University of Miami

Scholarly Repository

Open Access Dissertations Electronic Theses and Dissertations

2007-12-20

An Airborne Investigation of the Atmospheric
Boundary Layer Structure in the Hurricane Force

Wind Regime

Jun Zhang

University of Miami, jun.zhang@rsmas.miami.edu

Follow this and additional works at: https://scholarlyrepository.miami.edu/oa_dissertations

Recommended Citation
Zhang, Jun, "An Airborne Investigation of the Atmospheric Boundary Layer Structure in the Hurricane Force Wind Regime" (2007).

Open Access Dissertations. 15.
https://scholarlyrepository.miami.edu/oa_dissertations/15

This Open access is brought to you for free and open access by the Electronic Theses and Dissertations at Scholarly Repository. It has been accepted for
inclusion in Open Access Dissertations by an authorized administrator of Scholarly Repository. For more information, please contact

repository.library@miami.edu.


https://scholarlyrepository.miami.edu?utm_source=scholarlyrepository.miami.edu%2Foa_dissertations%2F15&utm_medium=PDF&utm_campaign=PDFCoverPages
https://scholarlyrepository.miami.edu/oa_dissertations?utm_source=scholarlyrepository.miami.edu%2Foa_dissertations%2F15&utm_medium=PDF&utm_campaign=PDFCoverPages
https://scholarlyrepository.miami.edu/etds?utm_source=scholarlyrepository.miami.edu%2Foa_dissertations%2F15&utm_medium=PDF&utm_campaign=PDFCoverPages
https://scholarlyrepository.miami.edu/oa_dissertations?utm_source=scholarlyrepository.miami.edu%2Foa_dissertations%2F15&utm_medium=PDF&utm_campaign=PDFCoverPages
https://scholarlyrepository.miami.edu/oa_dissertations/15?utm_source=scholarlyrepository.miami.edu%2Foa_dissertations%2F15&utm_medium=PDF&utm_campaign=PDFCoverPages
mailto:repository.library@miami.edu

UNIVERSITY OF MIAMI

AN AIRBORNE INVESTIGATION OF THE ATMOSPHERIC BOUNDARY LAYER
STRUCTURE IN THE HURRICANE FORCE WIND REGIME

By
Jun Zhang

A DISSERTATION

Submitted to the Faculty
of the University of Miami
in partial fulfillment of the requirements for
the degree of Doctor of Philosophy

Coral Gables, Florida

December 2007



UNIVERSITY OF MIAMI

A dissertation submitted in partial fulfillment of
the requirements for the degree of
Doctor of Philosophy

AN AIRBORNE INVESTIGATION OF THE ATMOSPHERIC BOUNDARY LAYER
STRUCTURE IN THE HURRICANE FORCE WIND REGIME

Jun Zhang

Approved:

Dr. William M. Drennan
Associate Professor of Applied
Marine Physics

Dr. Hans C. Graber
Professor of Applied Marine Physics

Dr. Peter G. Black
NOAA Scientist, Hurricane Research Division

Dr. Terri A. Scandura
Dean of the Graduate School

Dr. Shuyi S. Chen
Professor of Meteorology and
Physical Oceanography



ZHANG, JUN (Ph.D., Applied Marine Physics)
An Airborne Investigation of the (December 2007)
Atmospheric Boundary Layer Structure

in the Hurricane Force Wind Regime

Abstract of a dissertation at the University of Miami.

Dissertation supervised by Professor William M. Drennan.
No. of pages in text. (149)

As part of the ONR sponsored Coupled Boundary Layer/Air-Sea Transfer
(CBLAST) experiment, data from the NOAA WP-3D research aircraft measurements
into major Hurricanes in the 2002-2004 seasons are analyzed to investigate the structure
of the boundary layer. The turbulent fluxes of momentum and enthalpy are derived using
the eddy correlation method. For the first time, the momentum and enthalpy fluxes were
directly measured in the boundary layer of a hurricane with wind speeds up to 30 m/s. A
new bulk parameterization of the momentum and enthalpy flux is developed.

The vertical structure of turbulence and fluxes are presented for the entire
boundary layer in the rain free region between the outer rainbands. The turbulent kinetic
energy budget was estimated for the hurricane boundary layer between the outer
rainbands. The universal spectra and cospectra of the wind velocity, temperature and
humidity are also derived. A case study on the effects of roll vortices on the turbulent
fluxes is conducted, which confirmed the existence of the boundary layer rolls and gave
the first estimate of their modulation of the momentum and sensible heat flux.

The CBLAST data provided an invaluable perspective on the evaluation and

development of the boundary layer parameterization suited for the hurricane models.



Studies on entrainment processes above of the mixed layer and turbulent transport

processes induced by the inflow are recommended in the future.
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Chapter 1

Introduction

1.1 Motivation and Background

Tropical cyclones interact with the ocean through the boundary layer, obtaining
heat and moisture, and transferring momentum to the ocean in the form of currents and
waves. An improved knowledge of mechanisms underlying air-sea exchange across the
boundary layer is essential for interpreting physical, dynamical and thermal-dynamical
processes, and hence for the development of models with realistic prognostic capabilities
for forecasting or simulating tropical cyclones. However, the tropical cyclone boundary
layer has been the least well-observed part of the storm until now due to the lack of insitu
measurements, because it is an extremely difficult environment for aircraft
reconnaissance operations and surface based instrumentation to obtain direct
measurements of the boundary layer structure due to safety requirements.

There has been no direct aircraft turbulence measurement in the boundary layer of
a hurricane or a tropical storm since the measurements of Moss and Merceret (1976, 1977)
and Moss (1978) who conducted one stepped descent and measured momentum fluxes at
different levels in the boundary layer of the periphery of Tropical Storm Eloise. There

have been measurements of the boundary layer structure by airborne radars (Powell, 1990



a, b), but the vertical resolution of them is limited by the sea clutter and instrumentation
resolution. Because of inadequate observational coverage, modelers have typically
extended physical parameterizations far beyond their validated regime, and little detailed
analysis of full-physics model results within the boundary layer has been carried out
(Kepert, 2006).

The atmospheric boundary layer is essentially the region of the atmosphere near
the surface where the influence of the surface is felt through turbulent exchange of
momentum and enthalpy. The boundary layer depth is often defined as the layer near the
surface that is almost continuously turbulent (Stull, 1988). The kinetic energy of the
large-scale atmospheric circulations cascades down to mesoscale and smaller scale eddies
through shear instability. The large range of scales associated with the mechanisms of air-
sea exchange across the boundary layer necessarily requires such processes in numerical
models to be parameterized. Unless model parameterizations of the surface flux and
boundary layer turbulence are complete and well founded, the models will have limited
predictive capability under hurricane intensity change.

It has been demonstrated that hurricane intensity in both idealized, axisymmetric,
quasi-balanced models (Emanuel, 1995) and “full-physics” nonhydrostatic models
(Braun and Tao, 2000) exhibits significant sensitivity to the ratio of the bulk exchange
coefficient for enthalpy flux (Ck) to the exchange coefficient for momentum (Cp). Based
on the comparison of model predictions with observations of the hurricane intensity for a
number of hurricanes, Emanuel (1995) concluded that the ratio Cx/Cp lies in the range
1.2-1.5 in the high wind regime and suggests 0.75 as a lowest threshold to ensure model

consistency. Emanuel (1999) pointed out that numerical models are only able to



adequately model hurricane strength by imposing constraints on the turbulent flux of
heat and momentum in high wind regimes. The theoretical analyses of Emanuel (2003)
conclude that the current (pre 2003) parameterization of the bulk drag and enthalpy
coefficients would preclude the existence of category four and stronger hurricanes. Note
that the operational GFDL hurricane prediction model (Kurihara et al., 1998) takes the
crude approach of using equal roughness lengths for scalars and momentum, which gives
Ck/Cp = 1.

The air-sea interface fluxes of momentum, sensible heat and latent heat are the
most important boundary condition inputs for atmospheric, oceanic, and wave models,
especially for the coupled models. Particularly, enthalpy flux plays a fundamental role as
the energy source for hurricanes (Schade and Emanuel 1999). However, due to
instrumentation limitations and problems with salt and sea spray, measurements of
enthalpy flux have been difficult to obtain over the ocean. The data sets that have been
published over the past 20 years are rare and show large scatter in plots of the Dalton
number (Cg) as shown in Figure 1.1. It is found, based on the data sets available now, that
there is no significant dependence on wind speed, so most studies have proposed constant
Dalton numbers. In the same way, the bulk sensible heat flux coefficient (Cy), or Stanton
number, has been found to take a constant value which is approximately equal to C,
again independent of wind speed. Note that the bulk coefficient of enthalpy, Ck, is
generally assumed to equal to Cg and Cy, which will be verified later in this thesis. The
TOGA-COARE bulk flux algorithm (Fairall et al. 1996, 2003), which is generally
regarded as the state of the art for parameterizing turbulent air-sea fluxes, has been tested

only for 10-m winds up to about 18 m/s. Although the TOGA-COARE flux code and the



analysis by Liu et al. (1979), on which that code is based, suggest the parameterization is

valid for higher winds, no analysis has verified this.

2.5

x 1000

CE1

o
a

Fig. 1.1. Plot of Dalton number versus wind speed at 10-m height for neutral stability,
from five field experiments. The experiments, all using the eddy-correlation method for
measuring fluxes, are AGILE (o: Donelan and Drennan 1995), HEXOS (x: DeCosmo
et al. 1996), GASEX (0: McGillis et al. 2004), SOWEX (V : Banner et al. 1999), and
SWADE (o: Katsaros et al. 1993). Data have been corrected for density variations
(Webb correction) and (as necessary) for salinity effects. The curves are from Fairall et
al. (1996, solid), and Fairall et al. (2003, dashed).

During the past several decades, there have been a much larger number of
momentum flux measurements over the sea. The drag coefficients shown in Fig. 1.2, an
ensemble from eight field experiments, are typical of most recent campaigns. The

experiments are from the small ship R/V Agile in Lake Ontario (Donelan and Drennan



1995); Adverse Weather Experiment (AWE), from an Air—Sea Interaction Spar (ASIS)
buoy off the Florida coast (Drennan and Shay 2006); flux, état de la mer, et télédétection
en conditions de fetch variable (FETCH), from an ASIS buoy in the Mediterranean Sea
(Drennan et al. 2003); The Equatorial Pacific Air—Sea CO2 Exchange Experiment
(GASEX), from an ASIS buoy (McGillis et al. 2004); HEXOS, from a tower in the North
Sea (Smith et al. 1992; Janssen 1997); Risg Air—Sea Exchange (RASEX), from a tower in
the Baltic Sea (Johnson et al. 1998); Surface Wave Dynamics Experiment (SWADE),
from a ship in the coastal Atlantic (Donelan et al. 1997), and Water—Air Vertical

Exchange Study (WAVES), from a tower in Lake Ontario (Drennan et al. 1999).

4.5

3.5

Cp * 1000

1.5

0.5

0 5 10 15 20

-1
Um[ms ]

Fig. 1.2. Plot of drag coefficient versus wind speed at 10-m height for neutral stability,
from eight field experiments. The experiments, all using the eddy-correlation method
for measuring fluxes, are listed in the text. The curve is from Smith (1980). The circles
and thin lines show the mean and 1 standard deviation of the data in bins of 1 ms™.



Although there is again considerable scatter in Fig. 1.2, most data sets show a
significant increase in the momentum exchange (drag) coefficient with the 10 m wind
speed. The relationship of Smith (1980) between Cp and Uy,
1000xC, =0.063U,, +0.61, where both Cp and Uj;o have been adjusted to neutral
stability, is representative of most open ocean data sets (e.g. Yelland et al., 1998). The
drag is predicted to increase linearly with wind speed, with C,, = 0.0019 at 20m/s wind
speeds. At these wind speeds, the ratioC, /C, = C, /C, = 0.6, well below the lowest

bound proposed by Emanuel (1995).

5 10-3 Laboratory measured drag coefficients by various methods

5 T T T T T
Green squares = profile method (Ocampo-Torres et al., 1994)
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Black diamonds = Reynelds stress (Donelan et al., 2004)
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Fig. 1.3. Laboratory measurements of the neutral stability drag coefficient by profile,
eddy correlation (“Reynolds”) and momentum budget methods. The drag coefficient
refers to the wind speed measured at the standard anemometer height of 10 m. The
frequently cited drag coefficient formula of Large and Pond (1981) is also shown (See
Donelan et al., 2004).
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Fig.1.4. Surface momentum exchange coefficient as a function of Uj,. Vertical bars
represent the range of estimates based on 95% confidence limits and symbols. Error
bar covered data are from GPS dropsondes observations, Refs. 13 (Large and Pond,
1981), 16 (Palmen et al., 1957), 17 (Miller, 1964), 18 (Hawkins et al., 1968), 39
(Amorocho et al., 1980), and 46 (Shay 1999) represent relationships and values from
tropical cyclone budget studies (see Powell et al., 2003 Fig. 3).

The Smith relation represents the result of near-fully developed wave conditions,
but underestimates Cp in developing conditions. Drennan et al. (2003) showed that the
drag coefficients are 30% larger than those predicted by the Smith relation during
strongly forced Mistral winds in the Mediterranean Sea. There is now considerable
evidence for a significant wave age enhancement of the drag coefficient (see Donelan
1990; Smith et al. 1992; Drennan et al. 2003). Given that the wave field associated with

hurricanes tends to be underdeveloped (duration limited) this effect should decrease the



ratio Cx/Cp even further below the Emanuel threshold. However, recent laboratory work
(Fig. 1.3) by Donelan et al. (2004) found Cp to reach a maximum at wind speeds around
35 m/s, then leveling off. The authors attribute this as due to increased sheltering of the
wind behind steeper waves. These results support those of Powell et al. (2003) based on

extrapolating GPS dropsonde profiles to the surface as shown in Fig. 1.4.

Cione et al. (2000) using observations from deep-water moored buoys in
hurricanes, demonstrated that air temperature and theta-e (equivalent potential
temperature) values diminish as the gale-force wind radius is reached when air flows
toward the eye wall. While air temperature remains almost constant from the gale-force
wind radius toward the eye wall, relative humidity increases from 85% to 95%, and theta-
e increases by about 8K. Although sensible heat fluxes balance the heat loss due to
adiabatic cooling, the latent heat increase only accounts for 50% of the flux required to
raise theta-e by 8K. A similar result was found by Barnes and Bogner (2001) from GPS
dropsonde observations in hurricane Bonnie. This implies a problem with the exchange
coefficients, such as strong downward heat fluxes across the top of the ABL or another
source of heating which has been proposed recently by Andreas and Emanuel (2001) in
the form of sea spray. However, as noted by Wang et al. (2000), the Andreas spray
parameterization results in a net warming of the atmospheric boundary layer, something

that is not observed (Cione et al., 2000).

Furthermore, observations by Powell et al. (1999) from GPS dropsonde
observations show that near hurricane principal rainband and eyewall regions, there are
locations where a layer from the surface to 50-100 m exists consisting of constant

specific humidity and wind direction, above which the humidity drops markedly. This



layer exists within a well-mixed, constant theta layer (layer of constant adiabatic lapse
rate) for winds over 35 m/s. Barnes and Bogner (2001) hypothesized that the only
explanation for this phenomenon is the existence of a layer of enhanced spray droplet
concentrations. This is consistent with the model computations of Metsayer and
Lefauconnier, (1988) and Rouault et al., (1991) which, in general, suggests that the layer
of constant specific humidity grows from tens of cm at 7.5 m/s wind speeds to several

meters at 15 m/s.

Coupled models (Chen et al., 2007) necessitate a clearer and more complete
understanding of the physical processes at the air-sea interface. All coupled air-sea
models depend on the specification of the exchange coefficients for the estimation of the
transfer of momentum and enthalpy. One clear limitation of the observational results for
Cgand Cp is that few direct flux data are available for wind speeds over 20 m/s. Hence
most results are extrapolated well outside the range of observations for use in hurricane
models. Given that several new physical processes, for instance sea spray, may dominate
at much higher winds, such an extrapolation is not likely warranted. Clearly, there is a
need for direct measurements of both momentum and enthalpy fluxes at high winds in
order to develop a new bulk parameterization of those fluxes for the hurricane models. It
is crucial to improve our understanding of what happens at the air-sea interface in winds
above about 20 m/s, when the near-surface air is “too thick to breathe and too thin to
swim in” (Kraus and Businger, 1994), and of the vertical mixing and energy transport
processes within the hurricane boundary layer, in order to enhance the hurricane track

and intensity forecasts.
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1.2 Review of Literature

1.2.1 Air-Sea Interaction in Hurricanes

The central importance of the boundary layer on hurricane dynamics is
highlighted in a series of papers by Emanuel (Emanuel 1986; Emanuel 1991; Emanuel
1995; Emanuel 1999). Following the earlier studies by Riehl (1954), Malkus and Riehl
(1960), and Palmen and Newton (1969), Emanuel (1986) deduces that a tropical cyclone
cannot be sustained simply by using the ambient convective available potential energy
(CAPE). Additional energy extracted from the sea such as the latent heat is needed to
drive the tropical cyclone heat engine. This energy enters into the tropical cyclone
through the frictional boundary layer. The importance of the additional energy is
highlighted by Rotunno and Emanuel (1987) who successfully simulated the
intensification and maintenance of tropical cyclones in an environment devoid of CAPE.
One conclusion from these studies is that the fundamental source of energy for tropical
cyclones is heat transfer from the ocean. The mature tropical cyclone may be idealized as
a steady, axisymmetric flow whose energy cycle is very similar to that of an ideal Carnot
engine (Emanuel, 1986). The energy cycle of a mature tropical cyclone is one of
isothermal expansion, adiabatic expansion, isothermal compression, and adiabatic

compression.
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Emanuel (1986, 1995), using an analytic model of the structure of mature
cyclones, predicts the maximum azimuthal wind speed varies as a function of (Ci/Cp)"?

in the form:

S Y (1.1)

where Cy is exchange coefficient of enthalpy, Cp is the surface drag coefficient, T; is the
sea surface temperature, Ty is the temperature of the storm’s outflow near the tropopause,
ks is the specific enthalpy of air at saturation at the sea surface temperature and pressure,
and k is specific enthalpy of boundary layer air. Emanuel (1999) demonstrated that the
intensity of many hurricanes can be accurately predicted using a very simple atmospheric
model coupled to an essentially one-dimensional ocean model (Schade, 1997), as long as
storms remain unaffected by other atmospheric influences such as environmental wind

shear.

Equation (1.1) shows the sensitivity of the hurricane intensity to the sea surface
temperature. The observed cooling of order 1 K under the storm core could have a
significant feedback on hurricane intensity. Although the first simulation of a hurricane
using a coupled ocean-atmosphere model by Chang and Anthes (1979) showed little
effect of the ocean feedback on storm intensity, the recent study on the ocean feedback by
Schade and Emanuel (1999) who used an advanced higher resolution coupled model
showed that ocean feedback has a first-order effect on hurricane intensity. Upper ocean
processes cause the SSTs to cool mostly through a combination of mixing and upwelling
processes, which in turn alter available heat for the storm’s maintenance. The sea surface

temperature field under the tropical cyclone is often not uniform spatially. Cool wakes,
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identified with airborne expendable bathythermographs (AXBTs) may result in little or
no sensible heat being transferred to the inflow layer (Black and Holland 1995), while

warm eddies may enhance the fluxes (Shay et al. 2001).

Bister and Emanuel (1998) discuss the possibility that viscous dissipation of
turbulent kinetic energy in the surface layer could be an additional heat source for the
tropical cyclone. Maximum dissipative heating would tend to occur in high winds near
the eyewall where rain and spray may evaporate resulting in a latent heat input to the

tropical cyclone.

The relation (1.1) also suggests a strong sensitivity of hurricane intensity to those
boundary layer processes that determine the exchange of enthalpy and momentum with

the ocean, and ocean temperature near the eyewall, which can strongly influence the

magnitude of k, — k. As k is not a free parameter, it is sometimes remarked that equation

(1.1) is sensitive to the assumptions made of the value of the enthalpy k under the
eyewall (Holland, 1997). However, Emanuel (1986, 1995) simplified the calculation of k
at the radius of maximum winds by assuming that the boundary layer relative humidity is
constant outside the radius of maximum winds and that k is equal to the saturated moist

static energy just above the top of the boundary layer.

The predictions of (1.1) are in good agreement with numerical experiments,
beginning with those by Ooyama (1969) and Rosenthal (1971) and continuing with many
others in 1990s, in which the exchange coefficients are simply specified. Unfortunately,
little is known about how these exchange coefficients behave at high wind speeds in
nature. It is apparent that most of the entropy increases in the inflow near the eyewall

where hurricanes are sensitive to the exchange coefficients. As discussed earlier,
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measurements at low to moderate wind speeds suggest that the drag coefficient increases
with wind speed, because of increased surface roughness, but the enthalpy exchange
coefficient remains approximately constant; when extrapolated to hurricane wind speeds,
this yields a ratio Ci/Cp too small to explain the observed intensity of hurricanes
(Emanuel 1995; Emanuel, 2003). This suggests other physical processes must come to

play to enhance the enthalpy exchange and/or diminish drag.

Andreas and Emanuel (2001) suggested that the relevant mechanism is re-entrant
sea spray, which transfers significant amounts of enthalpy to the air. Recent estimates of
the exchange coefficients from wave tank measurements (Donelan et al. 2004), from
measurements of the ocean current response to tropical cyclones (Shay, 1999) and from
wind profiles measured using dropsondes (Powell et al. 2003) suggests that the drag
coefficient may level off in high winds. However, there is no direct measurement of

momentum and enthalpy fluxes in hurricane winds to verify this.

1.2.2 Modeling Studies of the Hurricane Boundary Layer

There have been several attempts to study the boundary layer of a hurricane by
prescribing the wind field at the top of the layer. Smith (1968) used a momentum integral
method to calculate the induced vertical velocity at the top of the boundary layer of an
axisymmetric vortex assuming the Ekman solution is valid at larger radii where the
Rossby number is relatively small. Leslie and Smith (1970) and Bode and Smith (1975)

revisited these calculations and found that the prescription of the eddy diffusivity is very
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sensitive to the surface stress and surface roughness as a function of wind speed. Shapiro
(1983) investigated the asymmetric boundary layer under a translating hurricane and
found that the maximum convergence lies in the forward right quadrant in the northern
hemisphere. Anthes and Chang (1978) studied the boundary layer structure of a mature
hurricane in a time-dependent, axisymmetric numerical model with nine levels, six of
which were in about the lowest kilometer, but the radial resolution of 60 km was
relatively coarse. Montgomery et al. (2001) considered the effects of the boundary layer
on vortex spin-down for particular initial distributions of azimuthal wind with radius.
Kepert and Wang (2001) carried out high-resolution calculations of boundary layer
structure in a model for both stationary and translating vortices and calculated the vertical

structure of the boundary layer flow.

It should be noted that early hurricane models and some idealized studies assume
a simple slab representation of the boundary layer. As mentioned above, Emanuel (1995b)
used such a representation in theory for the maximum potential intensity of a tropical
cyclone in which vertical advection was omitted. In another study, Willoughby (1990)
used a balanced formulation that provides a diagnostic formula for the boundary layer
inflow, but he did not investigate the accuracy of the approximation. However,
Montgomery et al. (2006) showed that the Emanuel’s theory does not include a critical
aspect of the inner-core structure of mature hurricanes. They suggested that the
‘turboboost’” mechanism, i.e., the net effect of the mean secondary and eddy circulation
within the low level eye transporting and stirring high entropy air from the eye to eyewall,
may play an important role in providing more power to tropical cyclones and explain how

the maximum wind speed may exceed the previous upper bound for storms that lack
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adverse environmental influences. Although in this study, the boundary layer structure
near the eyewall is not the main concern, investigation of the smaller scale structure

under the eyewall is challenging in the future.

The hurricane boundary layer wind field has been comprehensively studied
especially on the development of the supergradient wind. That is to say the maximum
tangential wind speed occurs in that layer rather than above it. Even if the tangential wind
is not supergradient in the boundary layer, the maximum total wind speed may still
exceed that above the layer. Anthes (1974) first suggested the development of
supergradient winds in hurricanes. Shapiro (1983) found a region of supergradient winds
in the inner core of an axisymmetric vortex boundary layer inside the radius of maximum
wind speed above the layer. The recent high-resolution numerical solutions of the tropical
boundary layer by Kepert and Wang (2001) found a strong radial jet in the core region in
which the trangential wind speed was 10-25% supergradient. Nguyen et al. (2002)
investigated the evolution of the boundary layer flow in an axisymmetric vortex model
driven by buoyancy forces associated with moist convection and found the development

of supergradient winds in the boundary layer.

Because of the lack of verifying observations, the boundary layer has received
less theoretical attention than other parts of the tropical cyclone (Kepert, 2006). The one-
dimensional model of Powell (1980) has been used to estimate near-surface winds from
flight level observations. Two-dimensional axisymmetric models include the analytical
model of Rosenthal (1962) and the numerical models of Anthes (1971), Eliassen and
Lystad (977) and Montgomery et al. (2001). As mention above, Kepert (2001) and Kepert

and Wang (2001) presented three-dimensional analytical and numerical models of the
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tropical boundary layer, which resolve the vertical structure of the motion-induced
asymmetry. Regarding the wind field, Kepert (2001) and Kepert and Wang (2001) made
some potentially important predictions. They found that the ratio of the 10-m wind speed
to that at some reference height in the free atmosphere increases from 0.6 to 0.7 in the
outer core to 0.8 to 1.0 near the eyewall, and is greater on the left of the storm than on the
right. They also found that the tangential wind in the upper boundary layer is slightly
supergradient in the cyclone periphery and increasingly near the core depending on the
storm intensity and structure. Using GPS dropsonde data, Kepert (2006) compared the
simulated boundary layer flow in Hurricane Georges and that measured by the sondes,

and found that the simulated wind profiles are in good agreement with the observations.

It should be noted that in the numerical models, most of the turbulent processes
occur at subgrid scale and hence are not explicitly resolved by numerical models.
Turbulent surface fluxes and vertical mixing are generally parameterized using different
formulations of boundary layer processes. For example, boundary layer and surface layer
schemes used in the Pennsylvania State University — National Center for Atmospheric
Research (PSU-NCAR) fifth-generation Mesoscale Model (MMS5; Dudhia, 1993; Grell et
al., 1995) include a simple bulk aerodynamic PBL (Deardoft, 1972), the Blackadar PBL
(Blackadar, 1976, 1979; Zhang and Anthes, 1982; Oncley and Dudhia, 1995), a version
of the Medium-Range Forecast (MRF) model PBL (Hong and Pan, 1996), and a version
of the PBL scheme of Burk and Thompson (1989) that is a Mellor-Yamada level-2.5

closure model including a prognostic equation for the turbulent kinetic energy.

In those PBL schemes, one of the crucial elements is the determination of the

ABL height (h), because it is linked to the maintenance of low level clouds. If h is too
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low, the boundary layer is decoupled from the cloud layer, which inhibits the vertical
transport of turbulent kinetic energy, heat and moisture form the ocean surface to the
could layer; on the other hand, if h is too high, cumulus clouds, rather than stratiform
clouds would form. In the tropical cyclone boundary layer model, Kepert and Wang
(2001) used the Mellor-Yamada scheme but defined the boundary layer depth using the
inertial instability parameter. They found the boundary layer depth decreases from around

1.5 km at 2.5 times the radius of maximum winds to about 500 m in the inner core.

1.2.3 Observations of the Hurricane Boundary Layer Structure

Over the past 50 years, research and reconnaissance aircraft measurements have
been the primary tools for the study of the hurricane kinematics structure, including
Hawkins and Rubsam’s (1968) analysis of multilevel aircraft data, Willoughby et al’s
(1982) description of concentric eyewalls, Jorgensen’s (1984) schematic of the core of
Hurricane Allen, and Marks and Houze’s (1987) Doppler radars analysis of the tropical
cyclone structure. However, very few insitu observations were conducted within the
atmospheric boundary layer of a hurricane. Hence there is little information on the three-

dimensional structure of the hurricane boundary layer.

Doppler radar has been widely used to study the kinematic structure of a
hurricane, especially the hurricane rainband structure. Several rainband experiments were
conducted in 1980s such as those by Barnes et al. (1983) and Barnes and Stossmeister

(1986). Powell and Black (1984) showed the results from the rainband hurricane
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planetary boundary layer experiment, indicating that the convective influence of a
principal rainband may become more prominent at the downband or downwind end,
where it could act as a barrier to the inflow of high theta-e air from the outer radii. Powell
(1990a, b) presented the results of hurricane boundary layer experiments conducted in
outer rainbands of Hurricanes Josephine (1984) and Earl (1986). He compared the
precipitation and kinematic structures in these storms and found that the principal
rainbands have common characteristic mesoscale and convective-scale features in the
boundary layer. He pointed out that the boundary layer wind field is strongly affected by
the rainband and confirmed that the convective downdrafts are capable of transporting

cool, dry, low equivalent potential temperature air to the surface.

The recent studies of data from global positioning system (GPS) dropsondes
(Hock and Franklin, 1999; Franklin et al., 2003) have provided a hitherto unprecedented
observational coverage in the tropical cyclone boundary layer. Franklin et al. (2003)
presented a statistical analysis of the surface wind factor, the ratio of the 10-m wind
speed to that at some reference height in the free atmosphere, for dropsonde data from the
1997-99 Atlantic hurricane seasons. They showed that the surface wind factor is larger
beneath the eyewall than at larger radii. Powell et al. (2003) used the same data as
Franklin et al. to calculate drag coefficients in hurricane conditions and found that the
drag coefficients increased with wind speed up to about 40 m s™ but then decreased at
higher winds. As mentioned earlier, most recently Kepert (2006) presented detailed
analyses of the wind field structure and balance within the boundary layer of two intense
hurricanes, Georges and Mitch of 1998, using the dropsonde data, and compared these

analyses with the predictions of the tropical cyclone boundary layer model (Kepert and
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Wang 2001) to provide explanations for observed structures. Despite all the progress,
comprehensive observations of the hurricane boundary layer have been especially hard to

obtain, in particular, of the small scale turbulent structures.

Due to the safety requirements, research aircraft measurements have been
conducted mostly above 1500 m. The only experiment with turbulent flux measurements
in the hurricane boundary layer was conducted by Moss and Merceret (1976) and Moss
(1978) who investigated some turbulent properties of boundary layer in the periphery of a
marginal hurricane. They used a hot-film anemometer to measure the high frequency
streamwise wind component and a gust probe to measure the lateral and vertical wind

speed components, and computed momentum fluxes during seven level legs at different

altitudes from 85 m to 1213 m. Moss (1978) compared the surface stress extrapolated
from the observed momentum flux profile with that calculated using the Deardorff (1972)
boundary parameterization scheme in which the Charnock (1955) formula of the
roughness length and drag coefficient is used, showing a good agreement between them.
This implies that the derived surface momentum flux measured by Moss (1978)
essentially agrees with the Smith (1980) parameterization. Moss also found that the
momentum flux varnishes at the top of the mixed layer defined by the potential
temperature profile. Note that the surface wind speed measured by Moss (1978) is around

20ms.
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1.3 Objectives of this Study

All the work within the scope of this dissertation is included in the Hurricane
Program of the Coupled Boundary Layer Air-sea Transfer (CBLAST) experiment
sponsored by the Office of Naval Research, the NOAA Hurricane Research Division,
NOAA Office of Atmosphere Research, United States Weather Research Program and
the Ocean Winds program of the NOAA/NESDIS Office of Research and Applications.
The main purpose of the hurricane component of CBLAST is “to improve the
understanding of physical processes that critically regulate the coupling between the
oceanic and atmospheric boundary layers in the complicated conditions of tropical
cyclones where swell, sea spray and secondary boundary layer circulations play a
significant roll”. The long term goal of CBLAST is “to improve hurricane intensity and
intensity change forecasting by developing improved bulk parameterizations of air-sea
fluxes processes” (CBLAST experiment plan, 2003).

The main purpose of this dissertation is to investigate the mean and turbulence
structure of the atmospheric hurricane boundary layer between the hurricane rainbands
and to extend the parameterization of the turbulent fluxes up to hurricane force using data
gathered during the CBLAST-hurricane experiment in 2002-2004. Measurements were
conducted using the NOAA-AOC (Aircraft Operation Center) Orion WP-3D aircraft.
Data were collected at several altitudes within the hurricane boundary layer to investigate
the variability of the turbulent fluxes with height and the mechanisms responsible for

their variability. GPS dropsonde data were also utilized to study the mean profiles of the
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boundary layer together with the aircraft flight level in-situ measurements. The goals of

this dissertation are divided as follows:

1)

2)

3)

4)

5)

6)

7)

Investigate the mean and turbulence structure of the hurricane boundary layer
between the rainbands;

Determine the fluxes of momentum and enthalpy using the eddy correlation
method,;

Scale the profiles of mean and turbulent flow according to the hurricane
boundary layer depth and surface fluxes;

Study the influence of secondary flow circulations (roll-vortex coherent
structures) on the turbulent structure and fluxes.

Study the spectra and cospectra characteristics related to the contributions of
turbulent mixing due to the surface roughness, surface sensible heating/cooling,
and latent heating;

Investigate the variability of surface fluxes by storm quadrant;

Extend the classical bulk parameterization of fluxes to hurricane force with

stability correction;

The following work includes first, in Chapter 2, a description of the CBLAST

mission and boundary layer modules, instrumentation and data analysis methods. Chapter

3 presents the experimental results of the first direct turbulent flux measurements in high

winds up to hurricane force. Chapter 4 discusses the possible effects of the hurricane

boundary layer rolls on the turbulent flux parameterization. In Chapter 5, the vertical

structure of turbulence and turbulent fluxes are presented with the discussion of their

variability. Observational results are also compared with those from fully coupled
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atmosphere-wave-ocean model. Chapter 6 presents the turbulent kinetic energy budget
for the rainfree region between the outer rainbands. The conclusions and the future work

are given in Chapter 7.



Chapter 2

Description of Experiment and Data

2.1 Introduction

Aircraft have an extensive history of usage for meteorological research, nearly
paralleling the history of meteorology (Lenschow, 1986). During the past several decades,
the use of research aircraft to measure mean and turbulent winds and scalars such as
temperature and humidity has been increasing, especially in hurricane research. That is
because it is very difficult to use insitu platforms to measure the atmosphere boundary
layer inside hurricanes over the ocean. The main advantage of an aircraft platform is its
mobility. While an aircraft’s mobility requires more accurate measurement and correction
for aircraft motion, an aircraft can probe the entire depth of the boundary layer and
measure along a path at any arbitrary angle with respect to the wind, compared to the

fixed platforms which are limited to sampling air advected by wind.

Over the past 30 years, NOAA-AOC Orion WP-3D aircraft have played an
important role in hurricane research (Aberson et al., 2006). In this study, P3 aircraft
N43RF was employed to conduct the turbulent flux measurements. GPS dropsondes

released from the P3 aircraft N42RF and N43RF provided the profiles of the mean

23



24

quantities including wind speed, temperature and humidity. The flight pattern description
is presented in the following section. The instrumentation and data used in this study are

shown in sections 3 and 4, respectively.

2.2 Flight Patterns

The CBLAST-hurricane experimental plan consisted of two major observational
components: 1) airborne in-situ and remote sensing measurements into hurricanes by the
two NOAA WP-3D aircraft and 2) air-deployed surface drifting buoys and subsurface
profiling floats (Black et al., 2007). A third component for operational needs consisted of
the hurricane synoptic surveillance program that occasionally provided simultaneous
high-level NOAA G-IV jet aircraft flights deploying GPS dropsondes in addition to
reconnaissance flights within the hurricane’s inner core. Geostationary and polar orbiting
satellites made additional remote sensing measurements in the hurricane’s inner core and
environment. Thus, the CBLAST-hurricane experiment can provide a valuable data base
to study hurricane intensity changes.

The aircraft component of CBLAST had two modules: a) an aircraft stepped
descent module and b) an inner-core survey module. The former was designed to focus
on in-situ air-sea flux and spray measurements, while the latter was to focus on large-
scale structure, eyewall flux budget measurements and documentation of internal
dynamics. The centerpiece of this effort involved a multi-sonde sequence of 8-12 GPS

dropsondes dropped from coordinated WP-3Ds flying concurrently at different altitudes
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across the hurricane eyewall and eye. Figure 2.1 shows a schematic of a typical flight
plan. Each module consisted of several options related to precise experimental patterns
dictated by prevailing conditions and available time on station. For instance, the stepped
descents (Fig. 2.2), down to as low as 70m above the sea, were only carried out in clear
air conditions between rainbands. This study is concentrated on the measurements during

the stepped descent module.

Storm
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Fig. 2.1. CBLAST survey pattern showing planned expendable probe deployments
along a pattern relative to the storm’s eyewall and rainband features. Location of
planned stepped-descent patterns to measure boundary layer fluxes are shown
schematically. This idealized pattern is from the CBLAST experiment plan
(http://www.aoml.noaa.gov/hrd/HFP2003/HFP2003.pdf). Actual flight patterns varied
depending on flight conditions.
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Fig. 2.2. Vertical alignment of planned stepped descent flight legs along with
expendable probe location along the 25 nmi (40km) leg lengths. This figure is from the
CBLAST experiment plan (http://www.aoml.noaa.gov/hrd/HFP2003/HFP2003.pdf).
Actual flight patterns varied depending on flight conditions.

Compared to the planned flight pattern in Figs. 2.1 and 2.2, a typical flight pattern
of real measurements is shown in Fig. 2.3. Consistent with the designed flight plan, each
flight included an initial calibration (A), an eyewall penetration (B), and several stepped
descents into the boundary layer (C). The example shown is for the 20030914 flight into
Hurricane Isabel. On that day, Isabel was a strong category 4 hurricane, with maximum
sustained winds around 140kts (72 ms™). The aircraft took off from St. Croix, US Virgin
Islands, at 1450 UTC (1050 LT). After an initial descent (C1) was aborted due to poor

visibility, along-wind and across-wind descents were made at C2, and an along-wind
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descent at C3.  Each stepped descent consisted of a series of ~25 km legs at nominal

heights of 600, 400, 200, 120 and 60m. During many descents, the lowest altitude(s) was

not reached due to the presence of clouds or rain.

w
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1000+

Time [Hour]

Fig. 2.3. Track of N43RF into Hurricane Isabel on 20030914. The highlighted features
are (A) gust probe calibration, (B) eye penetration, and (C) stepped descents. The
visible band image, from the NOAA GOES-12 satellite at 1745UTC, is coincident with

(B). Image courtesy of Naval Research Laboratory, Monterrey.
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2.3 The Instrumentation

The CBLAST-Hurricane experimental effort began in 2000 with the development
of seven new airborne instrument systems, three new oceanographic float designs, 2
drifting buoy designs, the flight pattern strategy and the air-deployment strategy,
including the WC-130J air-deployment certification and air-drop certification of 3
platform types (Black et al., 2007). The new airborne instrument systems were 1) Best
Aircraft Turbulence (BAT) probe for fast response temperature and u-,v-,w-wind
components, 2) a modified LICOR fast response hygrometer, 3) particle spectrometer and
4) Particle Doppler Analyzer (PDA) for sea spray droplet observation, 5) Scripps
downward-looking, high-speed visible and infrared video camera systems for wave
breaking observations, 6) Stepped and Simultaneous Frequency Microwave Radiometers
(SFMR and USFMR) for surface wind speed and 7) the Integrated Wind and Rain
Atmospheric Profiler IWRAP) for continuous boundary layer and surface wind vector
profiles. These systems were built in 2001 and flight- tested in 2002. Also deployed were
three existing systems: 1) Tail (TA) Doppler radar for boundary layer wind structure, 2)
Lower Fuselage (LF) weather radar for hurricane precipitation structure and 3) Scanning
Radar Altimeter (SRA) for directional wave spectra.

For the CBLAST-Hurricane experiment, N43RF was instrumented with three
independent systems for measuring aircraft-relative air velocity (Fig. 2.4): a 5-hole nose
radome system (Brown et al. 1983; Khelif et al. 1999), a system consisting of two
Rosemount 858Y probes and a pitot tube, and a NOAA Air Resources Laboratory (ARL)

designed 9-hole BAT probe system (Crawford and Dobosy 1992; Hacker and Crawford
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1999). Aircraft motions are monitored by an inertial navigation system (INS), which is
corrected by comparison with a global positioning system (GPS) to remove the Schuler
oscillations and long period drifts. The three-dimensional wind vector is computed by
taking the vector sum of the aircraft-relative air velocity and the ground-relative aircraft
velocity. The theory and algorithms used to derive the three dimensional wind velocities

are provided in Zhang (2005).
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Fig. 2.4. Sketch of NOAA WP-3D research aircraft instrumentation (revised from
Khelif et al., 1999, Fig.1, including LICOR and BAT but deleting fast Lyman-alpha
hygrometer).
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It is noted that the one of the pressure ports from the nose radome system leaked
based on the data obtained during calibration maneuvers performed in advance of the
2003 measurement campaign. Further, examination of data from flux runs conducted
after penetrations of regions of heavy rain indicate water intrusion into one or more the
radome ports was common. Thus, for the remainder of the analysis, wind data will be

presented only from the Rosemount system and the BAT probe.

Fast response humidity data are measured using a modified LICOR LI-7500
infrared gas analyzer enclosed in a box that was mounted behind the radome (Fig. 2.5).
The LICOR was calibrated in its enclosure in the hanger or in the laboratory both before
and after each field season using a LICOR LI-610 dew point generator. The box was put
inside the radome so that it is nearly co-located with the gust probe for the purpose of
surface flux measurements. Fig. 2.6 a) shows the three components of the LICOR
package: LICOR 7500 infrared H,O/CO, analyzer (white), a BEI Motion package
including 3 rate gyros and 3 accelerometers (yellow box), and a pressure sensor used for

diagnostics (silver).

Fig. 2.5. LICOR ckage (white Box) inside aircraft adome.
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Fig. 2.6. LICOR vapor flux package, a). LICOR package components including
LICOR 7500 infrared H20O/CO2 analyzer (white), BEI Motion package (yellow box),
and pressure diagnostics (silver); b). Plastic tubes for air flow. The Rosemount 102E4
intake is circled in red. The picture shows the plumbing set up for calibration. For
sampling the fittings A and B are connected.

As shown in Fig. 2.6 b), the air flows into LICOR hygrometer through a 1-m tube
(6 mm in diameter) and then goes out after measurements. Airflow to the LI-7500 was
provided via a Rosemount 102E4 housing (Goodrich Sensors) with a Buck Research IP-
100 intake, and 70 cm long by 2-mm dia Teflon tubing. A low-density polyethylene
(LDPE) insert with a 1.5-cm bore and ports near each end was mounted in the LI-7500
head to direct the airflow. A third port was connected to an Omegadyne PX-02K1
barometer allowing for the measurement of pressure within the chamber. The insert is
similar in principal to the calibration tube provided by LI-COR, but is able to be secured

in place against vibration. The aluminum enclosure, which also housed the LI-7500
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electronics, was insulated (Orcotek 09-45015) and maintained at a constant 40°C
temperature with two Minco Kapton HK-5177R58.8L12A thermofoil heaters, a Sunon
SF11580 fan, and a Minco CT325PF2BS5 controller. Both 120 V ac and 28 V dc power
were provided to the enclosure. All channels from the enclosure (hygrometer, motion,
and pressure) were sampled at 40 Hz using the aircraft data acquisition system installed
for TOGA COARE. With typical airspeeds of 113 m s, this corresponds to a sampling

interval of 2.8 m.

The LICOR hygrometer (LI-7500) is a high performance, non-dispersive, open
path infrared CO,/H,O analyzer designed for use in eddy covariance flux measurement
systems. It can simultaneously measure CO, and H,O in the free atmosphere. During
each flight, the LI-7500 was checked against the humidity calculated from a slow-
response thermistor and chilled-mirror hygrometer located along the fuselage aft of the
cockpit and sampled at 1 Hz. Fig. 2.7 a shows a comparison of the two humidity signals
from the LI-7500 and slow response aircraft thermistor and chilled-mirror hygrometer
system, during the first two minutes of a typical flux run from1923:28 UTC 14
September 2003. Here the latter signal has been advanced by 2.5 s to account for both
the slower instrument response and downwind position of the chilled mirror. The 2.5 s

was determined from the phase lag between the two signals.

Fig. 2.7 b shows the comparison of absolute humidity from the 1-s LI-7500 and
slow response aircraft thermistor and chilled-mirror hygrometer system during the full 7-
h flight of 14 September 2003. There was little evidence of sea spray or rain affecting the
LI-COR signal, despite the passage of the aircraft through regions of heavy rain: the

Rosemount housing appears to be performing according to design by excluding most
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droplets. The correlation between the two signals during the flight is »*= 0.993; the best-
fit linear regression between the two, q,, =0.958¢,, +0.467 , is not significantly

different from the 1:1 line. Neither the regression nor the correlation coefficient changed
significantly during the six CBLAST flight days. Figure 2.7 ¢ shows a comparison of the
two humidity spectra during the flux run of Fig. 2.7 a. It is evident that the two signals
agree well at frequencies lower than 0.3 Hz. At higher frequencies, the LI-7500 ¢’
spectrum shows a well-defined inertial subrange, while the slow aircraft system spectrum

rolls off.

205t ! | | ]
0 0.5 1 1.5 2
Time [min]

s 2 107 10" 10’
q,.[gm] Freq [Hz]

Fig. 2.7. Comparison of absolute humidity from the LI-7500 (black lines) and slow
response aircraft thermistor and chilled-mirror hygrometer system (gray lines). (a)
Two-minute time series comparison from 1923:28 UTC 14 Sep 2003. (b) Scatterplot of
the 1-s data for the entire 7-h flight of 14 September; the dashed and solid lines are the
best fit regression and 1:1 lines, respectively. (¢) Frequency spectra from the flux run
of (a); the dashed line shows the expected inertial subrange slope.
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Fast response temperature data are measured using the Rosemount 102a sensors
(Friehe and Khelif, 1992; Khelif et al., 1999). Sea surface temperature was measured
from the P3s using a Barnes PRT-5 (precision radiation thermometer) radiometer. The

PRT-5 operates in the narrow infrared band 9.5-11 zm . Its absolute accuracy is stated by

the manufacturer to be + 0.5°C. The radiometer temperature 7ir is affected not only by
radiation emitted by the sea surface (i.e., by sea surface temperature), but also by sky
radiation reflected from the sea surface and by absorption and radiation by the

intervening atmosphere.
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SST [°C] SST [°C]

Fig. 2.8. Plot of radiometric sea surface temperature versus altitude for two stepped
descents on 12 September.
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Plots of measured infrared temperature versus altitude during stepped descents
show a roughly linear trend in the BL as shown in Fig. 2.8. Although the mean slope is
close to that of Burns et al. (2000), -0.0017 K m™, it was found to vary according to SST,
even changing signs for the first descent of 12 September 2003, when SST was only
26.2°C (Fig. 2.8a). Here we use a different linear correction for each stepped descent. A
correction for sky reflection (Burns et al. 2000) is not made here, as the longwave
radiation was not measured on the aircraft. We note that the cooler SSTs seen on 12
September 2003 (as well as 2 and 13 September) were measured in the right rear storm
quadrants. These are evidence of the cool wake following a hurricane, the result of the

strong ocean mixing induced by the hurricane winds (Black et al. 2007).

Near-surface wind speeds are estimated using the stepped frequency microwave
radiometer (SFMR: Uhlhorn and Black 2003) on N43RF. The radiometer measures
brightness temperature 78 at six microwave frequencies between 4.55 and 7.22 GHz. As
the wind speed increases, so does the percentage of foam covering the sea surface. The
increasing presence of foam, an effective blackbody, increases the emissivity and
therefore 7B with the effect increasing with frequency (in the microwave band). Uhlhorn
and Black (2003) present the theory and algorithm used to extract wind speed from 7B.
The SFMR wind speed measurements were validated against near-surface (10 m) wind
speeds from collocated GPS dropsondes. Here we use the latest SFMR wind speed
algorithm, SWEMODv2, developed using data from the 2005 hurricane season (Uhlhorn

et al. 2007).
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2.4 Data Collection and Analysis method

2.4.1 The Data

The data analyzed in this thesis to investigate the vertical structure of turbulence
and flux in the hurricane boundary layer were gathered during 11 boundary layer flights
into 7 hurricanes during the 2002-2004 Atlantic Hurricane seasons. To determine the
importance of different processes in the maintenance of the hurricane boundary layer,
mean wind and thermal structure of the hurricane boundary layer are analyzed for these
flights. The measurements of the turbulence statistics from the level legs are then related
to the mean vertical structure. The goal of this dissertation is to assess the contributions
of possible sources of the maintenance of a persistent nearly neutral surface layer and the
decoupling of this layer from the stronger wind aloft in the rain free region between the
outer rainbands. The contributions of turbulent mixing due to surface roughness and

surface sensible heating/cooling as well as the latent heat release are investigated.

Three storms, Edouard, Lili and Isidore, were flown in 2002, the first two to test
the new stepped-descent flight pattern strategy and the third to test extended low level
flight pattern for detection of linear coherent turbulence structures, sometimes referred to
as ‘roll vortex’ or ‘secondary boundary layer’ circulations. The main CBLAST field
program began in 2003 with the survey flight pattern flown on 6 days by the two NOAA
WP-3D aircraft (a total of 12 flights) including 15 stepped-descent patterns flown within
the hurricane boundary layer in Hurricanes Fabian and Isabel. CBLAST flights in 2004

continued, but were restricted to flight levels above the boundary layer due to high
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demand for reconnaissance flights as four hurricanes approached landfall on U.S.
continent. The CBLAST flights in 2004 were in Hurricanes Frances on 4 days, Ivan on 5
days and Jeanne on 3 days. However, only two flights were flown into the boundary layer,

one each in Hurricane Frances and Hurricane Jeanne.

GPS dropsonde data collected during the CBLAST experiment were utilized to
study the vertical structure of the mean flow and coherent structures in the hurricane
boundary layer. Typically, a GPS sonde is launched from the research aircraft at altitudes
of 500 m to 3 km or higher. The accuracy of the wind speed measured by the GPS sonde
is about 0.5-2.0 m s™', and that of the temperature is about 0.2 K (Franklin et al., 2003).
GPS sonde measurements were initially smoothed by a 5-s low-pass filter to remove
fluctuations due to under sampled scales and noise caused by satellite switching (Franklin
et al., 2003). The dataset for this study consists of 942 hurricane dropsonde profiles
obtained during the 2003-2004 seasons by NOAA P3 and AFRC hurricane-hunter aircraft.
The dropsonde data used here have been postprocessed for quality control to ensure that

any detectable errors were removed (Franklin et al., 2003).
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2.4.2 Analysis Methods

To study the structure of the hurricane boundary layer and parameterization of the
turbulent fluxes, flux runs were initially identified by evaluating key parameters such as
aircraft altitude, attitude angles, and wind speed and so on, according to stationarity and
homogeneity. Beginning and ending times for a given run are chosen based on markers
set in-flight and are modified in post-flight analysis to remove sections where the aircraft

is not straight and level or the plane passes through rain at the beginning or end of the leg

leading to spikes in the wind data.

Hurricane Isabel 14-Sep. 2003 fluxrun # 11 [69736:70036(s)UTC]

o
=

altitude [m]
—~I
o
u [m/s]

[+]
o
o

pitch [7]
v [m/s]

roll []

heading F]

1 2 3 4 ....5 5 i 3 ; : ;
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Fig. 2.9. Time series of aircraft altitude, attitude angles (pitch, roll and heading), three

components of wind vector (u, v and w), and absolute humidity (measured from
LICOR) for the flux run #11 of 14 Sep. 2003. All data are 40 Hz.
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Examples of the 40 Hz time series of the aircraft altitude, attitude angles (pitch,
roll and heading), and three components of wind and humidity of a typical flux run are
presented in Fig. 2.9. In selecting the flux run, aircraft pitch and roll angles were checked
to make sure that the aircraft was flying along a horizontal flight path. Any data with
either the aircraft pitch or roll exceeding 5 degrees (absolute value) were discarded.
Further, the airplane altitude variation should be within 30 m and the heading variation
should be within 20 degrees. Further details of the data processing are provided by Zhang

(2005).

Spectra and Cumulative Spectra of wind vector and humidity on 200914 fluxrun #11
1 e TR T T T - 2 :
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Figure 2.10: Spectra of the three components of the wind vector (u-blue, v-green, w-
cyan) and humidity (red) are shown in the upper left panel, cospectra of uw (blue),
vw (green) andgw (red) are shown in the upper right panel. Normalized cumulative
sums of the products and covariances are shown in the lower panels. Note that the
purple line in the upper left panel shows the -5/3 slope.
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Data quality assurance for individual flux legs include inspection of the linear
cumulative summation of the covariance, the power spectra for individual wind
component, and co-spectra and ogives (Friehe et al. 1991) for along wind and cross wind
stress. The use of ogive curves when estimating fluxes provides a useful insight into
turbulent structure since they give a detailed description of how different scales
contribute to turbulent transport. If the ogive curve approaches asymptotically a single
value, then the stationary condition is met, and the final value of the ogive represents the
total covariance or flux.

Fig. 2.10 shows the spectra and cospectra of the three components of wind vector
and humidity for the same flux run shown above to give an example of the spectral
analysis results. The normalized cumulative sum (cumsum) of the detrended products
and covariances are also shown here. Note that here is almost no unexpected change in
the normalized cospectra cumsum plots, such that the energy is well contained in the
middle frequency range from 0.01 Hz to 1 Hz.

Additionally, a wavelet transform method is applied to the vertical velocity
signals in order to study the temporal structure of the wind field. The wavelet transform
allows for a decomposition of a signal in both frequency and time. This technique is used
to study the effects of roll vortices on turbulent fluxes, which will be discussed in the

Chapter 4.



Chapter 3

Turbulent Fluxes

3.1 Introduction

In this study, turbulent fluxes are measured directly using the eddy correlation
method. The turbulent fluxes of momentum, sensible heat and latent heat are given by

r=p(-wu'i —wv' j),H=pc,w0',and E = pL w'q', (3.1)
respectively, where prime indicates turbulent fluctuations, u, v, w, ¢ and ¢ represent
along-wind velocity, cross-wind velocity, vertical velocity, potential temperature and
specific humidity respectively, p the air density, c, the specific heat at constant pressure,
L, the latent heat of vaporization, and overbar represents averages over a period of time.
According to the similarity theory proposed by Monin and Obukhov (1954), scaling

parameters for momentum, sensible heat and latent heat, respectively, can be derived

from these fluxes as follows:
u.=(z|/p)"?, t.=H/(pc,)/u.,andq. = E /(pL,)/ u. , (3.2)
assuming turbulent fluxes are constant in the surface layer in stationary and homogeneous

conditions. Note that typically the surface layer is taken to be the lowest 10% of the

41
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atmospheric boundary layer. M-O similarity theory relates the scaling parameters to the

mean quantities with expressions of the form:

U(z)-U(0)=""log [i—qa, [—D . 0(2)-0(0) = 1og (i —w, (ZD
K z, K

L Z,,

0(z)- 0(0) = %log [Zi— ¥, @J , (3.3)

where U(z),®(z) and Q(z) are the horizontal wind speed, potential temperature and

specific humidity, respectively, at height z above the surface; z,, z,, and z,, are the

surface roughness lengths; Pr = 0.85 is the turbulent Prandtl number; ¥, ,'¥,and ¥ are

functions of the stability index %(Donelan, 1990) , where L is the Obukhov length, and

L= -u+’ [kg( H/(cp0) + 0.61 E/L,)/p]’"; K is the von Karméan constant k~0.4 and g the
gravitational constant. The Obukhov length represents the height where turbulence
production due to shear is equal to that due to buoyancy.

Although the surface fluxes are the physical quantities of interest, models

typically rely on bulk parameterizations of them in terms of bulk coefficients at 10-m

above the surface in neutral conditions where buoyant forcing is negligible (%= 0). For

momentum (the drag coefficient), sensible heat (the Stanton number), and latent heat (the

Dalton number), the 10-m bulk relations are:

T co_ w'é’ co_ W
p(UION_(]O)Z’ o (@ox—6Q) (lIION_l]O)’ o Qo9 Upy—1) ’

(3.4)

CDION:

where subscript N represents neutral conditions and subscript 0 represents the surface.
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In the following section of this Chapter, results of the direct measurements of
turbulent fluxes and bulk parameterization of the surface fluxes are demonstrated. Section
3 discusses the errors of the turbulent flux measurements. The variability of surface

fluxes by storm quadrant is shown in Section 4.

3.2 Turbulent Fluxes and Parameterization

Following the analysis methods mentioned in section 2.4.2 in Chapter 2, a total of
128 flux runs below 1000 m were made in the seven storms mentioned above, of which
118 were completed below 500 m and 108 were qualitatively accepted for analysis. Wind,
temperature and humidity data from these flux runs are used to compute wind stress,
friction velocity, enthalpy flux and ultimately estimate the 10 m neutral drag coefficient,
Dalton number and Stanton number. Table 1 summarizes the measurements and
calculations for each of the 128 runs suitable for this analysis. Due to the lack of the fast-
response humidity sensors during 2002 and the absence of stepped descent flight patterns,
there are only 52 and 42 suitable flux runs for the humidity and sensible heat flux
measurements, respectively. The majority of the runs are oriented along the mean wind
vector, reflecting the difficulty in finding a long enough path of rain-free space in the
cross wind direction. The average air-relative leg length is roughly 28 km, with a
minimum of 13 km from one of the lower altitude legs, and a maximum of more than 55
km. The majority of legs are between 20 and 30 km in length. The lowest altitude leg is
53 m. Only 6 legs are at the altitudes below 100 m. Leg-averaged mean flight level winds

speeds vary from 21 m s™ to just over 40 m s™', with most between 30 and 35 ms™.
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Table 3.1 Summary of Data and Calculations from 128 Flux runs in Seven Storms

Run

Alt

U(z)

elON

QION

SST

t«

CD, 10N

CH, 10N

CE, 10N

Z
o

Date

(m)

(ms™")

(K)

(gkg™)

(°C)

(K)

(X10%)

(X10%)

(X10%)

20020903

301

12.8

0.97

20020903

297

12.1

1.58

20020903

297

12.5

20020903

295

13.6

1.25

1.19

20020903

296

12.7

1.11

20020903

305

15.7

20020903

287

20.5

20020903

285

23.3

O 00 3 N i W N =

20020903

336

14.4

—_
(=]

20020903

303

17.1

—_—
—_—

20020903

300

16.5

P
[\

20020903

302

—
W

20020903

304

—
N

120020903

20020903

286 |
312

20020903

305

20020903

175

20020903

171

20020903

297

120020903 .

303

120020903 |

185

20020903

180

20020903

123

20020903

121

20020903

59

20020903

53

-20020903

289

120020903

328

20020903

189

20020903

175

20020903

172

20020903

302

20020903

298

20020903
120020903

122
118

20020903

57

20020903

69

20020922

204
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39 20020922 319 S ... 105 - - 206 - ]
40 20020922 194 .. .. 098 - - 217 - ]

41 20020922 197 . - - . 08 - - 18 - ;

42 20020922 315 . - . . 08 - - 205 - ]

43 20021003 261 - - - - 063 - - o084 - ]

44 120021003 258 S - - - 0861 - - 143 - | -

45 120021003 273 L % 2 1 A B I TN ]

46 120021003 173 S P T R Y B P B - R

47 120021003 | 181 S0 o o - 10960 -1 - 12071 - ]

48 120021003 | 186 - - - 069 - - 113 - ;

4920021003 171 - - - 081 - - 15 - -

50 20030902 762 - 259 - oL ] ] ]

51 20030902 360 - - 266 - - - ; ; ;

5220030902 278 2999 17.8 1267 22.6 ' 0.97 0.00° 0.14 ' 1.86 ' -7.20  1.25
53 120030902 179 299.8: 17.7 12671 22.3 ' 0.80 =0.02 0.16 ' 1.41 | 524 ' 130
54 20030902 136 2993 17.6 266 22.0 094 -001 0.13 199 135 1.8
55 120030902 79 2997 17.7 1267 22.0 078 0.00 0.10 103 022  0.77
5620030902 773 S R P21 | R P N ] ; ;

57 120030902 793 | - - 12690 - - - - - - -

58 20030902 373 - - 268 - - - - o
59 120030902 288 299.9' 18.0 1268 22.7 | 0.76 10.03' 0.19 | 1.02 -20.16' 1.29
60 20030903 374 3004 185 30.0 278 113 -0.10 0.16 = 225 1.67 081
6120030903290 S 303 - - _ _ -
62 120030903 283 S 198 Lo } ] ]

63 20030903 273 40.5 2987 153 298

64 20030903 187 37.2 28.7 298.8 158 29.7

65 20030903 196 2989 157 29.9

66 120030903 | 132 2995 153 298

67 20030903 750 - - 281

68 120030903 376 N Y

69 20030903 270 301.1 148 293

70 20030903 157 3002 148 292

71 20030904 368 .- 291

7220030904 361 .- 292

73 120030904 | 369 301.1 183 | 29.0

74 20030904 282 - - 291

75 20030904 280 - . 297

76 20030904 194 3006 17.9 29.8

77 20030904 135 222 3003 174 297

78 20030904 104 21.5 220 299.8 180 29.5

79 120030912 375 | 301.5, 20.0 ;262
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80 20030912 286 322 189 3010 198 262 220 0.66 0.08 0.5 115
81 120030912 194 314 19.1 301.6' 192 264 22.0 0.88 '0.03' 0.09
82 20030912 137 252 165 3014 19. 262 215  0.81 0.02 0.08
83 120030912, 88 243, 203 301.3, 19.0 | 27.4| 23.0 | 0.84 0.03, 0.12
84 120030912/ 126 132.7! 245 1301.9' 18.8 127.6 | 23.5 | 1.30 [0.00! 0.04
85 20030912 95 27.0 21.9 3015 19.0 27.8 23.6 0.88 0.03 0.11
86 20030912 189 313 216 - - 277 - 113 - - 271
87 20030912 279 299 21.6 3017 187 27.8 242 087 003 0.11
88 20030912 370 32.6 220 - - 277 - 098 - -
89 20030913 365 35.6 19.8 302.1 20.1 267 22.8  0.86 0.05 0.10
90 120030913256 1353 21.9 302.2) 199 268 227 | 1.04 0.05 0.1
91 20030913 189 33.0 19.7 302.1 19.6 268 225 091 003 0.06
92 20030913 120 29.5 212 302.0 19.7 267 222  0.89 0.04 0.09

93 20030913 70 -27.8: 24.7 301.9 194 26.7 22.0 0.95 0.02: 0.08

94 _20030913_ 382 _35.2_ 23.8 I _27.4_ S R B D e -
95 20030913 269 363 240 - - 274 - LI7 - - 242 - -
96 :20030913: 193 :31.1: 22.6 301.8. 19.2 274 232 091 :0.03. 0.12 - 1.73 - 0.97 : 1.22
97 120030914:370:29.9: 22.2 - - 28.7 - - - - - - -
98 20030914 : 278 ;34.8; 229 302.8 19.2 :28.7 ;

99 20030914 179 29.5 22.5 3028 19.6 28.7
100 20030914 132 31.4 233 302.8 193 28.7
101 20030914 94 132.0 257 302.7 19.3 286
102120030914 104 31.1 27.6 3027, 19.5 286
103 20030914 383 30.3 222 302.8 19.3 28.8
104 20030914 268 132.9 21.6 303.0 19.4 | 28.9
105120030914 187 127.21 20.9 1302.6, 19.7 | 28.9
106 20030914 120 |29.1 22.4 302.8 19.2 289
107 20030914 72 22.8 242 302.6 194 28.8

108:20030914 361 -36.4 - 24.6 302.7 189 29.0 264 1.03 0.03- 0.l6 - 1.78 242 0.89

109 20030914270 33.7 248 - - 290 - e - - -
110 20030914277 131.7 23.8 302.9° 19.6 1293 26.5 ' 1.05 0.08 027 = 197 @ 783  1.72
1111200309141 18513411225 - + - 1290 - 118 - & - 128 - -
112 20040901 484 204 1541 - 202 294 279 048 - -003 096 -  0.I5
113 20040901 478 203 1597 - | - 294 - 048 - - 096 - | -
114 20040901 484 20.6 1727 - - 288 - 059 - - 137 - -

115 20040901 484 21.6 1657 -  22.8 295 281 064 - -015 137 - 132
116 20040901 457 22.0 1601 - 222 297 284 080 - -0.08 235 - 075

117:20040901 : 563 :28.9:21.45° - 227 12971 284 1 0.69: - :-0.11 : 1.88 - 0.98
118.20040901 . 530 :32.7.22.71 . - - :294. - 098 . - - 2.08 - -
119.20040901 . 498 .32.7 . 23.58 . - - .29.6 - 0.70 . - - 0.96 - -

120 20040901 487 "32.3°-22.69 - 220 29.7 284 0.67 - -0.14 " 0.80 - 0.74
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121 20040901 466 33.8 2348 - 215 298 287 087 - :
12220040922 719 128.7 2004 - | 226 300 289 086 - -

123 20040922 717 30.9 21.77 - . - 274 - 070 - ; :
124 20040922 712 351 2467, - | - 239 - 098 - -
125120040922 724 136.0123.66| - | - 1248 - 068! - ; ;
126 20040922 387 32.8 2252 - | - 256 - 084 - : :
127 20040922 400 334 22.19 - 221 275 251 129 - . 181
128 20040922 283 1304 21.63 - | 220 (272 247 096 - 157

3.2.1 Momentum Flux

Although the turbulent flux is measured at order 100m above the surface, the

quantity of interest is the surface flux in order to derive the air-sea exchange coefficients.

12

For momentum flux, Figure 3.1 shows variation in (Jt/p|)"® with altitude. Data from

each stepped descent in this study are shown in separate panels. An initial approach of
estimating the surface friction velocity based on linear regression and extrapolating to the
surface results in the dashed lines shown in the figure. This method works reasonably
well for stepped descents that consist of several flux legs at different altitudes. Many of
the stepped descents, cross wind patterns in particular, consist of four or fewer legs and
the resultant linear fit extrapolation is much worse. Although there appears no direct
correlation between the quality of a linear fit (for a given stepped descent) and the
variation of a bulk quantity such as mean wind speed for a leg, one must question the

validity of the assumption of stationarity during an entire stepped descent.
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Fig. 3.1. Total covariance as a function of altitude for twelve individual stepped
descents. The dashed line shows the best linear fit, extrapolated to the surface. The
solid lines show the extrapolation of friction velocity following Donelan (1990; see

text). ‘Crs’ and °‘Alg’ designators represent cross-wind and along-wind runs,
respectively. Number represents day in September 2003.

The solid lines in Fig. 3.1 illustrate results from using a height-based correction to
the friction velocity assuming a nominally-constant stress surface layer and correcting for

the influence of the Coriolis force and the horizontal pressure gradient following Donelan
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(1990) and Banner et al. (1999). This correction indicates that the momentum flux decays

with height according to the following:

%:uf(l— az, (3.5)

U

where f is the Coriolis parameter given by f =1.454x10"" sin(lat) rad s' and
a=V, /u., where V, is the component of the geostrophic wind normal to the surface

wind. Following Donelan (1990), we usea =12.

It should be pointed out that among the assumptions made by Donelan (1990) are
(1) that at the surface the pressure gradient is balanced by the vertical gradient of stress,
(2) that the stress is zero at the top of the boundary layer, (3) that the wind is in
geostrophic balance at the top of the boundary layer, and (4) that conditions are
temporally and spatially homogeneous. All of the above assumptions are questionable
within hurricanes, but assumptions 2 and 3 can be tested directly in this study. One
expects that in hurricanes the wind at the top of the boundary layer must be consistent

with gradient balance rather than geostrophic (must include centrifugal force) as

following:
Vz
gy, = L2 (3.6)
r p or

where V, is gradient wind, r is the distance to the storm center, and p is the pressure.

Data from cross wind legs on Sep2 in Hurricane Fabian support that the wind is in
gradient balance even at 150 km from the storm center. Also, our data indicate that the

stress does not vanish at the top of the hurricane boundary layer that is defined by the
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lowest inversion height in the potential temperature profile (as discussed later in Chapter
5), but is rather approximately 1/2 to 3/4 the value at the surface. Indeed, applying
corrections similar to that derived by Donelan (1990) but accounting for gradient wind
and a non-zero stress at the top of the boundary layer results in a magnitude of the
correction of roughly 10 to 15% for most of our flux runs. This is about the same
magnitude as the simply applying the Donelan (1990) correction. This is likely the single
largest error introduced in our estimation of the drag coefficient. We estimate that the

error in this correction is on the order of 5% foru,, resulting in a 10% error in drag

coefficient. The error is may be larger for runs near the top of the boundary layer and

likely smaller for runs nearer the surface.

Using the corrected u. the 10 —m neutral wind speed for each flux run is
computed according to Eq. 3. As the surface wind speed is also measured by the SFMR,
Fig. 3.2 shows the comparison of the profile-derived and SFMR measured 10-m winds
for the data collected during Hurricanes Fabian and Isabel. The correlation between the
two variables is > =0.895 , and the best-fit linear regression line between the two

isU10g,,» =U10,,,- —0.5, indicating that they agree well in the mean, but the profile-

derived winds at higher altitudes are 0.5+0.1 ms™ higher in the mean than the SFMR
winds. The profile-derived surface winds also show much higher variability within given
stepped descents than the SFMR surface winds. Here we take the SFMR winds to be the
best estimate of Ujon. This avoids the need to assume logarithmic wind speed profiles,

which we consider to be questionable in hurricane conditions.
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Fig. 3.2. A comparison of profile-derived and SFMR measured 10-m winds. The
dashed and solid lines are the best fit regression and 1:1 lines, respectively.

Figure 3.3 shows the drag coefficients Cp jon, computed from the 108 flux runs
plotted as a function of near surface neutral wind speed, Ujon. The bold stars and line in
the figure represent the bin averaged drag coefficient for 4 m s™ wide bins centered at 12,
16, 20 m s™, etc. Results from this study are in general agreement with results from the
earlier studies for wind speeds of 10 and 22 m s'. Our measurements suggest a roll-off at
even lower wind speeds around 23 m s and at a smaller value of the drag coefficient,
compared to the Powell el al. (2003) and Donelan et al. (2004) studies. Unfortunately,
data from this study were not collected at wind speeds much greater than 30 m s™', and
thus we cannot speculate on the behavior of the drag coefficient at even greater wind

speeds.
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Fig. 3.3. Plot of drag coefficients as a function of wind speed. The asterisks represent average
values in 4 msP™'" bins; The data are from aircraft measurements during Hurricanes Edouard,
Isidore, Lili, Fabian, Isabel, Frances and Jeanne; Green curve is from Fairall et al. (2003), blue
curve from Smith (1980), black-dashed curve from Donelan et al. (2004), and red-dashed curve
from Powell et al. (2003). The CBLAST results show qualitative agreement with both recent
curves, with the drag coefficient leveling off for wind speed above about 25 m/s.

3. 2.2 Latent Heat Flux

For latent heat flux, Fig. 3.4 shows vertical profiles of w'q' in the boundary layer,

where each profile represents a stepped descent. Only profiles with four or more points
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are used. The mean and standard deviation of these regression slopes are calculated
as-0.00005+0.0003, which shows that the water vapor flux was constant throughout the
boundary layer. A statistical analysis of the profile slopes indicates the CBLAST data to

be constant with height (95% confidence), in support of the DeCosmo et al. (1996)

HEXOS aircraft data, and also those of Nicholls and Readings (1979). Therefore the

measured fluxes are taken as indicative of surface values.
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Fig. 3.4. Plot of w'q'
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used. The symbols represent the different descents: 20030902: o, 03: +, 04: x, 12: *,
13: 0, 14-1: 0, 14-2 e. The dashed lines represent slopes for each descent.
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Fig. 3.5 shows the 10 m neutral Dalton numbers versus U;on. The mean value of
the 42 points is(1.18£0.07)x10~ , showing one standard error. This is close to the
original HEXOS man value and is slightly above the GASEX and SOWEX means.
Fairall et al. (2003) revised the HEXOS data by applying the Webb correction,
accounting for the 2% reduction in saturated surface humidity due to salinity, and
adjusting for the use of an O(5 m) bulk value for sea surface temperature. The original
HEXOS Dalton numbers are raised by 8% to1.2x107°, that is slightly higher than the

present result.
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Fig. 3.5. Plot of Dalton number vs wind speed, both neutral 10 m. The CBLAST data points and
mean value are shown with A and dashed line, respectively. The HEXOS data (DeCosmo et al.
1996), shown with x and the solid line, have been corrected according to Fairall et al. (2003).
Other symbols are from experiments: AGILE (o: Donelan and Drennan 1995), HEXOS (x:
DeCosmo et al. 1996), GASEX (0: McGillis et al. 2004), SOWEX (V : Banner et al. 1999), and
SWADE (o: Katsaros et al. 1993).



3.2.3 Sensible Heat Flux

For sensible heat flux, Fig. 3.6 shows vertical profiles of w6 in the boundary
layer, where each profile represents a stepped descent. Again, only profiles with four or
more points are used. A statistical analysis of the profile slopes indicates that we'
increases as the height decreases, in the similar manner as the DeCosmo et al. (1996)
HEXOS aircraft data, and also that of Nicholls and Readings (1979). In this study,

different linear regression for each stepped descent is used to obtain the surface sensible
heat fluxes.
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Fig. 3.6. Plot of w'8', covariance of potential temperature with vertical velocity, versus
altitude z for CBLAST stepped descents. Only descents with 4 or more altitudes are
used. The symbols represent the different descents: 20030902: o, 03: +, 04: x, 12: *,
13: 0, 14-1: o, 14-2 e. The dashed lines represent slopes for each descent.
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Fig. 3.7, shows the surface W@ versus U 10860 - Oron ). Data with 460 larger than
0.5 °C are presented. This plot showing that both the stable and unstable data pass
through zero indicates the bias of the corrected SST using the method discussed in
Chapter 2 is small. The stable data mostly represent conditions in the right rear of the

storm, above the cold wake.
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Fig. 3.7. Surface sensible heat flux W' as a function of Ujoy (©9 - O10n). The red
line indicates the best-fit linear regression line.

Figure 3.8 shows the 10 m neutral Stanton numbers versus Ujon. The mean value
of the 42 points is(1.1+£0.07)x10~, showing 1 standard error. Again, this is close to the

HEXOS result. Statistical analysis shows that there is no dependence of the Dalton and
Stanton numbers on the surface wind speed. These do not differ significantly with the

existing data such as the HEXOS results (Decosmo et al., 1996).
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Fig. 3.8. Plot of 10-m neutral Stanton number as a function of 10-m neutral wind. The
CBLAST data points and mean value are shown with A and dashed line, respectively.
The HEXOS data (DeCosmo et al., 1996), shown with x and the solid line, have been
corrected according to Fairall et al. (2003).

3.2.4 Enthalpy Flux

Theoretical study (Emanuel 1986) and numerical experiments (Ooyama 1969;
Rosenthal 1971; Emanuel 1995) showed that the intensity of a hurricane depends strongly
on the ratio of Cx/Cp, where Ck is the exchange coefficient of enthalpy flux. Results
from numerical simulations using an axisymmetric tropical cyclone model (Emanuel

1995) demonstrated that to make the intensity of the simulated hurricane realistic, the
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ratio Cx/Cp mostly lies in the range of 1.2-1.5 with Cx/Cp=0.75 as a lowest bound to

ensure model consistency. To test this hypothesis, the exchange coefficients of enthalpy

flux are also estimated using direct eddy correlation method as follows:

F, = pk'w', (3.7)
Cy =Fy /[pU oy (ky — ko)1, (3.8)

where Fj is the specific enthalpy defined as k=c,T+L,q , where T is ambient

temperature, and k,,, and k, are the specific enthalpy at 10 m and the surface,

respectively.
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Fig. 3.9. Plot of the specific enthalpy flux versus altitude z for CBLAST stepped
descents. Only descents with 4 or more altitudes are used. The symbols are as in Fig.

3.6.
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Fig. 3.9 shows the profiles of k'w in the boundary layer where each profile
represents a stepped descent. Again only profiles with four or more points are used. The

mean and standard deviation of these regression slopes are calculated

as-0.0001£0.00033, indicating that there is no significant height dependence of k'w' in
the boundary layer. In the same way as the treatment of surface latent heat flux, the

measured enthalpy flux is regarded as the indicative of surface values.
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Fig. 3.10. Plot of 10-m neutral exchange coefficient of enthalpy as a function of 10-m
neutral wind. The CBLAST data points and mean value are shown with A and dashed
line, respectively. The HEXOS data (DeCosmo et al. (1996), shown with x and the
solid line, have been corrected according to Fairall et al. (2003).



60

Fig. 3.10 shows the CBLAST neutral 10-m exchange coefficients of enthalpy
versus wind speed. The mean value of the 42 points is1.15+0.08x10~ , showing 1
standard error. The HEXOS results are also shown. Here Cx from HEXOS are calculated
based on the sensible and latent heat flux data as provide by J. DeCosmo (personal
communication, 2005). The mean value of the HEXOS data is 1.18+0.04x107 .
Statistical study on the CBLAST Cg shows that there is no significant dependence of it

on the wind speed up 30 m's™.

C/Cph

«
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Fig. 3.11. Wind speed dependence of Cx/Cp total heat exchange coefficient. Data from
CBLAST (A), and HEXOS results (x) are shown. After binning observations by wind
speed the mean and 95% confidence intervals of the combined HEXOS and CBLAST
field data are shown in black. Revised COARE 3.0 relationship is shown as the green
dashed line. The threshold value of 0.75 suggested by Emanuel is also shown as the
dash-dotted purple line.
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Fig. 3.11 shows the ratio of Cx/Cp versus wind speed for the flux runs with both
momentum and enthalpy flux measurements. The average of the Cx/Cp values is 0.67
which is significantly below the Emanuel (1995) threshold for hurricane development of
0.75. This suggests that the ratio of Cx/Cp in hurricane conditions could be lower than
Emanuel’s threshold used in his numerical models. That means that the assumption of
treating the boundary layer as a single layer without vertical mixing parameterization
may not be enough to simulate the hurricane intensity accurately. On the other hand, a
further increase of the wind speed range is required to validate flux estimates in
hurricane-force wind conditions, where physical processes may depart significantly from
tropical storm wind conditions as the importance of sea spray and other poorly

understood phenomena such as roll vortex features may increase dramatically.

3.3 Error Analysis for the Turbulent flux Measurement

It is evident from the plots of the exchange coefficients that there is much more
scatter or variability in the CBLAST data than the earlier, lower wind datasets. Several
factors could lead to either systematic or random error in our estimates of momentum,
sensible heat and latent heat flux, and their exchange coefficients. The sampling error of a

turbulent flux in stationary conditions is usually given by
o,/ F=a,z"?U™"?y™?, (3.9)
where F is a given turbulent flux, o is the standard deviation of flux estimates, o is a

constant, U is the speed of advection of turbulence past the probe in m s, yis the
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sampling duration in s, and z is the altitude where measurements are taken (e.g.

Sreenivasan et al., 1978). For F = ¢'w', the estimate of & is around 6.4 (Sreenivasan et

al., 1978).

During GASEX when conditions were mostly stationary (z = 6.5; U =6.1;
y=1800), the measured variability o, /F =0.18is well predicted by (9), which gives

0.16. For HEXOS, the measured variability of 0.22 considerably exceeds that predicted
(0.10), likely an indication of the varying conditions during the 7-week-long HEXOS
campaign. The CBLAST measurements were carried out at considerably higher altitudes
(z=60-400 m), higher relative wind speeds (U =110 m s') and shorter durations

(7 =270 s) than the surface-based ones. Again using (9), the expected variability in the

CBLAST data is 52% that is consistent with the measured variability of 38%. Hence we
conclude that the higher observed variability in the CBLAST data is consistent with the
CBLAST sampling.

There are a variety of factors that could lead to systematic bias in the
measurements. Considering the sensors themselves, as discussed above in Chapter 2,
each compared well with independent aircraft sensors; for example, the LI-COR with the
dewpoint hygrometers, the Rosemount and BAT velocities, the various motion packages.
Furthermore, the algorithms were coded and run largely independently by two groups
(Miami and Oak Ridge) with excellent agreements. Also the criteria for evaluating the
quality of each run were initially derived independently by each group. It is thought that
sensor and algorithm errors are no larger than in typical studies.

For the sensible heat and humidity flux measurements, a possible bias is the lag

time applied to w before correlating with g or € to obtain the flux. For the correlation of
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w and ¢ , the selected time lag (¢ =0.20 s for the BAT and ¢, = 0.30 s for the

Rosemount, with the 0.1 s difference between two due to horizontal displacement of the
two systems) is based on our estimate for flow rates through tubing plus the delay in

internal LI-COR processing. To check the sensitivity of the calculated fluxes tog, the
fluxes were recalculated for different values of ¢ from 0 to 0.5 s. At the lower values,
¢~0-0.1s, the w'—¢q' velocity cospectra exhibited negative contributions at high

frequencies, contrary to what is expected from the universal cospectra (Kaimal et al.,
1972). Based on these calculations, the estimated mean error in our flux estimates due to

time lag effects ranges from -2.8% (¢ =0.15) to +4.2% (¢ =0.3), with no dependence on
wind speed. For the sensible heat flux calculation, the time lag ¢=0.5 s is used following

Friehe and Khelif (1993).

Mann and Lenschow (1994) and Mabhrt (1998) discuss how short flight legs can
yield systematic underestimates of covariance fluxes. In this study, the shorter flight legs
are mostly due to the limitations of flight leg length imposed by the operational need for
clear air. Under hurricane conditions, it is not easy to find a clear rain free area. All runs
were thoroughly checked using ogive and cumulative sum analyses as mentioned in
Chapter 2. Only runs passing these tests (thereby indicating that all low frequency scales
are captured) were used in the analysis. Mahrt (1998) identified an additional error due to
deviations of the aircraft from constant altitude. During a typical CBLAST run, the
average standard deviation about the nominal altitude is 7.8 m. The error results from
what is essentially a Gaussian displacement distribution over a logarithmic mean
humidity gradient. A thorough analysis of the problem by Mabhrt et al. (2005) indicated

this problem to be small, O(1%), except in very stable conditions.
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The use of SFMR winds for U, is clearly a potential source of error. The

SWEMODWV2 algorithm, developed and validated using an extensive set of near surface
dropsonde winds, claims an accuracy of 2% at 30 m s, or = 1.5 m s* (Uhlhorn et al.,

2007). A mean bias of 2% in U,,, could yield a similar bias in C,,, and C,,,,. In

contrast, the use of profile derived winds instead of SFMR wind could yield a 5%
reduction in Dalton number and Stanton number. We conservatively consider 5% as the
uncertainty due to the surface winds for Stanton number and Dalton number estimates.
The single largest potential source of bias appears to lie with the radiometric SSTs.
The PRT-5 has a stated accuracy of+0.5°, consistent with the corrections applied on
N43RF by Burnes et al. (2000) during the TOGA COARE experiment. A sensitivity
analysis indicates that biases in SST of [+1°, +0.5°,-0.5°,-1°C] would lead to biases in

mean C,,,, of [-24%, -14%, +19%,+51%], respectively. We are able to constrain the

bias by plotting the measured surface heat flux (covariance of potential temperature with

vertical velocity) against the product U,,(®, —®,,) as shown in Fig. 3.7, indicating SST

biases 0]0.5°|C or greater are ruled out. Another error is from the assumption that the

surface wind speed U, is near zero, which could contribute approximately 5% bias in the

enthalpy exchange coefficients if the surface wind velocity is larger than 2 m s.
However, till now there is no direct measurement of currents and wind velocity near the
sea surface in hurricane conditions. Considering all factors, an uncertainty of +25% in
our mean Dalton and Stanton number estimates seem to be a conservative estimate. A
similar uncertainty should apply to the bulk enthalpy coefficient.

For the drag coefficient estimates, one issue likely to contribute most significantly

to errors in our estimates is that the height-based correction of Donelan (1990) applied to
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our data to obtain a surface friction velocity. We estimate that an uncertainty of 10% for
the friction velocity can be induced by this correction, which could result in
approximately 20% uncertainty in the drag coefficient. The use of the SFMR winds could
lead to at least 4% uncertainty in the drag coefficients. Additionally, assuming the surface
wind velocity is zero could lead to 5% uncertainty in the drag coefficients. Taking into
account these possible sources of error, we estimate an uncertainty of 30% in our

measurements of drag coefficient.

3.4 Variability of Surface Fluxes

This section discusses the variability of the surface fluxes by storm quadrant
according to the variation of stability and sea state. The CBLAST surface flux data are
compared with the simulation results from the Fully Coupled Atmosphere-Wave-Ocean
model of University of Miami (Chen et al., 2007). The variability in the wind stress and
wind direction is also discussed.

As mentioned earlier, only data during the 2003 hurricane season are obtained
within the lower boundary layer (70 — 400 m) of cat 4 and 5 storms with direct
measurements of surface fluxes of both momentum and enthalpy. These data were
essentially collected in three storm quadrants as shown in Fig. 3.12, where the horizontal
aircraft flight tracks are rotated with respect to the storm direction and superimposed on

top of the GOES image. In Fig. 3.12, each color represents each flight day. In addition, a
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WP-3D Lower Fuselage (LF) airborne radar image from NOAA 43 of Isabel at 1642

UTC is overlaid indicating typical eyewall and rainband structure.

Fig. 3.12. CBLAST stepped descent flight patterns flown in Hurricanes Fabian and Isabel in 2003,
plotted in storm-relative coordinates, with the storm motion indicated by the arrow (up). Circles are
shown at 100 km intervals. Flight tracks are superimposed on a NASA MODIS visual image of
Hurricane Isabel on 14 Sept, 2003 at 1445 UTC. In addition a WP-3D Lower Fuselage (LF) airborne
radar image from NOAA 43 of Isabel at 1642 UTC is overlaid indicating typical eyewall and rainband
structure. MODIS image courtesy of MODIS Rapid Response Project at NASA/GSFC.

Fig. 3.13 shows the vertical profiles of the buoyancy fluxes (?w') for the six

flights in the 2003 season. The colors in Fig. 3.13 are consistent with those in Fig. 3.12
for each flight. In general, the buoyancy flux increases linearly with a decreasing height.
The behavior of the buoyancy flux profiles provides the estimate of the stability. The
flights into hurricane Fabian are within three quadrants, the left front, right front and right

rear quadrant, while the flights into hurricane Isabel are within two quadrants, the right
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front and right rear quadrant. Fig. 3.13 shows the variability of the surface buoyancy flux

by the storm quadrant. The boundary layers at the right front and right rear quadrants are
nearly neutral with a near zero buoyancy flux. The boundary layer at the left front

quadrant is a little bit unstable but still nearly neutral since the buoyancy flux is relatively
small compared to the shear stress.
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Fig. 3.13. Vertical profiles of the buoyancy flux. Each color represents a flight day.
Only descents with 4 or more altitudes are used. The symbols represent the different
descents: 20030902: o, 03: +, 04: x, 12: *, 13: 0, 14-1: 0. The dashed lines represent
slopes for each descent.

In Fig. 3.13, only the boundary layer at the right rear quadrant of hurricane Isabel
on 12" September 2003 is slightly unstable. This is possibly due to the cooling effect that
usually takes place in the right rear quadrant of a storm caused by the strong ocean

mixing. However, it is also shown that this cooling effect may not always cause a slight
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stable boundary layer as the boundary layer at the right rear quadrant of hurricane Fabian
on 2 September 2003 is slightly unstable. The reason why the cooling effect in the
Hurricane Isabel case is more predominant is that the sea surface temperature in the
ocean Hurricane Isabel passed is lower than that of Hurricane Fabian since Hurricane
Fabian passed the same area ten days before Isabel as shown in Fig. 3.14. Overall, it can
be postulated that the boundary layer in the rain free region between the outer rain bands
is nearly neutral to slightly unstable. Although hurricanes draw energy from the ocean
through upward transported enthalpy flux, a slightly stable boundary layer with negative

buoyancy flux could occur at the right rear quadrant.
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Fig. 3. 14. SST derived from AVHRR satellite averaged from 4 to 10 September 2003
in color, ARGOS buoys, and NOAA P-3 downward pointing radiometer (thin line,
from 18UTC, 13 September). Tracks of Hurricanes Fabian and Isabel are also shown.
See Fig. 5 in Montgomery et al., 2006.
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Fig. 3. 15. Variability of enthalpy flux (color in W m™) by storm quadrant. Black arrow

represents the storm direction.

Fig. 3.15 shows the variation of the surface enthalpy flux by storm quadrant. Data

from 42 flux runs during the 2003 hurricane season are shown here. The magnitude (in

color) of the enthalpy flux is around 200 — 1000 W m™. It is also shown in Fig. 3.15 that

there is an asymmetric distribution of the enthalpy flux with respect to the storm quadrant.

Within the similar distance to the storm center, the left front quadrant has the highest

enthalpy flux, while the right rear quadrant has the lowest one. This finding is consistent

with the simulation result from the Fully Coupled Atmosphere-Wave-Ocean Model as

shown in Fig. 3.16. Compared to the observation, the new generation fully coupled model

shows a good ability to capture the surface enthalpy flux. With a higher resolution of 1.67
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km, it could demonstrate in detail the distribution of the surface fluxes. With the coupling
to the underlying ocean, its results represent the physics near the air-sea interface, so it
can be a good tool to interpret the physical processes where the observation did not cover.
For instance, during the CBLAST experiment, only three storm quadrants were measured.
The coupled model-simulated results could be used in the future to study the air-sea

energy transport at the left rear quadrant.

- -100 0 100 200
Distance (km)

Fig. 3.16. Coupled model simulated enthalpy flux (color in W m™) by storm quadrant.
Purple arrow represents the storm direction. Black arrows represent wind direction.
Figure is from b) of Fig.3 in Chen et al. (2007).
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One reason of the asymmetry of the enthalpy flux is due to the asymmetry of the
air-sea temperature difference by storm quadrant. Especially at the right rear quadrant,
the air-sea temperature difference tends to be smaller than that of the remaining quadrants
due to the cooling effect assuming a homogeneous environment. Given the nearly
constant exchange coefficients with wind speed in this region, the smaller the air-sea
temperature difference the smaller the enthalpy flux. Another reason is due to the
asymmetry of the surface wind. According to the storm motion, the wind speed at the left
quadrants tends to be larger than that at the right quadrants. When the exchange
coefficients for enthalpy are nearly constant with wind speed as shown in section 3 of this

chapter, the higher the wind speed the larger the enthalpy flux.

Fig. 3.17 presents the variability of the friction velocity which is equivalent to the
square root of wind stress by storm quadrant. It shows the asymmetry of the wind stress
similar to that of the enthalpy flux. The left front quadrant has the highest wind stress
while the right rear quadrant has the lowest one. This is mostly due to the asymmetry of
the wind speed. However, the drag coefficients that relate the wind stress and wind speed
do not show the same quadrant distribution (Fig. 3.18). Although it has been shown from
surface wave observations (Black et al., 2007) that the waves are young, steep and short
in the right rear quadrant, and older, flatter, and longer in the right front and left front
quadrants, the exchange coefficients of momentum flux did not exhibit the variability that

depended on the characteristics of the 2D wave spectrum.
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Fig. 3.17. Variability of the friction velocity by storm quadrant. Black arrow represents

the storm direction.
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At the end, discussion is made on the deviation of the wind stress direction from
the wind direction. Fig. 3.19 shows the wind direction as a function of the wind stress
direction for the 2003 data grouped by storm quadrant. In this study, the wind stress
direction is not aligned with the wind direction. There is an approximately 10-20 degree
difference between them. At the left front quadrant, the angle between the wind direction

and wind stress direction is smaller that those at the right quadrants.

360

270+

180+

Dir-Wind [°]

0 i 1 i
0 90 180 270 360
Dir-WindStress [°]

Fig. 3.19. Wind direction versus wind stress direction. Data are separated by storm
quadrant as shown in the legend.

In the Monin-Obukhov similarity theory, it is usually assumed that the wind

stress vector follows that of the wind. However, several experimental studies including

this work show that the stress direction over the ocean often deviates significantly from
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the mean wind direction. There are several mechanisms that may be responsible for this
difference, such as the surface heat flux (Geernaert et al 1988), the direction of long
waves or swell (Grachev et al 2003), and surface currents (Drennan and Shay, 2005).
Under hurricane conditions, the wave field near the air-sea interface is more complicated
that elsewhere, since the wind is very high rotating while the storm is moving.

It is well known that the wind stress is an important boundary condition for
atmospheric, wave and oceanic models. The wind stress is also one of the important
forcing for the ocean waves. Understanding of the wind-wave-current interaction
processes has become a crucial part to improve the model ability of simulating the
surface waves, storm surges and hurricane intensity. To qualify the wind stress direction
near the air-sea interface in hurricanes, a dedicated field experiment is needed with the
direct measurements of all the forcing parameters including the wind stress vector, wave,

surface currents and heat flux.



Chapter 4

Rolls

4.1 Introduction

Roll vortices in the atmospheric boundary layer (ABL) have been studied in a
number of early theoretical and field studies (e.g., LeMone, 1973; Brown, 1970; Etling
and Brown 1993; Glendening 1996; Weckwerth et al. 1997). For reference also see the
review article of Young et al. (2002). Depending on their size and strength, roll vortices
have the potential to play a significant role in transporting momentum, heat and moisture
through the atmospheric boundary layer. Failing to adequately sample these coherent
structures could easily lead to an under (or over) estimation of boundary layer fluxes.
Recent remote sensing observations show that roll vortices may be common in the
hurricane boundary layer (HBL). It has been suggested that the periodically spaced
damage patterns observed during hurricane landfalls are associated with the enhancement
of surface friction or momentum flux caused by the HBL rolls (Fujita, 1992; Wakimoto
and Black, 1994).

Previous studies indicate that Synthetic Aperture Radar (SAR) can provide useful

information for identifying atmospheric mesoscale variations, such as the ABL rolls
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(Alpers and Brumer, 1994; Mourad, 1996; Mourad and Walter 1996; Briimmer, 1999;
Miiller et al., 1999; Levy, 2001). The coherent structures of rolls can cause distinctive
alternation of the ocean surface roughness on the cm-scale that can be sensed by SAR via
the change of the Bragg wave spectrum. Katsaros et al. (2000) report on the examination
of a few RADARSAT SAR images from four hurricanes (Bonnie, Danielle, George, and
Mitch) in 1998. This was the first year of operations for RADARSAT, a program
sponsored by the Canadian Space Agency. In addition to the identification of numerous
effects of rain and convective rainbands, Katsaros et al. also recognized features they
attributed to roll vortices in the surface wind in regions between rainbands. By examining
SAR images of Hurricanes Mitch and Floyd, Katsaros et al. (2002) found similar periodic
variation in sea surface roughness as that induced by roll vortices. Some aspects of SAR
observed coherent roll-scale features are also discussed by Vachon and Katsaros (1999)

and by Friedman et al. (2004).

~g— IMean Wavelength 1450 M e

Nean Momentum Flux = 8 m2 52

Mean Aspect Ratio = 2.4
Mean [u] =7 m s

/—ian Depth 620 m —s

Fig. 4.1. Schematic depicting hurricane boundary layer rolls observed during four
hurricane landfalls. Streamline arrows indicate transverse flow, with high (low)
momentum air being transported downward (upward). Shaded arrows and bold
contours indicate the positive (black) and negative (gray) residual velocities. See
Figure 8 of Morrison et al., 2005.



77

Intense sub-kilometer-scale rolls in the HBL have been inferred from coastal
radar observations (Wurman and Winslow, 1998). Recently, Morrison et al. (2005)
reported on new observations made by airborne radar. They identified roll vortices in 35
to 69 percent of the radar volumes of four hurricane landfalls with typical roll
wavelengths of 1450 m, aspect ratio of 2.4, and azimuthal wind variations of about 7 m s’
'. A schematic diagram of the rolls measured by Morrison et al. (2005) is shown in Fig.
4.1. Consistent with the above observations, Foster (2005) has developed a theory for roll
vortices in curved flow at high wind speeds, such as in hurricanes. Adapting the boundary
layer model to cylindrical coordinates, Foster (2005) determined that rolls were likely to
develop in hurricanes and could make significant contributions to fluxes of momentum,

heat and water vapor.

ABL rolls have also been previously investigated through research aircraft
(LeMone 1976, Chou and Ferguson, 1991; Brooks and Rogers, 1997; Savtcthenko, 1999;
Chen et al., 2001; Vandemark et al., 2001), but there is no aircraft investigation of rolls in
hurricanes coincidently with turbulent flux measurements. In this Chapter we report the
first in-situ turbulent flux measurements during the event of roll vortices in the HBL. The
main purpose is to investigate the significance of roll vortices on the transport of energy
across the air-sea interface and through the hurricane boundary layer. Section 2 describes
the satellite data employed and the analysis of a RADARSAT-1 SAR image captured in
the area of the boundary layer aircraft measurements during Hurricane Isidore. Section 3
presents the detailed aircraft measurements of rolls and turbulent flux in this storm.

Finally, discussions are made in section 4.
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4.2 Satellite RADARSAT-1 SAR Observation

SAR images provide a unique view of many physical processes in the upper
ocean and within the marine atmospheric boundary layer (Katsaros et al. 2002).
Spaceborne SAR is capable of providing a comprehensive view of the sea surface
roughness at a resolution on the order of 10-100m. The variation in sea surface
roughness can be explained in part by change in surface wind speed due to the formation

of boundary layer rolls (Mourad et al., 2000; Sikora and Ufermann, 2004).

In the 2002-2003 Hurricane seasons, the Hurricane Watch program was
established between the Canadian Space Agency (CSA) and Canadian Centre for Remote
Sensing (CCRS) in collaboration with NOAA’ Hurricane Research Division (HRD) flight
planning team and the NOAA Aircraft Operations Center (AOC). In this program, tens
of RADARSAT SAR images were obtained in hurricanes. We focus here on a
RADARSAT-1 image (Fig. 4.2) collected in the area of the boundary layer aircraft
measurements in Hurricane Isidore at 2357 UTC, on September 23, 2002. RADARSAT-
1 is an HH-polarized C band (5.3 GHz) radar with nominal spatial resolution of 32 and
20 m in the azimuth and range dimensions, respectively (Vachon and Katsaros, 1999).

This image (Fig. 4.2) was precision processed after it was calibrated and corrected
for power loss (Laur et al., 1998). Detailed algorithms of the analysis of the image are
given by Lehner et al. (1998) and Lehner et al. (2000). In general, the image was split
into subscenes of 20 kilometers (256 pixels of 50 m length and width). A Fast Fourier
Transform (FFT) algorithm was then used to calculate the image spectra of these

subscenes. For subscenes in which the maximum of the 2D spectrum is due to the wind
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streaks or rolls, the direction of the rolls can be taken to be the wind direction (Morrison
et al., 2005). Image pixels corresponding to land and some types of non-wind features are
identified using the algorithm given by Koch (2004). The 180° ambiguity of the wind
direction is also resolved. While up to this point the algorithm is standard for wind field
determination from SAR imagery, here we focus on the wavelength of the rolls from

which one can estimate of the depth of the mixed boundary layer.

Fig. 4.2. RADARSAT-1 SAR image of hurricane Isidore acquired on September 23,
2002 at 23:57 UTC after landfall on the Yucatan Peninsula. Copyright © the Canadian
Space Agency. Analyses of this image and the two boxes are shown in Fig. 4.3.
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Fig. 4.3. Analysis result of the SAR image in Fig.4.2. The upper left panel shows the
wavelength (color bar code, m) and direction of the wind rolls. Note that the vertical
lines in the image are the artifacts either due to rain or problems with the original
image. The upper right panel shows the histogram of the roll wavelengths of the entire
image at left. The lower two (left/right) panels show the wavelength (color in m) and
direction analysis of the (upper/lower) boxes in Fig. 4.2.
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Figure 4.3 shows the analysis result of the SAR image. Our primary interest lies
in the typical features of a mesoscale wind field on the sea surface in this case the wind
streaks. The upper left panel of Fig. 4.3 shows the wavelength and direction of the wind
streaks. Several artifacts due either to rain or problems with the original image (especially
the vertical line of intensity change) are also seen, but are generally distinguishable from
the roll features. The upper right panel shows the histogram (for the entire image) of the
wavelength of the rolls with a maximum in the distribution of about 850 m. The lower
two panels (left/right) demonstrate the analyses of the two boxes (upper/lower) of interest
indicated in Fig. 3.26. The wavelengths of the rolls vary from around 800 to 1300 m,

which illustrates that the scales vary within a storm.

4.3 Aircraft Observations

4.3.1 The Study Case of Rolls

The cases in this study of the HBL rolls are a subset of the measurements during
the CBLAST-Hurricane experiment. Of interest to this study are data from boundary
layer flight legs in Hurricane Isidore (2002). Tropical Depression Isidore was upgraded to
a tropical storm at 6:00UTC, 18 September 2002 near Jamaica. It was upgraded to a
hurricane 36 hours later, and made landfall in western Cuba at 20 UTC 20 September
2002 as a category 1 storm. Hurricane Isidore continued westward after leaving Cuba,
and strengthened, maintaining category 3 (100-kt winds) status until making landfall in

the Yucatan around 2000 UTC 22 September 2002. The storm center remained over the
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Yucatan for the next 36 hours during which time it gradually weakened. Isidore re-
emerged over the Gulf of Mexico later on 24 September as a tropical storm and made

landfall again south of New Orleans 2 days later.
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Fig. 4.4. P3 N43RF aircraft track (solid black line) on top of the GOES-8 visible image
at 2009 UTC, on 22 September 2002, showing Hurricane Isidore several hours before
the flight, image courtesy of Naval Research Laboratory, Monterey, CA. The dashed
line shows the track of the storm from 20 to 26 September 2002, with numbers
occurring at 0:00 UTC. Also shown are the release locations (0) of the dropsondes
(Fig. 4.5) dropped from another aircraft N42RF.

The P3 Aircraft N43RF conducted missions into Isidore on 21, 22 and 25
September 2002. Of interest here is the N43RF flight on 22 September that occurred

roughly 24 hours prior to the SAR over pass discussed in the previous section. At this
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time the hurricane eye was situated at the northern edge of the Yucatan Peninsula.
Superimposed on the boundary layer portion of the N43RF flight track in Fig. 4.4 is a
GOES satellite image (VIS band). Boundary layer profiles of potential temperature and
specific humidity retrieved from GPS dropsondes released in the vicinity of the boundary
layer leg are shown in Fig. 4.5. Boundary layer depths were estimated from the potential
temperature profiles to be around 400-500m (Stull 1988). The dropsondes were
qualitatively selected based on their proximity to the P3 N42RF flight track, spatially and

temporally. Dropsonde positions are also shown in Fig. 4.4.
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Fig. 4.5. Specific humidity (left) and potential temperature (right) from 6 GPS
dropsondes dropped from N42RF in the vicinity of the 22 September 2002 boundary
layer flight. The release points of the sondes are shown in Fig. 4.4. The profiles of
specific humidity and potential temperature indicate the hurricane boundary layer depth

is around 500 m.
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Fig.4.6 presents the portion of the track between 2210 and 2240 UTC, and some
of the parameters of interest such as aircraft altitude, wind speed, wind direction, and
aircraft attitude angles. In Fig. 4.6 b), the black lines represent the five flux run legs
denoted by A-E for reference hereafter. Flux run A is the nearly cross-wind leg (see
panel e), B, C and D are the nearly along-wind legs, and E can be regarded as a
transverse leg with an angle of around 40° between the aircraft ground track and the
mean wind direction. Aircraft altitude and attitude angles (pitch, roll and heading) were
checked and confined to a specific range in order to reduce the spurious values in the
wind measurements caused by the sudden changes of these quantities. The entire low-

level portion of this flight leg was confined to 200 and 350 m altitude and hence is within

the HBL at all times.
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Fig. 4.6. N43RF flight track (a) during Hurricane Isidore on 22 September 2002,
22:10-22:42 UTC. Also shown are the aircraft altitude (b), pitch and roll (c), flight
level wind speed (d), and aircraft heading wind direction (e).
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4.3.2 Evidence of Rolls

All flux measurements were taken between the rain bands outside the eyewall.
The boundary layer was under near neutral but slightly unstable thermodynamic
conditions, which can be implied by the stability parameterz/L in Table 4.1. Previous
theoretical and numerical studies suggest that this atmospheric environment is favorable
to the formation of the roll vortices (Lilly, 1966; Brown 1980; Young et al., 2002; Foster,
2005). Table 4.1 summarizes the measurements and calculations for each of the five runs.
Leg-averaged mean flight level wind speeds vary from 29 m s to 35 m s. The near-
surface neutral-stability wind speeds (Ujon), determined from measurements by the
SFMR, vary from about 19 m s to 23 m s". Sea surface temperature (SST) shown in
Table 1 is measured by the infrared radiometer on the N43RF. Corrections of SST for
water vapor path and reflected radiation have been made following the method discussed

in Chapter 2. The SST during the flux measurements is nearly uniform implying that the

underlying instability conditions are similar for all the five flux runs.

Table 4.1: Summary of data and calculations for the five flux run legs (A, B, C, D and E)

Leg Leg Time Length Leg z U, Ujw zL u Cpion 010 SST <O’w’™>
UTC (km) Type (m)(ms-1)(ms-1) (ms-1)(X 10%) (K) (°C)(K ms-1)
22:10:48-22:15:05 : 24.6 :crossi293: 324 : 21.6 -0.001: 1.08 : 2.51 :301.5:27.4: 0.028
22:18:30-22:22:40 : 24.5 :along:319: 353 : 23.0 :-0.023: 1.04 : 2.06 :301.7:27.2: 0.037
22:23:56-22:27:25 + 24.3 ialongil94: 30.2 ¢ 21.1 :-0.017¢ 0.98 ¢ 2.17 30i.5 27.71 0.036
22:27:45-22:31:20 - 24.4 -along-196- 29.1 - 20.3 -0.023 0.88 1.89 301.7:27.1  0.025
22:36:40-22:39:50 1 24.3 ‘alongi315 28.8 18.1 -0.023) 0.81 2.05 1301.4.27.00 0.022

mg|Q w| >
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Fig. 4.7 shows the time series of the turbulent fluctuations of the three

components of the wind velocity (u’,v" and w") that are bin-averaged to 1 Hz, fluctuations
of the potential temperature (') and absolute humidity (¢'), and productions (w'6'
andw'q") for the cross-wind flux run A. Both high and low frequency variations can be

observed in the time series. In the product plots the periodic variations imply that

mesoscale coherent structures may exist in this storm (LeMone 1976).

Time, Minutes after 227

Fig. 4.7. Data from the cross-wind leg A, showing time series of the bin-averaged (1
Hz) fluctuations of three dimensional wind velocities, the (1 Hz) potential temperature
and absolute humidity, and productions of the fluctuations. Note that the three
component wind velocities and potential temperature are collected in 40 Hz. The 1 Hz
data here are shown to indicate the periodic variations in the production plots.
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Figure 4.8 shows the spectra of u',v',w',8', and ¢'for the cross-wind leg (A)

which has a length of about 25 km. There are significant peaks in the spectral plots of all
the variables at 0.13 Hz. Given an aircraft speed of around 100 m s™' and accounting for a
80° track angle relative to the wind, this would be equivalent to a wavelength about 950
m. A number of small peaks between 0.3 and 1 Hz (100 and 330 m) are shown
inu',v',w and @'spectra, which can be related to the smaller-scale plumes and less
organized turbulence. There is no smaller-scale turbulence signal above 0.5 Hz in the

power spectra of ¢' due to the lack of fast response humidity sensor during the 2002

measurements.
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Fig. 4.8. Data are from the cross-wind leg A, showing spectra of three component
velocities, potential temperature and humidity.
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Fig. 4.9: Contour plots of wavelet coefficient amplitude squared of the vertical velocity
against time and frequency. The five sections (A-E) of the boundary layer flux run on
22 September 2002 into hurricane Isabel were analyzed separately. The absolute angle
between the aircraft heading and the wind direction is also shown in the lowest right
panel.

To confirm the presence of rolls during the aircraft measurements, a Morlet
wavelet transform (Grossmann and Morlet, 1984) was applied to the vertical velocity
signals. A wavelet transform allows for the decomposition of a signal in both frequency
and time domain, hence can be used to study the evolution of features (e.g., Farge, 1992).
Fig. 4.9 shows the amplitude squared (i.e., energy) of the wavelet coefficients for the five
flux run legs and the angle between the aircraft heading and the wind direction. Note in

particular the enhanced energy patterns in the wavelet plot during the cross-wind flight

leg A in the frequency band around 0.13 Hz, which we suggest corresponds to roll
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features on scales of approximate 950 m which is consistent with the SAR measurement
discussed before. That such coherent features are only infrequently observed in the
subsequent near-along-wind and transverse legs, is consistent with identification of these
features as roll vortices. The rolls are generally lined up in the wind direction (i.e., Young
et al, 2002; Morrison et al., 2005; Foster, 2005), therefore, are less frequently

encountered in flights close to the wind direction.

4.3.3 Spectral Analysis

The main objective here is to study the importance of roll circulations in
transporting momentum, sensible heat and humidity in the hurricane boundary layer. As
seen in Fig. 4.8 for leg A, all spectral plots have higher spectral densities in the frequency
band /=0.1-0.16 Hz and peak at the frequencies near /=0.12 Hz. Similarly, the cospectra
in Fig. 4.10 show the peaks at nearly the same frequencies within f=0.1-0.16 Hz,
indicating a coherent roll structure. The peak frequencies within the roll frequency band,
to which the roll wavelength of 950 m is equivalent, show good agreement with the SAR
measurements. Considering the boundary layer depth indicated by the potential
temperature profile about 400-500m, the aspect ratio of these rolls is about 1.8-2.2.

The influence of scale on the fluxes can be studied by dividing the covariance into
three spectral regions: /<0.1 Hz, /=0.1-0.16 Hz and />0.16 Hz. The low-frequency band
/<0.1 contains larger or mesoscale eddies, the roll-frequency band f=0.1-0.16 contains
roll vortices, and the high-frequency band contains smaller scale eddies and turbulence of

the inertial subrange (Chou and Ferguson, 1991). Given that the roll-scale contributions
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are equal to the difference between the total fluxes and non-roll fluxes (Glendening 1996),
the integral of the cospectrum over the roll-frequency band that corresponds to the roll-
scale flux could be 30-50% of the total fluxes of momentum. The cospectral plots in the
lower panels of Fig. 4.10 indicate the warmer drier air is transported downward near the
downdraft branches and the cooler wetter air strongly penetrates near the updraft
branches. That indicates that roll circulations carry air parcels with q and theta highly
negatively correlated, and therefore transfer sensible heat downward and moisture

upward.
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Fig. 4.10. For the cross-wind leg A, Cospectra of the vertical velocity w with the
horizontal wind velocity components u and v, potential temperature and humidity. The
vertical gray lines indicate the roll-frequency band. Note negative sign on 6w spectrum.
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The normalized cumulative cospectral sum or ogives (Friche et al. 1991) for the
along- and cross-wind components of momentum flux for the five flux runs are shown in
Fig. 4.11. Here the solid green line represents the cross roll leg (A), the dashed black

lines represent the near-along-roll legs (B, C and D), and the dash-dotted line represents
the transverse roll leg (E). The curves are normalized by the square of U, , to remove
the effect of changing wind speed. One aspect of particular interest here is the normalized

cospectra ogive, comparable to the 10 m neutral drag coefficient shown in table 1. It is

20% higher for the cross-wind leg than for the mean of the along-wind legs.
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Fig. 4.11. Cumulative cospectral sum (ogives) of the alongwind and crosswind components of
the momentum flux for the N43RF boundary layer flight. Here, the solid green line represents
the cross-roll leg (A), the dashed black lines represent the three near-along-roll legs (B, C, and
D), and the dash-dotted gray line represents the transverse-roll leg (E). Note that the curves are

normalized by U 120,N to remove effect of changing wind speed. The curves that have been

multiplied by the step frequency Jf are equivalent to the 10 m neutral drag coefficients.
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Fig. 4.12. Cumulative cospectral sum of the sensible flux for the 22 September 2002
N43RF boundary layer flight. Symbols are as in Fig.4.11.

Fig. 4.12 shows the ogives for the sensible heat flux of the five flux runs. The
nearly continuous ogive plots of the along-wind legs converge at the low frequency
around 0.01 Hz indicating the along-wind flux runs are under nearly stationary condition
which is one of the critical assumptions in air-sea interaction theory (Donelan 1990) in
developing the standard parameterization of turbulent fluxes. However, the remarkable
variations in the ogive plot of the cross-wind leg show the non-local contribution of rolls
to the total flux as discussed earlier on the cospectra of sensible heat flux. Ogives in air-
sea interaction study are often used to detect the stationarity or homogeneity of a flux run,

thus such a flux run with unexpected changes in the ogive plots is usually eliminated in
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calculating the turbulent fluxes using eddy correlation method (French et al., 2007). That
is to say, the non-local contribution of rolls to the flux could not be captured by the
standard boundary layer parameterization used in the hurricane models.

Moreover, Fig. 4.12 shows that the sensible heat flux for the cross-wind leg is
nearly equal to the mean of that for the along-wind and transverse legs, indicating that the
modulation of rolls to the sensible heat flux at the middle of the boundary layer is not
significant compared to the momentum flux. Although the surface sensible heat flux and
the exchange coefficient for heat can not be estimated due to the lack of the stepped
descent flight pattern, the influence of rolls to the exchange coefficient of sensible heat
flux is expected to be small given the underneath uniform SST and near surface
environments during the flux measurements. It seems that the rolls redistribute the

sensible fluxes in spatial scale but transport vertically similar amount of them in mean.

4.4 Discussion

Results from an aircraft case study together with the SAR data analysis have been
presented in the above 2 sections. This case study indicates that the presence of a spectral
subrange of rolls in the hurricane boundary layer could contribute to the net air-sea fluxes.
The flux of momentum across the hurricane boundary layer containing rolls is larger than
flux predicted by the standard parameterizations of turbulence. This supports the theory
of rolls by Foster (2005) that the HBL rolls may contribute a significant fraction of the

total downward momentum flux. It is also shown from the spatial analysis of SAR data
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that the wavelength of the rolls matches that of the aircraft measured rolls. The aspect
ratio of the rolls measured in this study ranges between 1.8 and 2.2 for both the SAR and
aircraft measurements, which is in very good agreement with the result of Morrison et al.

(2005).

While earlier research by both numerical models and observations shows a
profound effect on surface stress (the momentum flux) in the hurricane boundary layer,
little was found about the roll effects on the enthalpy flux. Here, we investigated the
effect of rolls on the sensible heat flux. At the middle of the boundary layer, rolls tend to
rescale eddies that transport heat flux. The net effect of rolls on the sensible heat flux
seems to be small. We also show the highly correlation of sensible heat and moisture at
the roll scale in the cospectra plots. Given the asymmetry of the roll circulations
postulated by Foster (2005) with much stronger and narrower updraft regions of rolls, we
expect that the modulation of rolls to the humidity flux could be higher. Due to the lack
of a fast response humidity sensor in the 2002 field season, the effects of rolls on the
exchange coefficients of enthalpy (heat and humidity) and the influence of rolls on the
ratio of Cx/Cp or hurricane intensity are still unknown. But we show that rolls could
rescale the turbulent eddies and thus influence the turbulent flux measurements. As
mentioned in Chapter 2, the flux runs are generally short (around 24 km) during the
CBLAST measurements, so fluxes measured through ensemble average of turbulent
fluctuations could be either overestimated or underestimated when rolls exist. Modulation
of rolls on the turbulent fluxes is likely to be the major reason for the large scatter of the

exchange coefficient plots.
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One of the main aims underlying the CBLAST-hurricane experiment was to
measure the surface turbulent fluxes in hurricane conditions in order to develop a new
bulk parameterization of these fluxes for the purpose of improving hurricane model
forecasts. The CBLAST dataset has provided the first direct measurements of turbulent
fluxes in the high wind regime up to hurricane force (Chapter 3), including the first
detection of roll vortices by aircraft as well as SAR shown in this Chapter. We found that
the lower stepped descent flight pattern is promising for studying the turbulent fluxes and
the interpretation in terms of the hurricane boundary layer rolls. In the future, more
flights with longer period of flux measurements within hurricane boundary layers are

needed.



Chapter 5

Vertical Structure of Turbulence

5.1 Introduction

The planetary boundary layer (PBL) is the region of the atmosphere near the
surface where the influence of the surface is felt through turbulent exchange of
momentum, heat and moisture. The equations which describe the large-scale evolution of
the atmosphere do not take into account the interaction with the surface. The turbulent
motion responsible for this interaction is small-scale and totally sub-grid for current
models and therefore needs to be parameterized. Hence, turbulence structure is crucial to
the parameterization of the hurricane boundary layer.

The CBLAST experiment provided unique data sets that contain the
measurements of the vertical structure of the turbulence throughout the hurricane
boundary layer. In this Chapter, the vertical profiles of the mean quantities, spectra and
cospectra, variances, and fluxes during the CBLAST stepped descent boundary layer
measurements are investigated in order to address four questions: (1) To what extent is
this boundary layer consistent with standard similarity theory? (2) Where is the top of the

boundary layer? (3) What are the dominate scales of variability related with the turbulent
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fluxes? and (4) How are the time and space scales in the turbulence eddies related to the
net flux and overall turbulence state?

In this Chapter, the vertical structure of turbulence and flux in the boundary layer
between the outer rainbands is presented in the following section. The characteristics of
the spectra and cospectra of the wind velocity, potential temperature and humidity are

demonstrated in section 3.

5.2 Vertical Structure of Turbulence and Flux

5.2.1 Scaling

Before the presentation of the vertical profiles, the data are non-dimensioalized
according to the scaling parameters so that universal curves can be discussed. Following
the methods discussed by Nicholls and Readings (1979), two scaling methods are
essentially used to scale the turbulence structure in the literature: ‘surface layer’
similarity (Monin and Obukhov, 1954) and ‘mixed layer’ similarity (Kaimal et al., 1976).

The former assumes that the parameters governing the turbulence structure are u.,z.,q.,
and L, and parameters that are scaled by u.,?.,and ¢.should be functional of z/L only.

However, mixed layer similarity is applied to where the turbulence structure is no longer
influenced by surface momentum flux but does vary with the boundary layer depth, and

the scaling parameters are w, and z/z,, where z, is the boundary layer depth that is
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usually defined as the lowest inversion base in the potential temperature profile, and w, is

the mixed layer scaling velocity defined as
w. =[(H,/ pe,)z, (g O], 5.1)

where H is the surface sensible heat flux. Parameters scaled by w. should then be

functions of z/z, only.

Fig.5.1 shows the schematic diagram developed by Nicholls and Readings (1979)
indicating idealized limits of validity of certain scaling techniques for different boundary
layer conditions. Firstly, there are two distinct layers where surface and mixed layer
scaling schemes are applied independently. Surface layer scaling is valid only up to the
height at which u.is still an important parameter while mixed layer scaling can apply
above that height. For instance, Kaimal et al. (1976) showed that Monin-Obukhov scaling
applies only if z < 0.1 z, while the mixed layer scaling is valid above in strongly
convective conditions. Secondly, there is a layer of free convection (Wyngaard 1973;
Panofsky 1978), where the turbulence is not sensitive to either z;,or L and both types of
scaling apply. In the end, there is a region ‘A’ in Fig. 5.1, where neither mixed layer nor
is surface layer scaling adequate, because in this type of boundary layer surface friction

induced mechanical mixing cannot be neglected although z/z, is quite large. This is
generally the case over the ocean in which a general approach is to use u.,?.,q.,and z,as

the scaling parameters.
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Fig. 5.1. Schematic diagram showing idealized limits of validity of certain scaling

techniques. See Figure 2 in Nicholls and Readings (1979).

All the present data were collected in hurricane conditions over ocean with —z; /L

< 1, indicating the boundary layer is nearly neutral, where both the surface layer scaling

and mixed layer scaling is important. So it is logical to use u.,?.,q. and z/z; to scale the

present data. The scaling parameters were calculated using the surface values of the

turbulent fluxes. The variance of the wind velocities, temperature and humidity are

computed for each flux run. The Monion-Obukhov length is also calculated using an

iteration method. The mixed layer depth was determined from the potential temperature

profile. Note that to avoid the error induced by the extrapolation of the flight level flux
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as to the surface, the surface layer scaling parameters ¢, and g. are not used when the

vertical profiles of parameters related to potential temperature and humidity are shown.

5.2.2 Vertical Profiles of Turbulent Fluxes

The fluxes of momentum, heat, humidity and enthalpy have been calculated using
the eddy correlation method and are presented in Chapter 3. However, emphasis was
made on the determination of the surface fluxes. During the 2004 hurricane season, 2
flights were flown near and right above the surface layer. These provided data (as listed
in Table 3.1) that could be used to extend our study of the structure to the whole
boundary layer and above. There are a total of 23 flux runs taken at the height above the
mixed layer with 19 of them conducted in 2004 and 4 in 2003. Data used here to describe
the flux profiles are all taken in the similar wind regime with surface wind speed in the
range of 20-30 m s™', and they are measured in the rain free region between the rainbands.
Note that the 2002 data were not used here because they were measured in the lower

wind speed regime.

Fig. 5.2 shows the profiles of the scaled momentum fluxes. The asterisks
represent average values in the vertical bins of 150 m, and the bars show 95% confidence
intervals. The blue line is from Nicholls and Reading (1979) and the red line is from
Tjerstrom and Smedman (1993). The alongwind component of the vertical momentum
flux shows a nearly linear profile, while the crosswind component is positive with a

curvature that has the maximum value of around 0.5 u* at the height of the mixed layer
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(z/zi=1). One interesting feature shown in Fig. 5.2 is that the momentum flux does not

vanish at the top of the mixed layer height z;.
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Fig. 5.2. Dimensionless profiles of the covariances of uw and vw. Black lines show the
averages of the covariances. Blue line is from Nicholls and Reading (1979) and red line
is from Tjernstrom and Smedman (1993). The covariances have been normalized by
the square of the surface friction velocity (u+) and the altitude is normalized by the
mixed layer depth z;.

Fig. 5.3 shows the normalized vertical profiles of the sensible heat and latent heat
flux. Again, the black lines show the best fit by the vertically bin-averaged values. The
averaged sensible heat flux profile shows a curvature with negative values mostly above
z/zi=0.2. Extrapolation of this curve toward the surface tends to show a positive sensible

heat flux near the surface. The latent heat flux decreases with the increasing height above
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the mixed layer. Below the boundary layer, the latent heat flux is nearly constant with
height as discussed in Chapter 3. Both of the sensible and latent heat flux vanish at
z/zi=1.9, same as the behavior of the momentum flux profile. This is different from the
flux measurements by Moss (1978) who found that the momentum flux vanishes at the
top of the mixed layer. Unfortunately, there was no sensible heat or latent heat flux
measurements conducted by Moss. If we define the boundary layer depth as the height
where the momentum flux is zero, then the boundary layer height should be around twice
of the mixed layer depth. This indicates that other physical mechanisms, such as
entrainment, must exist to account for the non-zero momentum flux near the top of the

mixed boundary layer.
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Fig. 5.3. Normalized profiles of the covariances of gw and 6w. Black lines show the

averages of the covariances. z; is the mixed layer depth.
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5.2.3 Vertical Profiles of Variances

Studies of variances in the atmospheric boundary layer are important because they
provide the direct test of similarity predictions and indirect estimates of vertical fluxes. In
addition, these turbulent properties are very important parameters for the study the
atmospheric dispersion which is dependent on the intensity of turbulence, stability and

boundary layer height. The standard deviations and variances are related with each other

in the form, s = o2

-, where s is any one of u,v,w,f and g . The nondimensional
variances or standard deviation normalized by the surface layer scaling parameters

(u.,0.,and gq.) are universal functions of z/ L if Monin-Obukhov scaling is correct (Stull

1988). In neutral conditions when z/ L =0, the normalized variances should be constants,
independent of height or surface roughness.

The standard deviations of temperature, absolute humidity, horizontal and vertical
velocities are calculated for all the flux runs. Fig. 5.4 shows the distribution of the
standard deviations of wind velocity with height normalized by the mixed layer depth z;,.
Previous turbulence measurements by Nicholls and Reading (1979) and Tjernstrom and
Smedman (1993) are also shown. The horizontal velocity variances scaled by the surface
friction velocity and the mixed layer depth show a slight maximum near the surface. The
standard deviation of the alongwind component velocity shows a slightly decrease with
the increasing height, while that of the crosswind component stays relatively invariant
with the height. The vertical velocity variance exhibits nearly constant behavior with

height within the mixed layer but decreases with height above that.
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Fig. 5.4. Dimensionless profiles of velocity variances of the three wind components (u,
v and w in panels a, b and c, respectively). The black curves show the averages of the
variances. The blue lines are from Nicholls and Reading (1979) for data taken over the
ocean at moderate wind speeds. The solid blue line represents data in nearly neutral
conditions, while the dashed blue line represents data in slightly convective conditions.
The red line is from Tjerstrom and Smedman (1993) for data in nearly neutral
conditions near taken in the coastal ocean. The variaces are normalized by the frictional
velocity (ux) and the altitude is normalized by the mixed layer depth (z).

The surface layer form for o;iv /u?, proposed by Panofsky et al. (1977) in the

unstable limit from its value of 4 at neutral is as following:

2
(o2 Z.
= 440.6(25)*" 2
. (‘L‘) (5.2).

In this study, the extrapolated surface layer values of the scaled variances for the

CBALST data are as follows:
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2 2 2
Tu 625, =67, =15 (5.3).
U Us U

The values of auz’v / u? are significantly higher that those calculated from (1).

The surface layer form for o /u., essentially derived from the Kansas data

(Businger et al., 1971), then reexamined and refined through comparisons with other

observations by Hogstrom (1988), is given by:

o, [|1.250+3z/L)"*,~2<z/L<0

B 4).
u, |1.25(1+0.2z/L), 0<z/L<I (5.4)

The o, /u. value derived from the CBLAST data is consistent with the above Monin-

Obukhov scaling functions, indicating that the surface layer could be parameterized using
the Monin-Obukhov similarity theory up to hurricane force for the boundary layer in the
rain free region between the rainbands.

The vertical profiles of the standard deviation of potential temperature and
specific humidity are shown in Fig. 5.5. The scatter is substantial larger here than the
variance plots for wind velocity. Both the variances of the potential temperature and
specific humidity increase with the increasing height. However, the variance of humidity
shows smaller variation with height which is consistent with the humidity flux profiles.
The large increase of the variance of potential temperature above the mixed layer
suggests that entrainment processes may occur there transporting dry air from the stable

layer above.
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Fig. 5.5. Vertical profiles of variances of temperature (a) and humidity (b)
normalized by the mixed layer height. The black curves show the averages of the
variances.
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5.3 Characteristics of Spectra and Cospectra

Turbulent flows like those in the atmospheric boundary layer can be thought of as
a superposition of coherent eddy patterns of velocity, vorticity, and pressure spread over
a wide range of sizes (Kaimal and Finnigan, 1994). These eddies interact constantly with
the mean flow exchanging energy with each other. Most of the kinetic energy is
contained by the large eddies that are subject to instabilities. In order to understand the
conversion of mean kinetic energy into turbulent kinetic energy in the large eddies, the
eddy cascade processes, and its final conversion to heat by viscosity, different scales of
turbulent motion must be isolated. This could be completed using the Fourier spectra and
cospectra of the turbulence that are associated with scales of motion in kinetic energy,
variance and eddy flux and represent the boundary layer structure. This section discusses
the characteristics and variability of the spectra and cospectra of wind velocity and the

scalar parameters.

5.3.1 Spectra and Cospectra

Fig. 5.6 shows the spectral behavior of the vertical and horizontal along-wind
velocities. The spectra estimates are normalized by the square of the friction velocity.
Data from the second stepped descent measurements on 14 September 2003 are shown
here. Evidently the frequency at the spectra peak increases with height, suggesting that

the data are scaled well by the surface layer scheme. Given the aircraft speed is around
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110 m s, the equivalent peak wavelengths in the alongwind and vertical wind velocity

spectra increase from 300 m to around 1 km as the attitude increases from 70 m to 400 m.
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Fig. 5.6. Vertical variation of the spectra of the vertical velocity (left) and along-wind

horizontal wind velocity (right). Data are from the second stepped descent flux runs
after 18:50 UTC on 14 September 2003.

The along-wind component velocity spectra display a -2/3 slope at high frequency.
This slope occurs at frequencies corresponding to scale sizes which are three to four
times larger than the distance from the surface, indicating that the -2/3 slope of the along-
wind velocity component spectra is not sufficient evidence for the existence of an inertial
subrange which depends on the flow being locally isotropic. But at sufficiently high
frequency where the spectra of both vertical and horizontal velocity components display a

-2/3 slope and where the momentum transfer is negligible, isotropy may exist.
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Fig. 5.7. Vertical variation of the spectra of the specific humidity (left) and potential
temperature (right). Data are from the second stepped descent flux runs after 18:50 UTC
on 14 September 2003.

Fig. 5.7 shows the spectral behavior of humidity and potential temperature. The
data are from the same flight as those used in Fig. 5.6. For the humidity spectra, it shows
similar shapes compared to the spectra of the along-wind component wind velocity. The
peak wavelength of the humidity spectra also increases with the measurement height,
indicating the scales of the turbulent eddies transporting humidity increase as the distance
from the surface increases. However, the potential temperature spectra demonstrate

dissimilarity with the humidity flux, showing a broad band of the energy containing range
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with nearly no inertial subrange. This makes it difficult to identify the peak wavelength

of the potential temperature spectra.
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Fig. 5.8. Vertical variation of the cospectra of the along wind (left) and cross wind
(right) momentum fluxes. Data are from the second stepped descent after 18:50 UTC
on 14 September 2003.

Fig. 5.8 represents the height dependence of the cospectra of uw and vw that are
equivalent to the momentum flux cospectra. Note that in the analysis trends are removed
from both velocity components. It is shown that most of the energy for the cospectra of
momentum flux is well contained in the frequency range of 0.1- 1 Hz that corresponds to

wavelengths about 300 m - 1000 m. Similar to the spectra plots, the peak wavelength
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increases with height. The sign of the along wind component momentum flux always is
negative, indicating momentum is transported downward toward the sea surface. The sign
change in the cross wind component cospectra may be due to the rotation scheme itself,
but shows the variation of the transport direction of the cross wind momentum flux

within the stronger rotation flow of a hurricane.
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Fig. 5.9. Vertical variation of the cospectra of the humidity flux (left) and sensible
heat flux (right). Data are from the second stepped descent after 18:50 UTC on 14
September 2003.
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Fig. 5.9 shows the vertical variation of the cospectra of the humidity and sensible
heat flux. Again, the humidity cospectra shows similarity with the along wind component
velocity cospectra in shape, however, the potential temperature cospectra shows a
different characteristic. The sign of the humidity flux is always positive, showing the
moisture is transported upward. Most of the energy in the potential temperature flux is

from the low frequency range. The overall heat flux is mostly negative.

5.3.2 Universal Shape Spectra and Cospectra

A consequence of Monin-Obukhov similarity theory is that, in some frequency or
wavenumber range, the spectra of wind velocity, temperature and humidity are expected
to follow some universal shape when scaled in the appropriate manner (Busch, 1973).
Considerable efforts have been made in determining the universal forms in previous
experimental studies. Kaimal et al. (1972), using data profiles from the 1968 Kansa
experiment over land, normalized the velocity spectra by spectral density energy in the
inertial subrange and by surface fluxes. Their results present the classic universal shapes
of the wind velocity, temperature and humidity spectra as a function of the dimensionless
frequency, fz/U , and stability index, z/L . The spectra of Miyake et al. (1970) based on
near-neutral data over the coastal sea demonstrate similar universality of the spectral

shape over the ocean. Other marine data sets, e.g., Nicholls and Readings, Smith and

Anderson (1984), support the Miyake curves.
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Fig. 5.10. Curves of universal spectra in the scaling of Miyake et al. (1970). The
three panels show spectra of the alongwind component (a), crosswind component
(b), and vertical velocity. The grey lines are the spectra plots for the 43 flux runs
during the stepped descent measurements in Hurricanes Fabian and Isabel. Areas
enclosed by the black lines denote 1 standard error from the mean green curve. Also
shown are the Miyake et al. (1970) curves (red) and lines showing the inertial
subrange slope (dotted). U, is the true air speed; f the frequency [Hz]; z the aircraft
altitude; and oy, the standard deviation of vertical velocity.

In Fig. 5.10, the universal S, ,S, ,and S, spectra using the scaling of Miyake et

al. (1970) are shown. The curves of Miyake et al., derived from visual fits to their plots,
are also shown (red). The dashed line drawn on each plot has a slope of -2/3 that
corresponds to the Kolmogoroff -5/3 law. Firstly, the scaled spectra curves in this study
(using the CBLAST 2003 data) fall into a universal shape. This confirms the conclusion

made in the previous section that discussed the vertical structure of the velocity variance,

that the boundary layer between the rain bands in major hurricanes is consistent with the
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Monin-Obukhov similarity theory even if the wind there is higher up to 30 m s’
Secondly, the Miyake et al. curves fall outside one standard error of the CBLAST
universal curves. Although they are generally similar in shape to the CBLAST universal
curves, they are shifted to the larger frequency band. This indicates that the
characteristics of the turbulent transport of momentum in the high wind hurricane
boundary layer are somewhat different in scale, smaller to those in the lower wind speed
regime outside hurricanes.

As with the data used by Miyake et al. (1970), the response of the turbulent gust
probes used here is limited for the dimensionless frequencies higher than 10, hence the
data for fz/U>10 are not shown. Other than that, Fig.5.10 shows the consistency of the
wind velocity measurements throughout the whole experiment. This also demonstrates
the convincing ability of the Rosemount turbulent gust probe and the BAT probe to
measure the three-dimensional wind velocity in hurricane conditions.

Fig. 5.11 shows the universal spectra of the specific humidity. The Miyake et al.
curves are also shown. Below the peak frequency fz/U=0.4, the Miyake curves fall within
one standard error of the CBLAST universal curves. Above that, the humidity spectra
seem to be steeper than that slope. This may be due to the loss of response inherent in the
humidity signal at high frequency since the air passes a nearly 1 m tube before it reaches
the LICOR hygrometer. Note that the scatter of the potential temperature spectra (not
shown) is much larger than that of the humidity spectra, indicating the difficulty in
measuring temperature in hurricane conditions since the temperature sensors are more

easily affected by rain droplets.
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Fig. 5.11. Curves of universal spectra of the specific humidity. Curves are as in Fig.
5.10.

The cospectrum is inherently more difficult to measure than the power spectrum

fz/U=0.3, which is higher than that of the Miyake curves.

because the correlations between the variables are sometimes very small. The cospectra
are also very sensitive to instrumental errors such as caused by the time lag between them.
Fig. 5.12 shows the behavior of the cospectra of uw and vw. These are essentially the
cospectra of the along wind and cross wind component momentum fluxes, respectively.
For the uw cospectra, the Miyake curves fall within one standard error of the CBLAST

universal curve. However, the peak frequency of the CBLAST universal curve is at
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Fig. 5.12. Curves of universal cospectra of the alongwind component (a) and
crosswind component (b) momentum flux. Curves are as in Fig. 5.10.
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Fig. 5.13. Curves of universal cospectra of the humidity (a) and sensible heat (b)
flux. Curves are as in Fig. 5.10.
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Fig.5.13 shows the universal cospectra of qw and 8w which describe humidity
and sensible heat transport. The cospectra of the humidity flux are quite similar to the
cospectra of uw, although there is a slight departure from the Miyake curves. The
cospectra of the sensible heat flux agree well with the Miyake curves. However, it should
be noted that in the logarithmic plots, the negative values of the sensible heat flux are not
shown.

Above all, the CBLAST data gathered within rain free region between the outer
rainbands in major hurricanes can be grouped into universal spectra and cospectra, with
peaks at somewhat higher frequencies than the Miyake et al. curves. The high frequency
spectra and cospectra behavior is consistent with local isotropy. In the inertial subrange,
the spectra fall at the -5/3 slope, but the cospectra fall off faster. The CBLAST data are
mostly taken under near neutral conditions with slightly variation of stability. Thus it is
difficult to separate the spectra and copsectra according to z/L as done by Kaimal et al.
(1972). In the studies of Kaimal et al., they used the surface flux and surface layer
dissipation rate as the scaling parameters, however, the CBLAST measurements were
mostly conducted above the surface layer such that the surface fluxes are extrapolated
from the flight level data. The use of the Kaimal et al. scaling to the CBLAST data
introduces much larger fluctuations in the universal spectra and cospectra plots. On the
other hand, the Miyake et al. scaling works well for the CBLAST data. Conclusion can
made from Figs. 5.10-13 that the measurements throughout the CBLAST experiment are

consistent.



Chapter 6

TKE Budget

6.1 Introduction

The turbulent kinetic energy budget of horizontally homogeneous turbulence with

a mean wind shear in the vertical and modified for the effect of moist convection can be

given by
& = —u'w'%—v'w'ﬂ+ (g/@)w’@'+0.6lgw‘q'— w'e —l wW'p -&, (6.1)
Dt oz oz oZ p oZ

where eis the turbulent kinetic energy (TKE) and is defined as e = %(u'2 P w?)? g

is the dissipation rate of turbulent kinetic energy, the overbar represents the mean over a
certain period of time, and Z is the altitude. The left hand side of equation 1 is the local
rate of change of TKE, the right hand side first and second terms together are the shear
production, the third term and fourth terms together are the buoyancy production, the
fifth term is the transportation of TKE, the sixth term is the pressure transport, and the
last term is the dissipation. An examination of the terms in the turbulent kinetic energy
equation could help our understanding of the nature of turbulent production and

destruction in the boundary layer.

121



122

The measurements made during CBLAST provide estimates of most terms in the
kinetic energy budget. Some of the terms are measured directly, while others are inferred
from the data based on previously obtained relations. The terms that are generally
believed to be small are ignored. For example, the pressure transport term could not be
accurately measured but is inferred indirectly as a residual after measurements of all
other terms.

The dissipation term is estimated from the spectral density of the longitudinal
velocity component at high wave numbers, when the spectral velocity components

exhibit a -5/3 power law in their spectra. The dissipation of TKE is given by

a2 S OF, 62)

where «, is the Kolmogoroff one dimensional wave number constant, f is frequency, U
is the relative air speed, S, is the spectral of the horizontal along wind speed. In the past
the published values of &, were around 0.48 (Pond et al., 1963). In this study, we use
a,=0.5 following Drennan et al. (2005).

Since the mean wind gradient cannot be accurately determined from the aircraft
wind measurements, the first two terms on the right hand side of equation 1 are not
directly accessible. The second of these is neglected on the grounds that at low levels
where there may be an appreciable wind gradient VW is negligible. The first shear
production term is estimated byu. / kz, a relation which, strictly speaking, is only valid
under neutral conditions.

The buoyancy production consists of two parts; one is due to the sensible heat and

the other due to the moisture flux. Both of these are directly measured as discussed in the
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above sections. The pressure transport term has been measured over water and found to
be about 10% of the shear production term at levels between 1 m and 4 m (Donelan,
1990). The TKE transport and pressure transport terms have about the same magnitudes
and opposite signs (Donelan 1990). At the levels being considered here it is probable that
these terms are more important either jointly or singly. In this study the TKE transport
term is directly measured. However, as the aircraft measurements cannot provide any
direct estimates of the pressure transport term it is convenient to treat it together with any
other terms (i.e. advection terms) as a combined residual term D.

As the flux runs in this study were qualitatively chosen with the criteria of
stationarity, the turbulent field in each run is assumed to be locally horizontally
homogeneous. Hence the local rate of change of energy may be neglected. Generally
under these conditions it is two orders of magnitude less than the production and
dissipation terms. For the purpose of accuracy, we put this term in the residual term D.

In this Chapter the turbulent kinetic energy budget is investigated in two ways: 1)
The height dependence of each term in the TKE budget equation for all the 2003 and
2004 flights analyzed; 2) The TKE budget for the rain free region between the rainbands.
They are shown in section 2 and 3, respectively. The TKE budget for the hurricane
boundary layer between the rainbands is also compared with that from the previous

measurements in the atmospheric boundary layer elsewhere.
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6.2 Height Dependence of Terms in TKE Budget

6.2.1 Mechanical production

Fig. 6.1 shows that the shear production decreases rapidly with increasing altitude.
This indicates that the measured stress decreases with height and the wind gradient that is
inferred from the ratio of friction velocity to altitude also rapidly decreases with height.
Evidently the importance of mechanical production is restricted to the first 200 meters

only.

0 i i I i I i i I
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Shear Production [cm2 5'3]

Fig. 6.1. Vertical profiles of the shear production. Black lines show the averages of the
shear production and one standard error.
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6.2.2 Buoyancy Production

Fig. 6.2 shows the buoyancy production terms for all the flights. At the lowest
level, the buoyancy term is generally an order of magnitude smaller than the shear
production term, but while the latter decreases rapidly with height the buoyancy
production term changes little. At intermediate and higher levels the overall enthalpy flux
may be negative, but in these cases the buoyancy production due to the moisture flux is
larger than the negative contribution due to the sensible heat flux. Thus the total
buoyancy production in the mean was positive between 100 m and 400 m during this

experiment.
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Fig. 6.2. Vertical profiles of the buoyancy production. Black lines show the averages of
the buoyancy production and one standard error.
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6.2.3 Dissipation

Fig. 6.3 shows the variation of the rate of dissipation with height. Apparently the
rate of decrease of ¢ is much more rapid at low levels than at the higher levels. This
behavior at low levels indicates that of the shear production term is also being dissipated.
The question of whether or not all the shear produced energy is dissipated locally will be

approached through height dependence of the residual term D.
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Fig. 6.3. Vertical profiles of the rate of dissipation. Black lines show the averages of
the rate of dissipation and one standard error.
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6.2.4 The TKE Transport

Fig. 6.4 illustrates the gradually decrease of TKE flux <w’e™> with increasing
altitude. The TKE transport term represents the flux divergence of TKE for a layer since
it depends on the vertical gradient of the TKE flux. So, for a given layer, if more flux in
entering the layer than leaving it, there is a net convergence of the vertical flux, and
therefore, the TKE of the layer will increase. The TKE transport term is calculated based

on the TKE flux data, and found to be small as shown in Fig. 6.5.
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Fig. 6.4. Vertical profiles of the TKE flux <w’e>. Black lines show the averages of the
TKE fluxes and one standard error.
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6.3 The TKE Budget

The TKE is one of the most important variables since it measures the intensity of
turbulence. It is directly related to the momentum, heat and moisture transport from the
surface through the boundary layer. Combining the previous discussions of the terms in
the TKE budget equation, Fig. 6.5 shows the TKE budgets of the boundary layer in the
rain free region between the rainbands. Here data from the boundary layer flights of 2003
and 2004 hurricane seasons are used. The residual term is calculated by subtracting the

rest terms from the rate of dissipation, assuming the TKE balance.
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Fig. 6.5. Vertical profiles of shear production, buoyancy, turbulent transport, rate of
dissipation and the residual term of the TKE budget.
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From Fig. 6.5, the TKE budget is primarily dominated by the shear production
and the buoyancy is nearly zero confirming the near-neutrality of the boundary layer. It is
also found that the dissipation term is larger than the shear production, indicating the
residual term is relatively large compared to previous measurements. The pressure
transport term is usually assumed to be small, but it is shown here that the sum of
pressure transport term and the nonlinear local transport term are the important source for
the turbulent kinetic energy. That is to say the hurricane boundary layer is not ideally
homogeneous even in the rain free region between the rainbands. Mesoscale structures
such as roll vortices (discussed ealier) could contribute the turbulent transport and may be
put into the parameterization of the boundary layer flux and vertical mixing as discussed
in Chapter 4. Dissipation heating could also be another energy source to intensify

hurricanes (Bister and Emanuel, 1998).



Chapter 7

Summary of Conclusions

7.1 Conclusions

The CBLAST dataset has provided the first direct turbulent flux measurements
for hurricane conditions with wind speed higher than 20 m s™ up to 30 m s™', the first
investigation of the turbulence structure in the hurricane boundary layer in the hurricane
force wind regime, the first study of hurricane boundary layer rolls using in-situ flight
level data, and the first estimate of the turbulent kinetic energy budget for the
atmospheric boundary layer between the outer rainbands. The main conclusions of this
dissertation are as follows:

1. Direct measurements of turbulent fluxes were made in the boundary layer of
major hurricanes; Bulk parameterizations of momentum and enthalpy fluxes were
extended up to near hurricane force winds; The Cps estimated from this work show a
leveling off with wind speed near 25 m s™', which is a considerably lower threshold than
the 33 m s™' value of Donelan et al. (2004); The Cks are constant with wind speed up to

hurricane force with a value of 0.00115, in close agreement with modified HEXOS and
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COARE 3.0 estimates; The resulting Cx/Cp ratio of about 0.7 is significantly less than
the Emanuel threshold of 0.75 for hurricane development.

2. The vertical structure of turbulence and fluxes are presented for the entire
boundary layer in the rain free region between the outer rainbands. The alongwind
component of momentum flux decreases linearly with height, while the crosswind
component of momentum flux has a curvature with a maximum value at the height of the
mixed layer. The humidity flux is nearly constant with height within the mixed layer and
decreases with increasing height above that. The sensible heat flux increases linearly with
decreasing height in the mixed layer, and is mostly negative above 0.2 z/zi, where z; is
the mixed layer height.

3. The depth of the layer in which turbulent mixing was observed defined from
the turbulent flux profiles is nearly twice the height of the mixed layer defined using the
thermodynamic profiles.

4. Measurements of terms in the turbulent kinetic energy budget imply that the
major source, the shear production, is dissipated locally with the buoyancy and turbulent
transport terms unimportant. The budget indicated that the sum of the production terms
is smaller than the dissipation term. That means the unmeasured terms (i.e. advection
term) are also important for the generation of turbulent kinetic energy in the hurricane
boundary layer.

5. Universal spectra and cospectra normalized following the methods discussed
by Miyake et al. (1970) are confirmed, indicating the measurements of turbulence in the
hurricane boundary layer between the rainbands follows the standard Monin-Obukhov

scaling laws.
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6. Boundary layer rolls rescale the sensible heat flux transport and enhance the

momentum flux transport about 30%, well below the prediction of Morrison et al. (2005).

7.2 A Conceptual Model for the Hurricane Boundary Layer
Height

As discussed in Chapter 1, the boundary layer height is a crucial parameter in
numerical models. The height of atmospheric boundary layer represents the height at
which turbulent fluxes vanish, i.e., above the boundary layer geostrophic balance or
gradient balance (in hurricanes) can be assumed. In numerical models, the atmospheric
boundary layer height also determines the upper and lower limits for numerical stability.
In the boundary layer schemes used in numerical models, the atmospheric boundary layer
height is related to the formation and maintenance of the low level clouds and the vertical

transport of heat, moisture and turbulent kinetic energy.

In numerical models, the atmospheric boundary layer height (h) is generally
defined as follows: 1). If the boundary layer is unstable or nearly neutral, h is generally
defined as the height of the lowest inversion in the potential temperature profile or the
lowest cloud base; 2). If the boundary layer is stable, h is usually defined as the height
(starting from near surface) where the bulk Richardson number first becomes greater than
a critical value, typically around 0.3 (Vogelezang and Holtslag, 1996). However, no
matter how the boundary layer height is defined, h represents the height where the

influence of the surface friction is negligible.
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In this study, the turbulent fluxes of momentum and enthalpy were directly
measured for the hurricane boundary layer between the outer rainbands. Thus the
boundary layer height can be determined directly from the flux profiles. Since mean
profiles are also measured using both the flight level and dropsonde data, the boundary
layer height defined using the potential temperature profile can also be calculated.
Moreover, using the CBLAST data, the scaling parameter for the boundary layer height
that is used in theoretical or numerical models can be computed.

Fig. 7.1 shows a schematic conceptual model for the hurricane boundary layer
height for the rainfree region between the outer rainbands. In Fig. 7.1, h; represents the
boundary layer height in the idealized slab model such as used by Emanuel (1986); the
black h represents the boundary layer height defined using the flux profile; hinnow
represents the inflow layer height; z; is the boundary layer height defined using the
potential temperature profile, and is also called the mixed layer depth; and ¢ is the
scaling depth used in the theoretical models. Here, 0 is defined as the square root of the

ratio of 2 K over / , where K is the eddy viscosity and 7 is the inertial instability
parameter, andI*> = (f +2V /r)(f +V /r+0V /or). The inflow layer height is defined

using the radial wind velocity (V;) profile as the height at which V,=0. The inflow is
essentially caused by the imbalance between the horizontal pressure gradient, Coriolis
force, centrifugal force and surface friction.

All the boundary layer height scales in Fig. 7.1 are calculated using the
CBLAST data. Fig. 7.1 indicates that the height scales for the boundary layer between the
rainbands show differences between each other. There is a clear separation of boundary

layer layers defined thermal-dynamically and mechanically, respectively. The turbulent
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fluxes do not vanish at the top of the mixed layer; instead, they tend to vanish at nearly
twice z;. On the other hand, the height scales show similarities for the mixed layer depth
and the scaling parameter o , and, separately, for the boundary height defined using the

flux profile and the inflow layer height.

h;— BL height of the idealized slab model

h — BL height defined from the flux profile

hisfow — Neight of the inflow layer

z,— BL height (mixed layer depth) defined from theta profile

&=(2K /1" - Scaling depth in theoretical models
1= (f + W ir\f +VIr+dV )

hinﬂow

Evye radius
Max wind radius
~
\

n'-t
—

r=150 km r

=]
=

Fig. 7.1. A conceptual model for the hurricane boundary layer height between the
rainbands. h; represents the boundary layer height in the idealized slab model; black h
represents the boundary layer height defined using the flux profile; hixnow represents the
inflow layer height; z is the boundary layer height defined using the potential
temperature profile, and is also called the mixed layer depth; and J 1is the scaling depth
used in the theoretical models.
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Both the differences and similarities in the height scales defined in Fig. 7.1
indicate the complicated energy transport processes in the boundary layer of major
hurricanes. Apparently turbulent transport processes through turbulent eddies in the
forms of momentum and enthalpy flux can not be fully explained only by the exchange
coefficients. Other processes such as boundary layer rolls or entrainment processes are
also important; especially the horizontal advection can not be neglected as shown by the
turbulent kinetic energy budget in Chapter 6.

Dropsonde data analyses focusing on the variation of the mixed layer depth and
the inflow layer height by storm radius indicate that they both decrease toward the storm
center. This behavior is also confirmed by the numerical model study of Kepert (2001,
2006). In numerical models where model scales could not resolve the smaller scale
turbulent eddies, the mixed layer depth is usually assumed to be same as the boundary
layer height. But the CBLAST data indicate that this assumption is not valid in the
hurricane conditions. We hypothesize that the inflow layer height is a better
representation of the boundary layer height in hurricanes. Given that the turbulent fluxes
vanish at z; in the ambient flow of hurricanes (Moss, 1978), a second hypothesis of this
work is that the inflow layer height and the mixed layer depth may coincide there, as
shown in Fig. 7.2.

There are several question marks in Fig. 7.2, which indicate that some physical
processes not well understood until now. These include the variation of the boundary
layer height near the rainband regions, turbulent transport processes near the eye wall
region, and the entrainment processes at the top of the boundary layer, etc. Moreover, in

hurricane conditions, the sea surface is covered by sea spray especially at higher wind
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speeds. Although we show that the sea spray effect on the air-sea exchange coefficients
for momentum and enthalpy transfer is not significant up to 30 m s™', the magnitude of
the sea spray effect on air-sea exchange coefficients at higher wind speed is still unknown.
We need more field experiment to address all these questions. Fortunately, the CBLAST
experiment provided a successful framework for us to follow in the future to investigate
the hurricane boundary layer structure and to understand the complex energy transport

processes near the air-sea interface across the boundary layer at higher wind speeds.

3
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Fig. 7.2. A conceptual model for the hurricane boundary layer height varying with
storm radius. h; represents the boundary layer height in the idealized slab model; hisfiow
represents the inflow layer height; and z;is the boundary layer height defined using the
potential temperature profile, and is also called the mixed layer depth. Question marks
indicate the processes not understood.
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7.3 Future work

The CBLAST data provided an invaluable perspective on the evaluation and
development of boundary layer parameterizations suited for the hurricane models. These
unique datasets could partially meet the requirements for the new generation of advanced
coupled models for data in the hurricane at the air-sea interface and the atmospheric
boundary layer. Integration of the existing and anticipated CBLAST results on air-sea
flux parameterizations into high resolution coupled hurricane models such as Chen et al.
(2007), as well as the new HWRF models, is promising.

To verify the bulk parameterization of the exchange coefficients for momentum
and enthalpy flux in higher wind speed, measurements from unmanned aircraft deployed
aerosonde may help increase the number of flux runs for statistical analysis and quality
control. Work will continue on the diagnosis of boundary layer linear features (possible
secondary circulations or roll vortices) and their role in air-sea fluxes, including
variability by storm quadrant. Studies on entrainment processes above the mixed layer
and turbulent transport processes induced by the inflow are also recommended in the

future.
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