equation is applied in this
observation data.

Considering the radar attenuation, the equation needs to be modified. The
mechanism of attenuation is based on the concept of electric flux which is the
measure of the electric field through a given surface. Since electro-magnetic wave
propagates radially, the flux decreases as the distance between the radar and
objective increases. The concept of modification for this attenuation is electric
power should be the same at each distance. That is why the electric power
should be considered the distance. The equation to modify the difference due to

the distance is shown in below.

Pr(z,y) = —100 + 0.352 x I'mage(z,y) + 40 x logio(r(x,y)),

Here, r(x,y) shows distance between radar and the grid on x-th row and y-th
column. The black-and-white radar image is converted into received power [dBm]

by this equation to reduce the attenuation effect based on the distance.

4.4 Quantification method of radar observed data

The last step is to estimate normalized radar backscattering cross section
introduced in this section. Radar observation is based on the scattering theory
of electromagnetic waves. When an electromagnetic wave irradiates an object,

the free electrons in the object vibrate to produce a new electromagnetic wave.
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This phenomenon is called scattering, and the object that emits the electromag-
netic wave is called a scattering medium. The characteristics of the radar, the
scatterer, and the power received by the radar are expressed by the Friis(30) trans-

fer formula, which is generally called the radar equation and uses the following

equation(41).
P,G3)?
PT = (471‘>—3_F{40-7 (41)
where, P, is received power [W], P; is emitted power [W], G; radar gain[-], A is

wave length [m], R is distance between radar and scattering medium [m], o is
radar backscattering coefficient [m?] (hereafter, RCS). The radar backscattering
cross section depends on the material and shape of the scattering medium and is
an important parameter in radar observations. Eq.(4.1) is a radar equation for
mono-static radar whose transmitted antenna is the same as received antenna.

The radar gain represents the directivity of the radar and is the ratio of
the power density of electromagnetic waves radiated in one direction against the
power density when radiated uniformly in all directions with the same power.
The radar gain is required for quantitative evaluate of received power. The radar
gain of the ship radar is estimated using the observations of the X-MP radar,
whose gain is known. The X-MP radar captures the same observation target as
ship radar.

Here, when the received power of an antenna in an electric field with a certain
power density Pi[Wm~2] is P, [W], the effective area is P»/P; [m?]. In other
words, it represents the range of power that the antenna can receive. From Eq.
(4.1), P,Gy/4mR? represents the power per unit area [Wm~2] at the distance R
from the radar to the scattering medium. Multiplying it by radar backscattering
cross section, which represents the power radiated per effective area relative to
the incident power, gives the power radiated by the scatterer [W]. Furthermore,
to obtain the power density at the distance R, divided by 47 R? and multiplied
by MGy /47, which is the effective area of the radar, to obtain the power received
by the radar P.. RCS is a value that depends on the radar irradiated area.
Therefore, normalized radar backscattering cross section is used to standardize

it. Normalized radar backscattering cross section is expressed by the following
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o0 = <5UT]]> (4.2)

where, 0 A; is area of j-th scattering medium. The parentheses in the equation rep-

equation(41).

resent the ensemble average, which is the average of all point scattering medium
contained in the unit volume. Thus, in the process of radar observation, Normal-
ized radar backscattering cross section is the only parameter that depends on the
scatterers, and by estimating the Normalized radar backscattering cross section of
an object, radar can expand the observability. To estimate the normalized radar

backscattering cross section from the observation results, the following equation
is used from Eq. (4.1) (4.2).

)3 R4
- (L) 19

where, A is total irradiated area from radar at the distance of R. In order to
estimate the gain of the ship radar, the gain was estimated by comparing it with
the normalized radar backscattering cross section for rainfall estimated from the
observations of the X-MP radar, which has a known radar gain. The rainfall
intensity obtained from the X-MP radar is the arithmetic mean of the data of the
area of ship radar observation. In this study, ship radar data is compared with
X-MP radar data in Katsuragi station. Parameters of Katsuragi station have
been already set(84). To compare the X-MP radar with ship radar, the data
detecting the area, altitude of 1 km to 2.5 km and horizontal distances of 1.55 to
1.7 and 1.9 to 2.05 km. The distance from the Katsuragi station to the site is 73
km. Assuming that the radar gain is 9.46 dB, radar cross section of ship radar
matches that of X-MP radar in Figure 4.10. The colorbar shows 10-minutes
averaged wind speed at the tower. Horizontal bar shows maximum and minimum
value in the target area. In this analysis, all duration (approximately 3 months)
data was used. Following equation shows the difference depending on the radar
gain.

NRCSgiss = (NRCSxparn — NRCSgpip)?. (4.4)

The results are in Figure 4.11. The minimum value is 1.93 x 10* when radar

gain is set as 8.1 [dB]. Using the estimated radar gain, normalized cross section

87



4. ESTIMATION METHOD OF RADAR GAIN AND SEA
CLUTTER

from radar observation is obtained by Eq.(4.3). Figure 4.12 shows spacial
distribution of normalized backscattering radar cross section. This method forced

us to evaluate physical quantities of black-and-white color images.

4.5 Estimation method of height sea clutter reaches

Since meteorological radar targets rainfall, they should be conducted as close
to the ground as possible because the purpose is to know accurate rainfall inten-
sity and rainfall amount to mitigate disasters. However, radar can be reflected
by ground: sea surface and land. To reduce the reflection from the both, the
elevation angle is set at high gazing angle, although the radar observes the area
above the clouds. Therefore, radars managed by MLIT perform quality control
for each observation point to determine the observation elevation angle. The al-
titude of clouds differs between summer and winter, so it is necessary to set the
elevation angle for each season. Because some sites are located at more than 1
km above the sea level, in winter season the gazing angle should be negative. In
addition, the radar has horizontal and vertical beam widths and is fan-shaped, so
the farther the distance from the radar is, the longer the fan is, and the larger the
representative observation area becomes. When the ground or sea surface enters
the volume of the beam, the reflectivity becomes strong, and it becomes ground
clutter or sea clutter. In the case of ground clutter, it can be removed from the
observation results by using the Moving target indicator (MTI) method. How-
ever, for example the C-band MP radar installed at Mt. Otobe-dake in Hokkaido
requires a negative elevation angle, but since rainfall in some areas is subtracted
by MTI, the target area is compensated by a high elevation angle value(91). In
this way, the effects of ground clutter are removed by examining each region. In
the case of sea clutter, it is identified by comparing weak and strong winds on
the axis of wind speed and is sometimes equivalent to rainfall intensity is around
1 mmh~!. Tt is difficult to identify the location of the sea clutters, although they
interfere with rainfall observations. If it is determined, it is replaced by the value

of high elevation angle as in the case of ground clutter.
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4.5 Estimation method of height sea clutter reaches

That is because radar observations at low elevation angles are usually com-
pensated by observations at high elevation angles, instead of using data from that
area. In common sense in radar observation, low angle data is removed from its
analysis. However since the target is sea spray in this study, the height sea clut-
ter reaches should be known. The concept of this radar observation is shown in
Figure 4.13. The high altitude area contains only raindrops. At lower altitude
contains rain and sea spray and the number of sea spray becomes bigger and
bigger. And reflectivity from sea surface becomes biger. In this section, estimate
of the height at which the effect of sea clutter is proposed and data above that
height is used in this study.

Firstly, radar beam has power density within the shape of beam. The power
density distribution of the radar beam width has been measured as a known pa-
rameter in the case of radars intended for rainfall observation such as X-band
MP radar. However, since the radar used in this study is a marine radar and
only captures the presence or absence of ships, there is little information needed
for quantification, as mentioned. One of them is the power density distribution
of the radar beam width. The power density distribution is assumed to be nor-
mally distributed, referring to the power density distribution described in the
paper. The density distribution within the beam width is shown in Figure 4.14.
This shape represents the main lobe of radar beam and is described by following

Gaussian equation:
2

flz) = \/127 exp (—%)

The Figure 4.15 shows a schematic diagram of radar beam and sea surface.

Because the distance from radar and the target is far enough approximately 1.8
km compared with radar height which is approximately 2 m, the radar height
can be considered as zero. Another setting of calculation is that the wave surface
is up and down with wave height observed at the tower horizontally as shown
in Figure 4.15. The elevation angle of the radar is set to 0 degrees, and the
cumulative value of the power density irradiated to the sea in the fan beam, P,
is 0.5, because the half of power density is radiated to the sea surface. Assuming
that, the integration range is from —oo to 0, and the cumulative value is 0.5. Next,

we calculate the area of the sea included in the fan beam at a certain elevation
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angle ©, and integrate the power density irradiated to that area to obtain the
cumulative value of the power density irradiated to the sea surface Pg. The sea
clutter P,s from the sea surface at a certain elevation angle is expressed by the

following equation.

P
P, = P % Fz (4.5)

Since the minimum received power of the ship radar is -100, the height at which
P,s=-100 is the maximum height at which the sea clutter can reach. For the sake
of simplicity, we do not consider Bragg scattering and mirror point scattering,
which represent the scattering of sea surface waves. Using Eq.(4.5), the received

power from sea surface can be described as follows:

P,(6) = 101og1o /9

low

Onigh

£(6)d6 x Prmax) (4.6)

Here, P,.(0) is the received power of sea clutter at the angle of 0, 0;,,, /igp i3 angle
at which radar is radiated for sea surface, Prq: is maximum value of received
power. This value is from observation result at 0 m height. Figure 4.16 shows
an example of calculation Eq.(4.6). In this case, Prnag is 3.16 x 1077 (-65 dBm).
Sea clutter reaches 10 m height. From this methodology, the height of sea clutter

is estimated.

4.6 Horizontal wind speed profile and drag co-
efficient

In this section, vertical profiles of horizontal wind speeds are estimated by
using radar images. Radar image clearly has the characteristics of horizontal
advection of rain drops as shown in Figure 4.2. Hypothesizing that the advection
of rain is the same as the wind speed, estimation of horizontal wind speed is
achieved from the images. The shape apparently looks like logarithmic profile in
this case. However, the profile of horizontal wind speed changes from moment to
moment. We need to recognize that the logarithmic profile is averaged situations.

After understanding it, the logarithmic profile is utilized in this section. The
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profiles of horizontal wind speed is generally described as logarithmic profiles of

neutral atmospheric stability as follows.

U(z) = %m(i) (4.7)

K 20

Here, U(z) is horizontal wind speed at altitude of z, u, is friction velocity, & is
karman constant, zg is roughness length. At least two horizontal wind speeds at

different height z1, 29, friction velocity and roughness length can be estimated.

U(z1) = O ln(ﬂ)

K 20
U(z2) = ™ (é)
K 20

Then, solving for friction velocity,

 R(U() — Ul)
- In(z1) — In(z2)

Also, the horizontal wind speed at 10 m height is

U(10) = %m(i—o)
0

Using wind speed at 10 m height and friction velocity, the drag coefficient is

Uy \ 2
— . 4.8
Ca1o (U1o) (4.8)

From Eq.(4.7) to Eq.(4.8), the drag coefficient can be estimated. To achieve this
estimate, the horizontal wind speed profiles are required. In the next subsection

detailed methodology is introduced.

4.6.1 Methodology for estimate of horizontal wind speed

The detailed of methodology is introduced in this subsection. The flow chart
is shown in Figure 4.17. In Stepl, time periods when dominant wind direction is
south to north is extracted. This means that wind and radiated electro-magnetic
wave propagate in the same direction. In Step 2, radar images are classified

into each groups based on 10-minutes averaged horizontal wind speed observed
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by wind anemometer at 23 m height of the observational tower. The groups
are 20 to 25 ms—', 25 to 30 ms~!, 30 to 35 ms™!, and 35 to 40 ms~!. After the
classification, radar images are again investigated one by one to find possibility of
estimating wind speed in Step 3. In Step 4, estimate of horizontal wind speed at
each height on Hovmoller diagrams is conducted. One example of process is shown
below. Checking the images carefully, as shown in Figure 4.18, the mass moves
left to right. The time difference of these pictures is 2.6 seconds. To clearly see
this mass, threshold of image value is set and convert value less than the treshold
into 0 (blue in Figure 4.19). After remove these grids, Hovméller diagrams are
made, shown in Figure 4.20. Horizontal axis shows distance and vertical axis
shows time. The horizontal distance is from 0.5 to 1.5 km. The sampling time is
maximumly 21 seconds. Figure 4.21 is one example of Hovmoéller diagram at the
height of 0.39 km. Red dots are decided as following equation, which indicates

average distance from radar origin:

S, X P

:E’I’TLG.Z
Zx Pw

And the red line is drawn based on least-squared method. This trend line shows

D=

wind speed. Figure 4.22 shows results for all height. Results from 30 to 150 m
heights (55 points) are used in following analysis. The low area less than 30 m
height is excluded from this analysis because the area contains sea clutter. This
is the methodology to estimate horizontal wind speed by Hovmoller diagrams in
Step 4. In Step 5, data exceeds 100 ms~! and blow 0 ms™! are excluded. In
Step 6, quality control is conducted using order statistics of respective heights.
The thresholds of percentile are set as 0 to 100th percentile, 25 to 75 percentile
and 35 to 65 percentile. In Step 6, averaged horizontal wind speed at each 10 m
height is calculated. For example, an order statistics at 30 m height. Then, 1st
to 24th percentile and 76th to 100th percentile data are excluded. This process
is conducted for each 2.2 m height. Then, in Step 7, we calculate the average of
the data within the height from 30 to 40m as the averaged value at 35 m height.
In Step 8, we draw scatter diagram on semi-logarithmic graph. One example is
shown in Figure 4.23. From this figure, wind speed profile below 60 m height

follows logarithmic profile in Step9. Then, we have decided to use data below
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up to 60 m height for Step 10. The friction velocity and roughness length are
estimated by applying log-normal distribution for the data obtained in Step 9.
Horizontal wind speed at 23 m height is estimated by the log-normal distribution
and calculate the ratio against horizontal wind speed at 23-m obtained from the
wind anemometer in Step 10. We set the threshold of ratio as 0.8 and 1.2 in Step
11. In Step 12, the ratio and the averaged horizontal wind speed used in Step
10 are multiplied together. In Step 13 and 14, again we apply the log-normal
distribution for horizontal wind speeds of not only radar data but also wind
anemometer data. In Step 14.a, both wind speeds at 15 m and 23 m heights are
included. In Step 14.b, either wind speed at 15 m or 23 m height is included. In
Step 14.c, averaged wind speed of 15 and 23 m height is included as wind speed
at 19 m. Finally, 14 types of the friction velocity, wind speed at 10 m height,
roughness length and drag coefficient are obtained in Step 15. This is the whole

processes to estimate profiles of wind speeds from radar observation images.

4.6.2 Results of estimate of profiles of horizontal wind

speeds

The results of the estimates are introduced in this subsection. We con-
ducted the analysis explained in previous subsection for approximately 1200 im-
ages equivalent to 40 minutes data. The maximum averaged wind speed at every
10 minutes is 39.5 ms~! at 23 m height. These 1200 images are classified into 4
groups which are from 20 to 40 each 5 ms~'. In the 40 ms™! group, 9 cases are
obtained. The averaged wind speed is 34.6 ms~! and standard deviation is 2.2
ms~ .

Figure 4.24 shows the profiles of horizontal wind speeds from 20 to 40
ms~'. Here, the thresholds are set to 25th to 75th after excluding the outliners.
The other results are summarized in Table 4.1. And also these results have
standard deviation due to the 12 types of estimate methods are applied. Thus,
each standard deviations are shown in Table 4.2. The relationship between wind

speed at 10 m height and drag coefficient is shown in Figure 4.25. Small dots
shows 12 patterns: 3 patterns (Step 7 a, b, ¢) x 4 patterns (Step 14 a, b, ¢) in
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Table 4.1: Results of the estimate of drag coefficient, friction velocity, rough-

ness length and horizontal wind speed at 10 m height.

Uss [ms™] Cp [] u, Uy 2o
20~25 82x107% 0.57 207 7.6x107*
25~30 27x107% 1.20 235 6.0x 1073
30~35 40x107* 1.70 275 0x 1073
35~40 21x107% 1.50 346 5.7x 1073

Table 4.2: Results of the estimate of standard deviation for each variables.

Uss ms™] Cp [] u, Uy 2
20~25 1.42x107% 0.05 0.33 9.4x 1076
25~30 94 x107* 0.19 147 6.5x1073
30~35 1.6x10* 033 119 0x1073
35~40 14x10% 045 219 1.2x1073

the flow chart. Bigger dots is mean value of 12 patterns and bar shows standard

deviation.

4.7 Summary and conclusions

In this chapter, results of radar observation are introduced and conversion
methods into normalized backscattering radar cross section and wind speeds are
proposed. In 2018, three extreme typhoons are observed by ship radar. The
typhoon JEBI caused the averaged wind speed of 39.5 ms™! at 23 m height. This
is the maximum wind speed in this observation duration.

The radar image is converted into backscattering radar cross section by pro-
posed method. The methodology contains quality control and estimate of radar
gain. After taking these processes, the normalized radar cross section, which is a
physical quantity that represents the degree of scattering by materials is obtained.

This method can be applied to radars that are generally used as weather radars.
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For example, since meteorological radars installed in various parts of Japan have
overlapping observation ranges, it is possible to estimate the parameters required
for radar observations by comparing the observation results of both radars at the
same observation point. This method can be applied not only to ground-based
radar but also to satellite radar because it uses the radar equation based on elec-
tromagnetism.

Another problem in radar observation is sea clutter. In this chapter, we es-
timated the height at which the sea clutter reaches. In this study, the height of
the sea clutter is estimated by considering the width of the radar beam and the
wave height, enabling the analysis of data at low altitudes that would otherwise
be removed. This method can be used not only for the observations in this study,
but also for low-elevation observation data during approaching typhoons and in
winter.

The last methodology proposed in this chapter is to estimate horizontal wind
speeds at each height. This method enables to calculate the drag coefficient under

L s estimated.

typhoons. In this observation, drag coefficient with up to 40 ms™
This estimation method based on Hovmoller diagram has characteristics that
wide range of wind speed is calculated even below 0 and above 100 ms~! Fur-
thermore, the threshold of wind direction is set as south from 135 to 225 degree.
That means real wind speed and estimated wind speed is different from about
1.4 times.

The author set as three thresholds to exclude outliers. The method of rejecting
outliers can be discriminated by hypothesis testing. The previous study suggested
that the relationship between averaged wind speed and instantaneous wind speed
estimated from observation results during typhoon events(93). Further analysis
can be conducted by assuming the histogram of wind speed follows a distribution,
for example Weibull distribution. Goda (1990)(92) excludes outliners with some
distribution of wind speed: Weibull, log-normal distribution. Method for ex In
the next chapter, the particle size distribution is estimated from the normalized

backscattering cross section obtained in this chapter.

95



4. ESTIMATION METHOD OF RADAR GAIN AND SEA
CLUTTER

p
d . e
S
° A 03

130° 135° 140" 145° 3342' g =

e [Py
950 960 970 980 9901000 . -
Central pressure [hPa] 33 3? 35778 135°21" 1‘ 35724

Figure 4.1: Overview of the observation with ship radar - (a-1, 2,
3) Typhoon path, central pressure, observation points and (b) installation
of ship radar. The circles in (a-1) indicate the typhoon path and the color
bar indicates the central pressure of the typhoon. Circles indicate Typhoon
20 (CIMARON), inverted triangles indicate Typhoon 21 (JEBI), and squares
indicate Typhoon 24 (TRAMI). The date and time (JST; mmddhh) are shown
in the figure. (a-2) is an enlarged image of the Kii Peninsula. The enlarged
image in the red frame of the same figure is (a-3). The circle in (a-3) indicates
the location of the radar and the star indicates the location of the observation

tower.

96



4.7 Summary and conclusions

Figure 4.2: Radar images taken every 2.6 seconds - These data were

obtained during the passage of Typhoon No. 20, with an hourly mean wind
speed of 11.2 ms™! and rainfall intensity of 0.5 mmh—! at AMeDAS.
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Figure 4.3: Ship radar observation and scatterers are rain, foam,

sea surface and sea spray. - The factors that scatter electromagnetic waves

and their respective scattering type are shown.
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Figure 4.4: Time series of rainfall intensity, wind speed and direc-
tion, and wave height from 06:00 (JST) on 4th September 2018 to
18:00 on 4th September 2018. - (a) Hourly rainfall [mmh~!] at each 10
minutes at the X-MP radar (Black) and AMeDAS sites (Red). (b) 10-minute
mean wind speed and direction at the observation tower (Black) and AMeDAS
sites (Red). Wind direction is defined clockwise with north direction at 0° .
(¢) 10-minute maximum wave height (Red), significant wave height (Blue)

and mean wave height (Black) [m] at the observation tower.
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Figure 4.5: Snapshot of radar observation on August 23. - The
contour represents the reflection intensity [dBZ]. The curve in the figure rep-
resents the distance of 2.7 km, and the radial lines from the center are noise
caused by radar interference. (a) represents 0:00:00, (b) represents 8:30:00,
(c) represents 10:40:00, and (d) represents 23:00:00. The origin of each figure
is the position of the radar, and the strong reflection intensity in the range
of about 1.8 km is the reflection from the observation tower. The rainfall (at
AMeDAS), wind speed and wind direction (at the observation tower) are as
follows. (a) 0 mm/10mins, 10.11 ms™!, east, (b) 0 mm/10mins, 8.32 ms™!,
east-southeast, (¢) 0 mm/10mins, 11.72 ms™', south, (d) 7 mm/10mins, 26.0

ms~ !, south.
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Figure 4.6: Raw observation data and histogram of gradation from
0 to 255 - (a) raw data and histogram for all area surrounded by red rect-

angular, (b) raw data without sea clutter zone.
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Figure 4.7: Raw data and histogram around radial noise. - (a-1) raw
data around noise, (a-2) histogram of raw data shown in (a-1), (b) raw data

with threshold of 255 (b-1), 230 (b-2), 200 (b-3).
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Figure 4.8: Raw data, modified data and histograms - Group (a)
shows raw data, (b) shows data above the threshold of 200 and (c) shows
interpolated data.
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Figure 4.9: Relationship between threshold and rate. - Vertical axis
indicates the rate of the number of pixels containing noise to the total number

of pixels. Horizontal axis shows threshold.
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Figure 4.10: Comparison of the normalized radar cross section ob-
tained from the X-MP radar with the normalized radar cross sec-
tion of the ship radar obtained assuming a gain of 9.46 dB. - Bar
represents the standard deviation and the color bar represents the rainfall

intensity of the X-MP radar.
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Figure 4.11: Relationship between radar gain and difference of nor-

malized radar cross section. - The difference in vertical axis is calculated

by Eq.(4.4).
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Figure 4.12: Conversion from raw data into normalized radar cross

section. - Color shows normalized radar cross section [dB].
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Figure 4.13: Conceptual diagram of the radar beam and the distri-
bution of raindrops, droplets, sea surface, and foam in space. - Blue

circle is rain drop, orange circle is sea spray.
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Figure 4.14: Distribution of electric density in radar beam - Only

the main lobe of the power density distribution is shown.
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Figure 4.15: Schematic diagram of estimation method of the height

sea clutter reaches. - The hatched area indicates beam width radiated for

sea surface.
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Figure 4.16: Vertical Distribution of Radar Received Power by Sea
Clutter. - In this case Pyyq is 3.16 x 1077 (-65 dBm).
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Figure 4.17: Flow chart for estimate profiles of horizontal wind

speed. - Whole processes consist of 15 steps.
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Figure 4.18: Raw images. - Red area moves left to right.

Figure 4.19: Raw images with threshold of value at 115. - Arrow

shows the position of mass moving left to right.
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Figure 4.20: Hovmoller diagram at each height. - The height is from
-0.04 (under the surface) to 0.39 km.
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Figure 4.21: Example of Hovmoller diagram at the height of 0.39

km. - Red dots is averaged distance weighted by image value. Red line shows

a result of least-squared method.
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Figure 4.22: Hovmoller diagrams at each height with the line esti-

Teneteea

mated by least-squared method. - Same as Figure 4.20, but with red

dots which indicate averaged distance and red lines.
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Figure 4.23: Relationship between wind speed and altitude in semi-
logarithmic graph. - Circle shows averaged wind speed estimated from
radar observation and triangle shows 10-minutes averaged wind speed esti-

mated from wind anemometer.
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Figure 4.24: Profiles of horizontal wind speeds. - (a) 10-minute aver-
aged wind speed at 23 m height is from 20 to 25 ms™, (b) 25 to 30 ms™?, (c)
30 to 35 ms™t, (d) 35 to 40 ms™!. Red dot is estimated from Hovmoller dia-

gram with standard deviation. Red line is a fitting curve for red dots. Black

triangle shows 10-minute averaged wind speed at 23 m height. Blue dot is

modified wind speed calculated from multiplying the ration in Step 12 and

red dots. Blue line is a fitting curve for blue dots. Red/Blue color sentences

are for red/blue fitting curves, respectively.
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Figure 4.25: Relationship between horizontal wind speed at 10 m
height and drag coefficient. - Small dots shows 12 patterns: 3 patterns
(Step 7 a, b, ¢) x 4 patterns (Step 14 a, b, ¢) in the flow chart. Bigger dots
is mean value of 12 patterns and bar shows standard deviation. Black dot
is estimated from the group with wind speed at 20 to 25 ms™!. Green dot
is estimated from the group with wind speed at 25 to 30 ms™!. Red dot is
estimated from the group with wind speed at 30 to 35 ms~!. Blue dot is
estimated from the group with wind speed at 35 to 40 ms™*.
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Estimation method of
concentration from normalized

radar cross section

5.1 Introduction

As mentioned in the previous section, the principle of radar observation is
based on the scattering theory of electromagnetic waves. The scattering of elec-
tromagnetic waves depends on the relative refractive index, relationship between
particle size and wave length, and shape of the material. Electromagnetic waves
are referred to by different names depending on their wavelength. The wavelength
range generally referred to as radio waves such as several millimeters to 1 km, In-
frared rays range from 1 ym to 10 um, electromagnetic wave visible to the human
eye ranges from 360 nm to 700 nm, ultraviolet rays range from 10 nm to 360 nm,
and radiation ranges from 10 pm to 10 nm. An electromagnetic wave visible to
the human eye is generally called light. The reason behind the sky changes color
from blue to orange during sunset is because visible light is scattered by aerosols
in the atmosphere. The blue color of the sky is important, when considering the
scattering of electromagnetic waves. A very known and the most influential sci-

entist of the 20th century Albert Einstein also considered this problem. As blue
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light have a shorter wavelength than the other visible light. Therefore, it is more
easily scattered by aerosols than red light. During the daytime, when the sun
reaches to a higher altitude, the shorter, high energy blue wavelength of sunlight
gets very well scattered by aerosols and reaches to our eyes. At dawn and dusk,
when the sun’s altitude is low, the blue light is scattered but reduced because it
travels a relatively long distance before reaching to our eyes, and the remaining
red light reaches to our eyes. Therefore, the sky is red at dawn and dusk, and
blue during the day. This scattering known as Rayleigh scattering, named after
Sir Lord Rayleigh of England. Rayleigh scattering occurs when the size of the
particles is small compared to the wavelength. Clouds, on the other hand, are
white in color. This is because the size of cloud water particles is larger than
that of aerosols, and thus the scattering of visible light is different from Rayleigh
scattering. The scattering of visible light on cloud water is called Mie scattering,
named after Gustav Mie of Germany. Mie scattering occurs when the wavelength
is equal to the particle size, and another scattering called geometric scattering
occurs when the particle size is even larger than the wavelength.

Rayleigh scattering and Mie scattering represent scattering of electromag-
netic waves by a single spherical particle. As mentioned above, the difference
between Rayleigh scattering and Mie scattering is the size of the particle with
respect to the wavelength, but both can be expressed using Mie scattering the-
ory when expressed in a mathematic form. In this section, we introduce the
mathematic expression of Mie scattering. Mie scattering contains some domi-
nant parameters: particle diameter, wavelength, and relative refractivity. The
diameter is from 0.001 to several mm, equivalent to sea spray and rain droplets.
In our observations, X-band radar whose wavelength is 3 cm used. However, the
Mie theory can be applied for small particles such as cloud water and aerosols.
In this study, sea spray and rain were the targets of X-band radar observation.
Therefore, the scattering of X-band radar by rain is represented by Rayleigh scat-
tering. However, the size of sea spray ranges widely from 0.001 to 1 mm. This
range is equivalent to cloud water. For the first analysis in this chapter, we in-
vestigated the change of scattering due to the particle size.

The governing parameter for scattering is relative refractivity which varies
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due to salinity. A previous study suggested a theory of refractive indices of wa-
ter containing salt, comparing the theory against experimental results (2). The
proposed equation is based on the Lorents-Lorenz and Clausius-Mossotti equa-
tions, which indicate the dielectric constant or refractive indices of polarizable
molecules. In 1986, the Danish physicist and mathematician Ludwing Lorentz
derived the equation from the theory of elasticity. In 1878, the Dutch physicist
Hundrik Lorentz formed their equation from the standpoint of electromagnetism
in a vacuum and in matter. Lorentz chaired a committee to predict the impact of
the Afsluitdijk at the request of the Dutch government. In this Chapter, relative
refractivity for X-band radar is obtained from the .

For the next step, we must consider scatterings by several particles, because
our targets are a tall cloud of drops. The concepts of single scattering and multi-
ple scattering are considered. In the former scattering, an electro-magnetic wave
is hit by a particle and returns to the observation site without further scattering
by the other particles in the unit volume. Alternatively, the multiple scattering
involves iterative scattering by particles in the unit volume. This is a type of
Rayleigh or Mie scattering for unit volume and is generally called volume scat-
tering. The threshold between them is qualitatively the relationship between the
wavelength and distance of particles. Usually, rain observation can be treated as
single scattering because the density of particles is enough low. For sea spray,
Dombrobsky and Ballis (2010)(44) explained an algorithm for scattering by sea
spray packed into a unit volume which is based on single scattering. Victor (2011,
2013) (65), (66) show the applicability of this algorithm for radar observations
rotating horizontally and detecting the sea surface. Thus, in this study, volume
scattering is treated as single scattering. The methodology to represent the radar
cross section with an equation for number of drops in unit volume is applied
for this study. Here the proposed method, using the algorithm and estimated
normalized radar cross section enables us to estimate concentration of sea spray
from radar observation. Finally, the mass concentration profile of sea spray is cal-
culated and relationship between wind speed and mass concentration at certain

height were investigated.
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5.2 Mie scattering and Rayleigh scattering

In this section, scattering is investigated in terms of the refractive index,
size parameters, and number of terms in Eq.(7.20). The Mie theory is derived
in Appendix 7.1. First, the refractive index was investigated. Figure 5.1 shows
the refractive index of water against the wavelength based on a prior experiment.
This is cited from the M.S. Thesis of D. Segelstein, " The Complex Refractive In-
dex of Water”, University of Missouri-Kansas City, (1981). The blue line shows
the real number and orange line shows the imaginary number. The vertical red
line is the wavelength at 3 cm, equivalent to the X-band radar. The refractive
index of water against 3 cm is 8.07-1.82¢. It should be noted that refractive in-
dices vary with wavelength. For the salinity of water, the refractive indices are
9.82-5.067. This value is for 3 % salinity water.

The next step was to consider the diameter of raindrops and sea spray. The
analysis was performed assuming raindrops and sea spray, respectively. The size
of raindrops is approximately 0.1 to several millimeters. Conversely, drop ranges
from 0.001 mm to 1 mm. The wavelength of the radar observation was 3 cm
because it was an X-band radar. The relative refractive index, which is impor-
tant when considering the scattering of electromagnetic waves, was 6+ (personal
communication with Victor Raizer). First, we considered the variation of the
backscattering cross section in the presence of a single spherical particle. The
backscattering cross section is defined as the backscattering efficiency factor mul-
tiplied by the area. The relationship between backscattering cross section and
diameter is shown in Figure 5.2. The figure shows that the backscattering radar
cross section increased monotonically with particle size up to approximately 5
mm in diameter. However, it did not increase monotonically from 5 to 10 mm
in diameter. As the particle size increased, the value oscillated and the ampli-
tude gradually decayed. This is a difference between Rayleigh scattering and Mie
scattering. When considering rainfall and droplets, Rayleigh scattering should be
applied. Note that Rayleigh scattering is an approximate solution of Mie scat-
tering, as derived in Appendix 7.1, and is based on the Mie scattering principle.

The next investigation was the difference in Mie and Rayleigh scattering.

For the Mie scattering theory, the number of waves scattered by particle was
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calculated following the function of the size parameter:

Npaz = floor(z +4.052'3 +2) + 1. (5.1)

Here, Npqr shows the number of terms. This number is related to how many
waves are composed in calculation. The scattering wave consists of composed
waves. Figure 5.3 shows the relationship between the size parameter and the
number of terms. For the range of diameters of rain and sea spray, number of
terms varies from 4 to 8. To investigate Rayleigh scattering, the number of terms
was set as 3. To define Rayleigh scattering, in the aspect of phenomenology, the
wavelength is almost the same as the radius, that is, the size parameter is less
than 1. When the size parameter is less than 1, the number of terms is less than
8. This was the same case for rain and sea spray. The calculation result is shown
in Figure 5.4, when the number of terms was set based on Eq.(5.1). These
figures show phase function of scattering wave, and the angle shows propagating
angle of scattering wave. (a-1) shows propagating angle and ratio of scattering
wave by single particle. (a-2) shows the same as (a-1) but the coordinate system
is cartesian coordinate. The particle diameters of 0.1, 0.01, 1, and 5 mm are
in (a), (b), (c), and (d), respectively. The relative refractivity was set as 8.07-
1.82i. For (a), (b), and (c), the scattering direction and radiance were relatively
similar. However, for (d), a small difference was noted: forward scattering was
bigger than backscattering. In Figure 5.5, the number of terms is set to 3. The
characteristics are the same as those in Figure 5.4 between cases (a) ~ (d).
Comparing these results with Figure 5.3, Figure 5.3 (a), (b), (c¢) and Figure
5.4 (a), (b), (c) are same as each other. However, comparing Figure 5.3 (d)
with Figure 5.4 (d), forward scattering of Figure 5.3 (d) was stronger than
that of Figure 5.4 (d). From this analysis, the Mie theory can be applied for

rain and sea spray.
5.3 Single scattering for volume scattering

In this section, we describe a method to represent scattering by multiple

particles using the backscattering cross section derived in the previous section.
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When considering scattering by multiple particles, if we can assume that the
distance between the particles is sufficiently large compared to the wavelength of
the electromagnetic wave, the scattering by the group of particles can be treated
as a single scattering. Conversely, if the distance between the particles is small,
multiple scattering must be considered.

The distance between each particle was calculated based on previous drop
size distributions of rain and sea spray assuming the following two conditions. To
investigate that, the first assumption is that all particles are distributed uniformly
and the structure is a hexagonal close-packed structure. The second assumption
is that particles are spherical, based on these assumptions, we calculated the
radius with the densest situation in the unit volume. For the densest situation,
the total volume of all particles was 74 % of the unit volume V. The total
number of particles in the unit volume was defined as N; therefore, we obtained

the following relationship:

4
0.74V = §7T33 x N, (5.2)
Then, solving Eq.(5.2) for R,
0.74 x 107\ 3
pe (T 59
N x g’ﬂ'

This shows the distance between the centers of particles. For rain, the total

number of particles is
Dmaw
N —/ Noexp (—AD)dD.
Dmin

For example, when rainfall intensity is 5 mmh_l7 assuming that Dy, and Dee
are 0.1 and 5, and A =4.1 x 57921 Ny =8 x 103, then the total number is
2.04 x 103. In addition, using Eq.(5.3), the distance between centers is 44.2
mm. The representative diameter of rain Dy, for rainfall intensity 5 mmh~! can

be calculated using the following equation:

5
D x Nyge —AD)dD
:fo.l 0 Xp( ) = 0.44

Da’l}e 5
f0.1 Noexp (—AD)dD

(5.4)
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Figure 5.6 shows relationship between rainfall intensity and averaged dis-
tance calculated by Eq.(5.4). The distance decreases with increase of rainfall
intensity. The distance drastically decreases up to 20 mmh~!, and reaches about
34 mm. Even the rainfall intensity is 100 mmh~!, the distance is more than 30
mm equivalent to the wavelength of X-band radar.

Figure 5.7 shows the same as Figure 5.6 but with drop size distribution
defined as Eq.(3.3). The parameter p varies from 0 to 10. When parameter is
smaller, the number of smaller drops relatively increase. Thus, the blue color is
equivalent to ¢ = 0. When rainfall intensity is less than 20 mmh =1, the distance
between each particle widely spread from 40 to 120 mm. However, the distance
becomes approximately 30 to 40 mm for all x4, as rainfall intensity becomes 100
mmh~1. From this investigation, the single scattering algorithm can be applied

for rain drops packed into unit volume.

5.4 Normalized radar cross section of backscat-

tering

In this section, a normalized radar cross section of backscattering was ob-
tained from an algorithm based on the Mie theory. As shown in the previous
section, our observation targets, sea spray and rain, can be expressed in terms
of single scattering. Here, we applied the method proposed by Dombrobsky and
Ballians (2010) (44) to derive the normalized radar cross section, accounting for
the drop size distribution. This method has been applied to the observations
of the sea surface by horizontal radar using Victor (2012, 2013) (65) and (66).
In this study, we estimated the parameters contained in the drop size distri-
bution by comparing the normalized radar cross section obtained by the same
algorithm including drop size distribution with that obtained in Chapter 4. This
proposed algorithm makes it possible to estimate the drop size distribution from

radar observations. The backscattering efficiency Q) |-] derived based on the Mie
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scattering principle is as follows.

00 2

IS @n 1) (1) (@ — ba)

72

n=1

Here, a,, and b, are scattering coefficients, and are described as follows.

m?jn (ma) [z ()]’ —:hx )[majn (mz)]'

m2j(ma)[xhl) (@) = b () [mj, (ma))
, Jn<mx>mn< ) — ()[mmn(mﬂf)] |
Gn(ma)fehi) (@) — b (@) [mj, (ma))

Jn is the Bessel function, h,, is the Hankel function, m is the relative refractivity,

and z is the size parameter. The relationship between backscattering efficiency
and RCS is )
D
-o(3)-

Here, D is the diameter of the sphere. These equations are a general scattering
theory for a single spherical particle. To describe the volume scattering, which we
consider here as scattering from many particles with several diameters following a

drop size distribution in a unit volume, the following equations were used(65)(66)

C o0

op = 0.75— Qpa’N(D)aD,
aso Jo
4 o 3
C=-—Ny [ D)F(D)D,
3 0
J,° D3N(D)dD (5:5)
agzo = ’
J. o N(D)dD
AB—H

N(D) =

['(B+1)DBexp(—AD)

Here, Ny is the number of particles in the unit volume [cm™3]. The first equa-
tion means integration of scattering by all particles in unit volume. The second
equation means total volume of particles and the last is average volume weighted
by number of drops in each size. This enables us to represent radar observation
results obtained in Chapter 4. In a previous study, the particle size distribution

N(D) was assumed to be gamma-distributed, and the radar cross section by Mie
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5.4 Normalized radar cross section of backscattering

scattering was derived considering the volume scattering when multiple particles
exist in a unit volume. In this study, we assumed that this N (D) is the drop size
distribution where raindrops and sea spray are mixed and estimated the drop size
distribution by determining the parameter that fits the normalized cross section
obtained from the observation. In Figure 5.8, the normalized radar cross sec-
tion of a single particle and volume scattering are shows. Figure 5.8 (a) has
the single peak, this monotonic increase is the characteristics of Rayleigh scat-
tering. In Figure 5.8 (b), several cases are presented with different parameters.
Interestingly, all cases have single peak and the characteristics of Rayleigh scat-
tering. When two parameters are set, the number of particles in unit volume is
determined. In this Chapter, the two parameters are estimated with two different
conditions. One is the normalized radar cross section obtained in Chapter 4 and
another is the conservation of the profile shape.

Figure 5.9 shows flow chart for estimate number of drops and mass density
for each height from normalized radar cross section obtained in Chapter 4. The
whole processes consist of 13 steps. The obtained data in Chapter 4 is used and
calculate spatial average from the region near the observational tower because
meteorological datasets are used in this analysis. The averaged data is obtained
with the horizontal 300 m width (from 1550 to 1700 m to from 1900 m to 2050 m)
and vertical each 2.2-m height in Step 2. From Step 3 to Step 8, estimate of two
parameters in the fourth of Eq.(5.5). The parameter A and B varies from 1 to
400 and from 1 to 5, respectively. We calculate all cases and, the minimum value
of the subtract between normalized radar cross section and it was estimated with
Eq.(5.5) and that it obtained in Chapter 4. In Step 6, parameter A and B for
each height are selected and multiple choice are allowed. In Step 7, with these
parameters A and B, mass density for each height is calculated. These processes
are iteratively calculated with height from 0 to 2700 m. After iterative calcula-
tion, the continuity of vertical distribution of mass density is used to exclude the
parameter set. Finally single set of parameter for each height has been decided
in Step 8. In Step 10, whole data is classified into two groups. One is, when
it was rainy and another is with no-rainfall time. In Step 11.a, mass density
profiles are drawn and mass density at 30-m height is extracted. These profiles

are mass density of sea spray because there are no rainfall. These profiles and
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mass densities are classified into each horizontal wind speed. In Step 11.b, mass
density profiles are dawn. Since the mass density of rain should be considered in
this Step, we subtract mass density at 100 as rain at each height from 30 to 100
m. Then, mass density profiles of sea spray are drawn. Finally, we obtained mass
density profiles and mass density at 30-m height. In Step 13.a and b, we apply
the exponential curve following equation for mass concentration profiles from 30

to 100 m height. We exclude below 30 m height which contains sea clutter.

c(z) = cpexp (—az) (5.6)

All steps are conducted and drop size distribution and mass concentration of sea
spray are estimated. Furthermore, relationship between wind speed and profiles

and mass density are investigated.

5.5 Results

In the first step, no-rainfall data used by the X-MP radar at Katsuragi
station. Furthermore, the analysis with rainfall estimated by the X-MP radar
is shown later. The normalized radar cross section from the ship observations
was obtained and spatial averaged result is shown in Figure 5.10 (left panel).
This figure shows that the distribution is almost constant at a height from 100 to
1000 m. From the results, we can assume that these characteristics of rainfall is
uniformly distributed in Step 12. At the surface, the maximum value increased
with wind speed at 23 m height. Figure 5.10 (right panel) shows the estimated
results. The estimate completely represent the profile of normalized radar cross
section. Figure 5.11 shows mass density profiles when it is no-rainfall. The
color bar shows the 10-minutes averaged wind speed at the tower. The lower
area approximately up to 30-m heigh contained sea clutter. Thus, the results
of comparing the normalized cross section of the sea clutter calculated in the
previous chapter are shown in Figure 5.12 (a). For the maximum wind speed
when it is no-rainfall, the maximum wave height was 10 m. Therefore, assuming
the lowest height is 10 m, the maximum height reached by sea clutter is 20 m, as

shown by black crosses in Figure 5.12 (a). Additionally, the averaged diameter
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Dgye was calculated using the estimated drop size distribution. The diameter is

described as

Ji“s D % N(D)dD
[dme N(DYID

dmin

Dcwe =

Here, dpmin and dpg, are 0.001 to 5 mm, respectively. N (D) is the drop size
distribution defined in Eq.(5.5). The results are shown in Figure 5.12 (b). The
vertical axis shows the normalized cross section at the height from 20 to 40 m.
The diameter became smaller as the height increased. This is because drops from
rain are a constant diameter while the drops from sea spray become smaller with
height. A diameter of 0.04~0.08 cm was distributed at heights from 20 to 40 m.

Figure 5.13 shows mass density profiles of sea spray at wind speeds from
20 to 30 ms~! when it is no-rainfall. The red dots show the profile of maximum
wind speed was 27.4 ms~! without rainfall. The blue dots show the profile when

wind speed was from 15 to 20 m™!.

The red and blue lines are fitting curves
with Eq.(5.6). The equation is applied for these profiles, however fitting range
is different, it is because the boundary layer height of mass density is different.
The boundary layer height increases with wind speed increases. In the case of
the maximum wind speed, the equation is applied for the range of height from 30
to 80 m. If the wind speed is from 15 to 20 ms™', the range of height from 20 to
60 m is applied. Fitting curves enable us to obtain mass density of sea spray on
the sea surface, although It is difficult to observe the sea surface area since sea
clutter contaminates into radar observation.

Figure 5.14 shows mass density profiles of sea spray at wind speeds from
25 to 40 ms—! during rainfall. Color shows 10-minutes averaged wind speed at
the observational tower and dots are calculated results. Other lines are fitting
curves based on Eq.(5.6). The methodologies are the same but we extract mass
density of rain at 100-m height from the each height because the profiles above
100m are uniformly distributed. The mass densities at height from 20 to 100 m
increase with wind speeds. We applied Eq.(5.6) for all cases. The range of height
for fitting curve is from 30 to 100 m. The strongest wind speed is 38.2 ms~! and
the second strongest is 37.3 ms™ .

Figure 5.15 shows relationship between 10-minutes averaged wind speed
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and mass density at 20-m height extracted from profiles in Figure 5.13, 5.14.
Blue dots are mass density at 20-m height. The dashed line shows fitting curve.

The mass density increases exponentially with wind speed.

5.6 Summary and conclusions

In this chapter, the drop size distributions of sea spray were estimated from
the normalized radar cross section. The normalized backscattering radar cross
section indicated that strong radiance from the scatterer radiated in a backward
direction. This physical quantity is significantly important for radar observation.
If this quantity is calculated for a target medium, radar observation can be ap-
plied.

In this study, the target scatterers were rain and sea spray. The first analy-
sis in this chapter revealed whether single scattering and multiple scattering was
suitable for these targets. Assuming their previous drop size distributions, the
average distance of particles was calculated. Then, the distance was almost the
same as the wavelength of the X-band radar used in this study. Thus, we applied
the single scattering theorem for both rain and sea spray.

The second analysis was estimate of concentration and mass density of
sea spray. The applied algorithm was proposed by Dombrobsky and Billian
(2010)(44). This methodology is based on the Mie theory for each particle with
various diameters, integrating all radius and multiple drop size distributions. In
this study, assuming the drop size distribution having two parameters, a normal-
ized backscattering radar cross section was calculated by the algorithm. Since
this result should match the observation result in Chapter 4, when the ship radar
detected rain and sea spray, the two parameters in the drop size distribution
had another condition, it is "the vertical profile of mass density is continuous”.
The drop size distribution was estimated in both cases without rainfall and with
rainfall. The maximum wind speed at each 10 minute at 23 m height is 38.2
ms~!. In the same event, typhoon JEBI, the record maximum wind speed was
observed at Nanki-Shirahama AMeDAS station from 2006 to 2020. From this in-

vestigation, profiles of mass density and drop size distribution are finally obtained
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under severe wind conditions by radar observation. And these are represented
by exponential curve which is the same as equation for suspended sediment in
river channels. Thus, we can apply the equation for numerical simulations and
the observation results are useful for validation of numerical simulations. These
information can lead to further understanding the multi-interactions between the

air and sea, and improvement of numerical simulations.

Infrared Complex Refractive Index of Water
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Figure 5.1: Complex refractive index of water - The vertical red line

shows that the wavelength is equal to 3 cm (X-band radar).

131



5. ESTIMATION METHOD OF CONCENTRATION FROM
NORMALIZED RADAR CROSS SECTION
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Figure 5.2: Relationship between particle size and the radar cross

section. - The relative permittivity is shown for the case of 6+i, which is
equivalent to salt water. This indicates the extinction, scattering, absorption,

and backscattering cross sections.
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Figure 5.3: Size parameter and number of terms in the Mie theory.

- The number of terms is based on the equation in this figure.
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Figure 5.5: Same as Figure 5.4, but with the Rayleigh theory (num-
ber of terms is 3). - (a) Diameter: 0.01 mm, Relative refractivity: 8.07-1.82
i. (b) Diameter: 0.1 mm, Relative refractivity: 8.07-1.82 i. (c¢) Diameter: 1
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Figure 5.6: Relationship between rainfall intensity and average par-
ticle distance. - It is assumed that the drop size distribution is Marshall

and Palmer equation.
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Figure 5.7: - Same as Figure 5.6, but assuming the Ulbrich equation.
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Figure 5.8: Distribution diagram of NRCS for each particle size.
- (a) NRCS for a single particle. (b) Distribution of NRCS for a particle
size distribution, assuming an arbitrary particle size distribution. The legend

shows the two parameters of the particle size distribution.
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ters in drop size distribution. - Left panel shows one result in Chapter

4. Right panel shows the calculation result.
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Figure 5.11: Vertical profile of density for each wind speed. -
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Figure 5.12: Profiles when wind speed is 27.4 and 25.9 ms~! without
rainfall and averaged diameter. - (a) Vertical profiles of NRCS obtained
from ship radar observations at wind speeds of 25 and 27 ms—1 are shown with
circles, and NRCS of sea clutter is shown with crosses. (b) Representative
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Figure 5.13: Vertical profiles of mass density for each wind speed

when it is no rainfall. - Color shows 10-minutes horizontal wind speed.

Lines are fitting curves.
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Figure 5.14: Vertical profiles of mass density for each wind speed
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Lines are fitting curves.
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This thesis summarized the drag coefficient which is an important param-
eter to express the drag between the air and sea and evaluated roles of sea spray
and rain in the surface boundary layer that how the amount of rain and sea
spray affected the drag coefficient. Also, this thesis showed the methods to ob-
serve sea spray generated from wave breaking under severe wind conditions with
disdrometer and ship radar.

First, the author investigated the drag coefficient under strong winds |,
which is an indicator of friction between the air and sea. The friction is the
result of several phenomena: wave breaking, sea spray generation, relationship
between wind direction and wave direction, and rainfall. Under strong wind
speed conditions like typhoon, the coefficient decreases or is saturated against
the increase of wind speed. The author also explored how and to what degree
rainfall has an effect on drag coefficient with simple assumptions. The drag
coefficient may vary as a result of shear stress of rain drops on the ocean surface.
Under high wind speed conditions, the effect of shear stress of rain decreases, on
the other hands, under low wind speeds, the effect increases. This investigation
shows possibility of effect of rain on the drag. However, the concentration profiles
of sea spray which is the fundamental information to understand the situation
near surface layer is still unknown, and it it difficult to observe sea spray under
storm conditions. Because of that, the purpose of this doctoral thesis is to develop
a method for estimating the concentration distribution of sea spray.

In the third chapter, the author conducted field observations at the ob-
servation tower of Shirahama Oceanographic Observatory, located 1.8 km off
the coast of Wakayama Prefecture, using a disdrometer, anemometer, and wave
height meter. Previous studies that detected the drop size distribution of sea
spray directly. However, these data have limitations based on their respective sit-
uations, such as wind speed and the height of observation. The first observations
used a disdrometer because of the robustness and wide range of detected param-
eters from its diameter. From this observation, the following characteristics were
obtained. 1) Observed data at a lower height exhibited a larger amount of sea
spray than that observed at a greater height. 2) Sea spray drop size distribution
increases with an increase in wind speed. Basically, the disdrometer observed

rainfall as well. Thus, two algorithms are established in the chapter. The first
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method uses radar-AMeDAS analyzed rainfall data to estimate the time when it
was no-rainfall. The second uses the characteristics of drop size distribution for
rainfall. Both methods have a robustness because two different methodologies
suggested the same characteristics mentioned in (2).

The second set of observations were conducted at the same site using
a different observational instrument in Chapter 3. This instrument can detect
smaller diameters. Small droplets also increased with an increase in wind speed.
These exhibited almost the same rain drop size distribution and sea spray dis-
tribution. This means this observation data can be recognized as rain and sea
spray: this is an uncertainty of this observation. Of course, if we can detect the
salinity of each droplet, these droplets can be classified into both droplets. How-
ever, in field observations, it is impossible to detect the salinity of each droplet.
Thus, this uncertainty is important in this study. Assuming the obtained data
was recognized as sea spray, drop size distributions of sea spray for each wind
speed were obtained in this study. Furthermore, the rate of sea spray against to-
tal rainfall was estimated which showed decay curves for each wind speed. From
both observations, rain and sea spray can be classified with a certain accuracy
and obtained sea spray drop size distribution.

In Chapter 4, ship radar observation was conducted. Target of this obser-
vation was spatial distribution of rain and sea spray. The ship radar observation
with vertical rotation detected sea spray and rainfall in the lower atmospheric
boundary layer under three severe typhoon events. These events caused record
maximum wind speed at Nanki-Shirahama AMeDAS station from 2006 to 2020.

The maximum 10-minute averaged wind speed reached 39.5 ms™!.

The images
obtained from ship radar were converted into physical quantities as backscatter-
ing radar cross section by calibration with neighboring meteorological radar and
related algorithms proposed in this chapter. Furthermore, a method to estimate
a profile of horizontal wind speeds and drag coefficient was proposed in this chap-
ter. The vertical profile and the drag coefficient were calculated for each observed
wind speed (20, 25, 30 and 40 ms~!) at the observational tower.

In Chapter 5, the author proposed a conversion method for the number
and mass concentration of sea spray using the backscattering radar cross sec-

tion obtained from Chapter 4. The sensitivity analysis for several parameters
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is conducted, related to the scattering phenomena which is the basic phenom-
ena of radar observation. Wavelength and diameter, relative refractivity, and
the number of terms are changed to reveal how many differences exist between
Mie scattering and Rayleigh scattering. For rain and sea spray droplets, Mie
scattering theory can be applied. Further investigation for volume scattering is
conducted. The threshold of both scatterings is governed by the relationship
between the distance of particles and wavelength. The distances of rain were
calculated based on the drop size distribution results of previous studies. In this
thesis, the volume scattering is represented as single scattering. Based on the
algorithm, the author proposed a method to estimate concentration of sea spray
for each height. The method represents the scattering by multiple particles in a
unit volume (volume scattering) by combining individual scattering expressed by
Mie theory in a unit volume. It is shown that the existing mass concentration
distribution equation for suspended sediment in river can be applied to the ob-
tained vertical distribution of mass concentration of sea spray, and an equation
for the vertical distribution of mass concentration of sea spray depending on the
wind speed is proposed. Furthermore, by using the vertical distribution of mass
concentration, the amount of sea spray generated from the sea surface, which
cannot be captured by radar due to sea clutter, is estimated and shown as a
function of wind speed.

From the 1990s to present, numerous researchers have investigated the effects
of sea spray and its drop size distribution through field observations and wind
tunnel experiments. However, it is still difficult to observe sea spray itself because
such severe conditions are often accompanied with rainfall. This thesis conducted
three types of observations in the field and proposed new methodologies for each
observational instrument. In the case of radar observation, scattering by sea spray
was investigated because scattering phenomena are highly dependent on several
parameters. This process have great significance for radar observation and it is
also highly versatile. It is also possible that this method could be applied for
other radars to observe different targets, such as a X-MP radar. These meth-
ods proposed in this thesis make radar observation possible to observe profiles of
horizontal wind speed and profiles of concentration of sea spray simultaneously.

To the author’s great satisfaction, the knowledge gained in this study may help
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elucidate a method for sea spray observations and improve the understanding of
mass density profile of sea spray and wind speed profiles under severe weather

conditions like typhoons.
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7. APPENDIX

7.1 Scattering theorem of electro-magnetic wave:

Mie scattering and Rayleigh scattering

The following derivation is based on Bohren and Huffman (1983)(24) and
Matsuyama (2006)(53). These two documents explained the Mie theory well. The
theory of scattering of electromagnetic waves by small particles is a fundamental
problem. When considering electromagnetic waves, we use the Maxwell equa-
tions, which are the fundamental and the most beautiful equations of classical

electromagnetism shown in Eq.(7.1)

VD = pr,
VxE—i—a—B:O,
ot (7.1)
V.-B=0,
oD

where, E is electric field [N/C], B is magnetic induction [T] (Tesla), D is electric
flux density [C m~2 ], H is magnetic field [A m~!]. The electric flux density and
magnetic field are defined as following equations with using electric polarization P
[C m~? ], maginetization M[T], dielectric constatnt eg[F m~!], permeability of
vacuum jo[H m™1]. Additionally, conductivity o [S m~!], permeability, electric

susceptibility x|[-] are used these equations.

Jr =0E,
B = uH,
P= GOXE.

Consider Eq. (7.1) and Eq. Eq.4.2 in a vacuum and harmonic field. In other

words, if we consider an electromagnetic wave oscillating at a single frequency,

152



7.1 Scattering theorem of electro-magnetic wave: Mie scattering and
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the equation Eq (7.1) becomes

V-EOEZO,
V-H=0,
V X E =iwuH,

V xH = —iwuE.

The scattered waves based on Mie scattering are obtained using Maxwell’s equa-
tions in this vacuum and harmonic field.

Consider the situation where a spherical particle is placed in a vacuum and
an electromagnetic wave is incident on it. Firstly, calculating curl of Maxwell’s

equation in a vacuum, then the third and fourth equations are
V x (V x E) = iwpV x H = w?euE,
V x (V x H) = iwuV x E = w?euH.
With following vector formula,
Vx(VxA)=V(V-A)-V-.(VA),
following vector wave equations are obtained.

V2E + k%E = 0,
(7.2)
V?H + k?H = 0.

Here, k? = w?eu, V2A =V - (VA). For Mie scattering, the wave equation is
transformed into a spherical coordinate system which has the origin at the center
of a sphere and solved under the boundary condition that the electric and mag-
netic fields are continuous at the spherical surface.

The following vector functions is defined using arbitrary constant-valued vec-

tors in terms of certain scalar functions.

M=V x (c)
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Here, the vector function M satisfies the following equation.
V-M=0 (7.3)

Furthermore, by using the following equation, which is a formula for vectors, we
can obtain the relationship between the vector wave equation and the scalar wave

equation using vector functions.
Vx(AxB)=A(V-B)—B(V-A)+ (B-V)A — (A-V)B,
V(A-B)=Ax(VxB)+Bx(VxA)+ (B -V)A+ (A -V)B, (7.4)
VM + k2M = V x [c(VZ) + k20)).

This equation (7.4) is a vector wave equation, and comparing it with (7.2) leads

to a scalar wave equation.

V2 + k%) =0

If we define the vector function M and the orthogonal vector function N as follows

N:VXM7
k (7.5)
V-N=0.

The vector function N satisfies following vector function as well.

V2N + k2N =0

Thus, both vector function M and N satisfy the orthogonality between electric
field and magnetic field and are described as both of vector wave equation and
scalar wave equation. In the Laplacian in the spherical coordinate system, then
we obtained,

o2 iﬁ(rzﬁ) N ;ﬁ(mgé) Lt &
- r29r\ or r2sinf 00 00 r2sin2 0 0¢?

is applied for scalar wave equation, then

10 [ 00 18,(%) 1 9% 5
r28r(r 87“) (Smgae +r281n208¢2+k¢_0

r2sinf 00
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Assuming this scalar equation is a separable equation, we obtain
U(r,0,0) = R(r)©(0)®(¢).

Eq.7.1 and Eq.7.1, following three differential equations, noting that the partial

derivative is in full differential notation since the variables have already been

separated,
% +m2d =0,
o (m05) + - oo, @0
% (rQ%) +[(k*r? —n(n+ 1R =0.

Here, m,n are splitting constants. Considering the first differential equation in
Eq.(7.7), the solution is

®, = cosmao, P, = sinmao. (7.7)

The index of e, o represent even and odd. Since the scalar function is a function
around the sphere, the function for the angle ¢ needs to be the same value by
going around the circle. That is, the splitting constan m is integer or 0. Next,
with n = cos @ the second differential equation is

d?e de m?

— —2n—+ [n(n+1) — 0 =0.
ar Ty (n+1) L—n

(1-7n%

This differential equation is Legendre’s differential equation.
The only solution to this equation that does not diverge at n = £(0 = 0, )
is the Legendre function of the first kind,

© = P (n) = P*(cos®), (m,n=0,1,2,...). (7.8)

When m = 0, this becomes the Legendre polynomials of the first kind. Finally,
about the third differential equation, with kr = p, Z = R,/p, then this equation

p% (p%) F(P (it 52 =0, (7.9)
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This is the Bessel’s differential equation. The solution is defined as the Bessel
function of the first kind J, when n + % in the equation is positive or negative,
and the solution is defined as the Bessel function of the second kind Y,, when it
is zero and independent of the Bessel function of the first kind. Followings are

the equations,

. m
Jn(p) = _Jn+1/2(p)7

Y,

yn(p) = n+1/2<p)'

@%’

Spherical Bessel function satisfies the following asymptotic equations,

2n +1
p

Zn-1(p) + Zny1(p) = zn(p),

d
(2n + 1)d—p(p) = nzn-1(p) = (n+ 1)zn11(p),
where z, is spherical Bessel function of j, and y,. Using following equations,

solutions for high order spherical Bessel functions are obtained.

(o) sin p 4 (o) sinp cosp

Jo\p) = y JI\P) = - )
p p? p

() cos p () cosp sinp

Yolp) = — y Y1\p) = — N
p P p

The solution of Eq.(7.9) also includes a linear combination of solutions of the

spherical Bessel functions.

Since three solutions for all differential equations are obtained in above processes,

solutions of scalar wave equation in polar coordinate systems are

Yemn = cosmo P (cos )z (kr),

Yomn = sinme P (cos )z, (kr).
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(2)

Here, z, represents four spherical Bessel function j,, yn, h,(ll), hy,’. Furthermore,

since the solution of vector wave equation satisfies Eq.(7.3), (7.5), then we obtain

Memn =V x (m/}emn)a Momn =V x (rl/}omn)a
V X Memn V X Momn

Memn - Ty Nomn - k

The each vector can be represented as

—m

sin @

Memn = sin mePrTLn<COS 0>Zn (p>éé?

dP™(cos0) .
— CO8 W¢T2n(ﬂ)e¢;
Momn :S'i COS mngfln(cos 9)Zn(P)ée

in6
—sinmo SO ),

Nemn :zn(p) cosmon(n + 1) P (cos 0)é;
p

dP™(cos6) 1 d X (7.10)
+cosmo T (o)

. P (cosf) 1 d
— msin mcbwzd—p [pzn(p)]es,

Nomn :Z"/()p) sinmen(n + 1) P (cos 0)é,

dP™(cos0) 1 d

+ sin mﬁbnT;d—p[Pzn(P)]ée
P (cosf) 1 d .
+ mcos ma¢ 00 pdp[pzn(p)]%.

These solutions describe general solution of electro-magnetic wave in the spherical
vector harmonic. Here, the characteristics of Bessel function are introduced.

Bessel functions of the first and second kind expand into power series,

jnle) =tz Y AT,

|: (2n — 2m>‘ Z2m + (_1)n i (_1)m(m — n)!z2m )

l(n —m)! m!(2m —n)!

m=n+1
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Here, approximation is investigated when z asymptotes to zero. This asymptote
means that electro-magnetic wave approaches the center of a sphere. Since the
higher-order terms are sufficiently small that the first term is used to approximate,

the equation is

: 2"
)~ G
(2n 4+ 1!
Yn(2) ~ T o

In this case, spherical Hankel function is

" o - P ' P
h:;)(Z) = Jn(2) +iyn(2) ~ (2n; DI (271; H (7.11)
ha'(2) = jn(2) — iyn(z) ~ (

SRR TR CESE TR

The only function that does not diverge to infinity is Bessel function of the first
kind when z—0. Thus, Bessel function of the first kind is used to represent
electro-magnetic wave approaching the center of the particle.

Hankel function of the first and second kind are described as,

h%l)(z):<—i)n+l§z%(%)r’
r=0

h,ELQ)(z) _ in+1€_zz Z (n“—r)" (—7/)7"

z rln—r)l\2z

When z— o0, it is enough small to neglect the higher-order terms.

n eiz
it (2) ~ (=)
@y 1€ "
hy ' (2) ~i —

When the exponent is negative, it represents a wave traveling toward the center
with respect to the z-axis, and when it is positive, it represents a wave traveling
outward from the center. Considering waves scattered from the center of a par-
ticle, the Hankel function of the first kind is the appropriate function. As the
exponent is negative, it represents a wave traveling toward the center following

the z-axis, and when it is positive, it represents a wave traveling outward from
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the center. When considering waves scattered from the center of a particle, the
Hankel function of the first kind is the appropriate function.

Next, we examine the orthogonality of functions. When we consider the
functions of f and g, the products of f and g multiplied together and integrated
over a certain interval is called the inner product of the function. When f and g
are multiplied by a different function h and integrated over a certain interval, it
is called the inner product weighted with h. If this value is zero, then f and g are
orthogonal with h as the weight. The orthogonality of this function simplifies the
calculations in the following paragraphs. We examine the orthogonality between
each vector. First of all, the trigonometric functions sin m¢ and cos m’¢ are or-
thogonal in all combinations in the interval (0, 2 ) when m and m’ are integers

and m # m/. Thus,

2w 2w 2w
/ sin ma¢ cos m’'¢do = / sin ma¢ sin m’ pd¢ = / cos ma¢ cos m' ¢pdo = 0.
0 0 0
The vector in Eq.(7.11) becomes

Memn - Momn sin 0d0d¢ = Ny, - Nepp sin 0dodo
= Momn - Nomn sin 0doddo
= Memn - Nemp sin 0déde.

The orthogonality of the other combinations (M, Memn) and (Nemn, Nemn)
is also investigated. The following integral values are obtained by calculating

each vector element.

21 T
/ / Memn * Memn’ sin 6d6do
0 0

2 T
- / / Momn - Momn' sin 0d0dé (7.12)
0o Jo
™ dP™ AP PPy
:m/o znzn/( dg dg +m s?n2g )sm@d@
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Here,
T AP AP, PMPT
in 00
/O (de a " sin20>sm
. - (7.13)
B 2 1 !
B -

Therefore, (Memn, Memn/) and (Neppn, Nemns) are orthogonal when n # n/'.
The next step is to derive the plane wave in the spherical coordinate system. We
assume that a plane wave is incident on a particle at the origin of the coordinates.
The plane wave travels in the z direction, and the direction of displacement of
the electric field is in the x direction. The incident electric-magnetic wave vector
is,

E; = EoelkzéX _ Eoelkr cos GeAX’

where

€x = sin 0 cos ¢€; + cos 0 cos ¢p€y — sin Pey.

This plane wave is expanded into a spherical coordinate system. That is, using

the general solution for electro-magnetic wave in a spherical coordinate system,
Eq.(7.10),

0o 00
E; = Z Z(BemnMemn + BomnMomn + AennNemn + AomnNomn)- (714)
m=0n=0

Aforementioned, since the incident wave is finite at the origin, only Bessel function
of the first kind can be used. Superscript (1) means the first kind. Also, com-
paring with the equation Eq.(7.14), we can only choose terms including cos ¢&,
and sin ¢&, as terms of the function of ¢. This means that plane wave can be

() (1)

described by only terms of my 7, ne ” when m = 1.

0. 9]

E; — EOeikrcos9é~X _ Z(BolnM(l)

oln

+ AelnNgr)l).

n=1
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Here, multiplying M) gin fdfd¢ to obtain the coefficient B,;,, and A.;,, and

oln
(()1121 . Mgi because of the or-

thogonality of functions. Then, we obtain following equation.

T 2
/ / M) 6,6 os? in gdgdg
0 0
T 2m
- / / BonMY - MY sin6dods
0 0
Expanding the left hand side,

T 27 .
/ / M) . & etk o5 in gdod e
0 0

T d
=7 jn(rk) / etkr COS9((:05 HP% (cos @) + sin 9@]3% (cos 6)do
0

integrating them, it becomes zero except terms M

(7.15)

i
:an(k’r)/ C%(Sinepn%(c()s 0))6ikrcosed9
0

Here, Legendre function can be expressed by differentiation of Legendre polyno-

mials. . A P(n)
Plt(n) =1 —-n )m/ dn—m’
with n = cos@
P! = —sin Q—dpnf;os %) .

P, is the solution of Legendre function, the second differential equation, Eq.(7.7),

Py
d (sin@d (cos®)

a6 do

df >: —n(n + 1)Py,(cos ) sin 6.

Then, the left hand side of Eq.(7.15) is
71- .
= mjn(p)n(n + 1) / etkreost p (cos 6) sin 0d6.
0

This integration is called as Gegenbauer’s integral representation and giving

Jn(p) = — e'’ cos O Py, (cos 0) sin 6.
0
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Thus, right hand side is
92n(n +1)

7(jn(p)) e

Next, we expand the right hand side. From Eq.(7.12), (7.13)

2 2
a_,. 92n%(n+1)
My, (in(p)) ol
Thus, the coefficient is derived as

oln n(n + 1)‘
In the same way, the another coefficient is derived as

2n +1
A(l) — ¥l =T
eln ! n(n+1)

Then, the plane wave of electro-magnetic wave in polar coordinate system is

described as

E—F Y L N

oln eln)
The magnetic field which is equivalent to this electric field is

1
Hi:,—VXEO
T
B |

_ i (M(l)

N
) n(n+ 1) on T )

eln
where 1 is magnetic permeability. Up to this point, we have been able to express
the electric field Ey and magnetic field Hy of the incident plane wave in the
spherical coordinate system.

Next, the electric field Fs and magnetic field Hg of the scattered light from

the particle and inner electric and magnetic fields E),, H), are expressed as follows
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when this electromagnetic wave is irradiated to the particle.

E— -3 L (0, M) - ,NE)

n=""oln eln
— n(n+1)
H. — ik — n 2n+1 b M(g) . N(3)
S*@ZZ n(n+1)<n oln — Yn eln)
N (7.16)
2n+1 (1) (1)
Ep - Z Znn(n + 1) (CnMoln o Zaneln>
n=1
B, — iz’”—%“ (d, M%) +ic, Ny
p Wity gt n(n—I— 1) n=""oln n=Yeln

,where the subscript s and p represent scattering and inner particle. Also, (1) is
Bessel function of the first kind and (3) is Hankel function of the first kind. The
boundary condition to derive the coefficient for outer and inner scattering wave
is continuity of electric field at the surface of a particle (r = a) and magnetic
wave as well. Because of this condition, in the outer field of a particle there are
incident and scattering electric field E;g, Fs and in inner field of a particle, there

is inner electric field E,yg.

Eig+ Esq = Eijg, Eip + Esp = Ejg,
(7.17)
Hiyg+ Hgg = Hig, Hip + Hgy = H;y.

The size parameter x and relative refractivity m are defined as

2rNa kl N1
Tz =ka= , M= —=—

A k N~

Here, N and N are complex refractivity of a particle and surrounding medium.

Riccati-Bessel functions are described as

Unlp) = pin(p), E(p) = ph\)(p),
d / d

U(z) = 250 (P) o= &) = Totu o=
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and based on four boundary conditions, following equations are obtained.

7vZ)n(I) - angn(x) = %¢n(mx)

: , d,

Vn () = bpén () = dptpn(ma)

U () — ané, (2) = epthy, (ma)

Deriving each coefficient,

' — (@) [maj, (ma))
2 () oh ()~ — h$) (@) [maj, (ma))
—/mn( )[majn(maz)]

by, =
’ ( )[majn(ma)]

]
I = [
]’—ulh (@) [jn(@)]
] [

(

o= - uh ( ) [majn(max)]
0 = (@)l @) = by (@) ()]
pm 2 (ma)[whl) () — bl (@) [maja (mz))’

Here, we obtained all coefficients in Eq.(7.17) and derived outer scattering wave
and inner wave.

Next, we calculate the scattering efficiency and absorption efficiency of elec-
tromagnetic waves. Find the ratio of scattering Wy and the ratio of extinction

Wezt of electromagnetic waves. Here, the ratio of absorption is W, = Wy — W.

27
West = 1/2R, / / (EigHgp — EigHgy — EgoHigH;y + EgsHig)r? sin 0d0do
0 0

27
Ws =1/2R, / / (EspHspHsy + EssHgg)r? sin 0d0de
0o Jo
(7.18)
To derive each efficiency, following equation is shown.
P! dP}

™= Gne " de
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The each incident wave in the equation is

0
cos . k
Pio = S22 Bu(tm— ithm). Hig = = tan 6B,
n=1
o0
sin ) k
EZ¢ = pgb Z En(“ﬂ;ﬂn - d}nTn), Hz¢ = —m COS ¢EZ¢7
n=1

The scattering waves are

o
COS .
Eq = ¢ g En(zandﬂ_n - bnfnﬁn>’
P n=1
sin ¢ =
ES¢ = ’ E En(bnfnTn - ian&%ﬂ-nL
=1
. n¢ . (7.19)
n .
Hyy = @ P ng_l En(lbnf}/lTn - anfnﬂ-n)?
k cos ¢ = .
Hoo = g 2y Tl = anta).

Using Eq. Eq.(7.19), the scattering rate in Eq.(7.18) can be expressed as the

following infinite series

o0

> @n+ DRelgn)(| an [ + | ba [*),

™| Ep 2

W. —
3 kw

where, g, is
gn = (aniz - wnX;L) - Z(%% + XnX;L)'
Using Riccati-Bessel function y,, and Ronski determinant,

XnQ/J;z - 7/}nX;l =1,

scattering coefficient is

W, M
Cea = T =32 n+1)(an 2+ | b %)
1

n=1
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Extinction coefficient is same as well,

W, 2T
Ceat = —2 = (20 + 1)Re(ay + by).
I; k
This is the scattering wave and scattering cross section based on Mie’s theory.
To describe Rayleigh scattering, the size parameter z becomes less than 1. Thus,
the first order of Mie coefficient a,, and b, is only considered. In the case of that,

scattered light intensity is

I 87iNab | m? —1
SN2 m?2 4 2

2 (1 + cos? ).

Furthermore, the backscattered wave is the one that is 180 degrees opposite to

the direction of the incident wave, and the backscattering cross section is

Ch = = 75 | Y (1) (a0~ o) (7.20)

Mie scattering theory represents scattering of electromagnetic waves by a

single spherical particle, as mentioned above.
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