1. Introduction

1.1. Opening Remarks

The smple view of masswind balance in a tropicd cyclone — that gradient
balance applies everywhere except in the boundary layer —appeasto bewell supported
by observations (La Seur and Hawkins 1963 Hawkins and Rubsam 1968 Will oughby
199Q 199)). Whilethere ae some disenting voices (Gray, 1967, 1991]) the differences

seanto be an artifad of the analysis process

The correspondingly simple view of the boundary layer isfor asteady deaease
in wind speed from gradient flow at the top at around 1 km, to a 10 m flow of around
0.7 times that, together with a progressve turning of the wind dredion towards the
stormcentre. Thereis sgnificant variationintheratio of 10-metreto gradient-level wind
speed, which will be discussed in detall |ater. The shape of the intervening profile has
been lessinvestigated, largely because observations of wind profiles in the tropicd
cyclone boundary layer wereuntil very recently quiterare, dueto the difficulty of taking
measurements there. However, a considerable proportion of those ealy observations
show the presenceof low-level jets, varioudly reported as being at 60 m (Wilson, 1979,
200m (Korolev et a., 1990, and 550m (Mossand Merceret, 1976. Intherecent past,
the advent of the GP Sdropsonde (Hock and Franklin, 1999 hasyielded awedth of new
data on this phenomenon. For instance, Bladk and Shay (1998) in an initia report on
recent observations from this instrument, state that “Nealy all high wind soundings
show thisfeaure[alow-level jet]”. High resolution modelling studies sich asthat of Li

et al. (1997 aso show asimilar feaure.

Such feaures are of pradicd importance If the alditional momentum was

adveded towards the surface by, say, a mnvedive downdraft, it could have a
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considerableimpad on surfacedamage. It isthusimportant to operational forecastsand
warnings, and should be @mnsidered in the design of high-rise structures. In areaswhere
aircraft reconnaissanceis available, it isnecessary to estimate anea-surfacewind from
flight-level data, and various models have been used to “reduce” the flight-level winds
to the surface(Powell 1980. Without exception, these models assume amonotonic
profile. A smilar application often occurs in storm surge modelling, where asuitable
parametric gradient wind field and an estimated reduction fador are used to determine
a surfacewind field to force the ocean model (e.g. Hubbert et al., 199]). Clealy,
departures from monotonicity and the large variation in observed reduction facors will

impad the acaracy of these studies.

In this context it is interesting to note that the boundary-layer profile models
don’'t perform any better than crude empiricd techniques. When Powell (1980 tested
a number of such models against aircraft and buoy data, he found that the empiricd
technique of smply multiplying the flight level wind by 0.8 was as good or better
predictor of the nea-surfacewind speed than any of the physicaly based models. More
recent work has tended to use ather a profile modd thus allowing the inclusion of
stability effeds (e.g. Powell 1982 Powell 1987 Powell et al. 1991, Powell et al. 1996
or the ratio approacd (eg Frank 1984 Hubbert et a. 1991).

The ladk of successof profile models, relative to the empiricd ratio approadh,
Is perhaps not surprising. For instance, the extrapolation of models conceved and tested
in more benign environments into the severe cnditions of the tropicd cyclone wreis
not necessarily valid. Some of the assumptions of the profile models may be violated —
such asthe goplication of surfacelayer similarity theory up to the reconnaissanceflight

level of 500 m in the Cardone (1969 model. More generally, horizontal homogeneity



IS a necessry assumption for such one-dimensional models, and this is likely to be
violated in the strong gradientsin the g/clone re, and at landfal. The goplication to
aircraft data — typicdly taken between 500m and 3 km — may exacebate the problem
since the ajustment time for the profile to re-attain equili brium following changes in

surface onditions or gradient-level wind will be longer for a deger profile.

The posshili ty of supergradient windsintheboundary layer hasrecaved itsmost
thorough theoreticd treament to date by Shapiro (1983, who used a slab model to
cdculatethedepth-averaged boundary layer windfield for stationary and moving storms,
and found asmall areaof boundary-layer supergradient flow just insidethegradient level
radius of maximum winds in a stationary storm, and located towards the front and left
of amoving storm inthe Northern Hemisphere. Will oughby (19917) presented arelatively
crude cdculation with an assumed cross-contour flow anglein the boundary layer which
also supported the posshility, while Mitsuta ¢ al. (1988 presented observations of a
dightly supergradient nea-surfacewind in Typhoon Vera of 1977 In ead case, the

winds were gproximately 10% supergradient.

Explanations of the cause of these observed low-level wind maxima have dso
been sought by analogy with the well-known nocturnal jet (Bladkadar 1957). There,
nocturnal cooling produces sich a strong stabili sation of the lower boundary layer that
the flow above is effedively decoupled from the surface The frictionally induced
ageostrophic part of the flow then undergoes an inertial oscill ation, until it is aligned
with and addsto the geostrophic part of theflow, typicaly producing the strongest wind
shortly before sunrise and at a height of afew hundred metres. Recent observations of
air-sea temperature difference in cyclone ores, where the ar is cooled to several

degreesbelow the seasurfacetemperature (Korolev et al. 199Q Bladk et al. 1993 Cione



et a. 2000, have led to speaulation that observed low-level jets arise from this
medanism. Clealy the analogy isnot exad —the surfacewind does not go to zero, and
anemometer traces provide plentiful evidence of strong turbulence d the surface— so
deaupling can not be mmplete. Moreover, the greaer shea and lesser cooling in the
cyclonelearetheRichardson number much closer to zero thaninthe nocturnal boundary
layer, with therefore amuch larger verticad momentum transport. Another differenceis
that the nocturnal stable layer extends right to the surface while the observations of
Cioneet al. (2000 suggest rather a shallow unstable layer immediately adjacent to the
water surface possbly with a stable layer above. However, it seams unlikely that
stability could play a dominant role in the dynamics of the lower boundary layer in the
core of atropicd cyclone, as the turbulence kinetic energy budget would be expeded

to be dominated by the shea production term there'.

This thesis presents an analyticd and a numerica model of the wind field in an
idedised tropicd cyclone boundary layer. The analysiswill focus ontwo main fegures:
(i) the physicd mecdhanism which produces gealy super-gradient flow inthe upper part
of the boundary layer, and (ii) therelationship between the nea-surfacewinds and those

aloft. The analytica model is presented and analysed in chapter 2, while the numerica

'Bladk and Holland (1995 presented evidence of strong stability and pertial
deaupling, with a diurnal modulation, on the western flank of Australian Tropicd
Cyclone Kerry of 1995 Thiswas aspedal casefor several reasons. Firstly, it was dow
moving and so lay over aband of cold surfacewater to the south and west that had been
produced by mixing and upwelli ng. Secondly, it was subjed to significant westerly shea
and so there was marked subsidence on the western side, which would have helped
increase the stability there. Finally, the subsidence dso suppressed the douds and
allowed a more marked diurna variation in radiation than would normally be the case.
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model isthe subject of chapter 3. Following thisisacomparison of the predictionsfrom
the two models with a range of observations. The final chapter contains further
discussion and conclusions. The remainder of this chapter is devoted to a literature
survey; firstly of observationally based studies of tropical cyclone boundary layer
structure, followed by theoretical and modelling studies. It closes with a hypothesis of

the mechanism responsible for the formation of the jet.



1.2 Observed Boundary Layer Wind Structure

Here, the state of knowledge of the observed tropica cyclone boundary-layer
wind field isreviewed. We begin by reviewing the horizontal structure, followed by the
relationship between nea-surfacewinds and those doft, then observed verticd wind
profiles, and boundary-layer rolls. Although this classfication is ©mewhat arbitrary, it
IS necessary to impose some order on the massof material. While some of the studies
cited focus gedficaly on the boundary layer, a substantial part of this review will rely

on the lower atmospheric component of analyses prepared for other purposes.

The conventional observation network isinadequate for describing thelow level
structure of tropica cyclones. Thisis partly due to the general sparsity of observations
inthetropicsand particularly over the oceans, but also to therelatively small sizeof and
sharp gradients within the core of atropicd cyclone. Moreover, instruments may not
survive or be cdibrated for the extreme anditionsin the re, and ships adively avoid
cycloneswhen possble, thus removing one important observation source Thusmost of
the studies cited utili se spedal, nonroutine observing platforms, such asremnnaissance
aircraft, espedally deployed buoys and, more recently, airborne Doppler radar. Most
analyses increase the data density by compositing, either over some period of an
individual stormv’s life, during which it is assumed to be & a steady state, or by
combining many storms. A particular problem with composite analyses of the boundary
layer, which will be discussed further below, isthat of combining observations taken at

different heightsin aregion of strong verticd shea.

1.2.1 Horizontal wind structure
The majority of observational studies of tropicd cyclones involve compositing

of the data, either over some period of a storm’s life, or over several storms. Indeed



composite studiesdate badk to the very beginning of the study of tropicd cyclones, since
it was through the slow painstaking efforts in colleding data from eyewitnessreports
and shipslogsthroughthe ealy part of the nineteenth century that lead to theredisation
that “This gormwas exhibited in the form of agrea whirlwind” (Redfield 1830. While
thiswas arediscovery of ealier work —Reid (1838 mentions Baaon and Capper in this
context — further systematic and extensive mlledion of data by Redfield, Reid and
Piddington (1848 enabled them to develop a picture of a giant whirlwind, in which a
cdm eye was surrounded by the strongest winds. They knew that in the Northern
Hemisphere the most destructivewindslay in theright forward quadrant, relativeto the
diredion of movement; that the presaure fell as the storm approadied, reated a
minimum in the e/e, and rose ayain during the period of seand winds; and that the
surfaceflow consisted of aninwards $iral. Based on the “law of storms’, of which this
formed a part, mariners could reagnise the ealy signs of an approacding tropicd
cyclone, and take adion to stay out of harm’s way, while those on shore could take

precaitions to reinforce or evaauate their buildings.

Perhapsthemost comprehensive set of surfaceobservationsinatropicd cyclone
over the open ocean was provided by the Japanese Imperial Navy in 1935 when a
typhoon passed dredly over the “Red” Fled, during manoeuvres. Although the storm
in question was undergoing extra-tropicd transition with the assciated structural
changes, the analyses (Arakawa and Suda, 1953 confirm many of the feaures noted a

century ealier by Redfield and his pees.

The neeal to warn for severe weaher has always been one of the influences
driving the establishment and improvement of meteorologicd services. As part of this,

the United States established weaher observing officesaround the Carribean latein the



nineteenth century, largely to assst in the preparation of hurricane warnings. However,
hurricane forecasts were often substantialy limited by the lad of prease knowledge of
the storm’ slocaion and intensity. Prior to the Second World War, the US Coast Guard
had been lriefly tasked with sending ships out spedficdly to take observations in
hurricanes. However, dueto the hazad and to the relatively low speed of movement of
ships, nothing came of this. Improvementsin aircraft tedinology and pilot training lead
to a reagnition of the posshilities that aircraft reconnaissance offered, which were
fulfilled when USAF Lt Duckworth made the first (unauthorised) penetration in 1943
The dfort increased rapidly, spurred on by the serious damage to the U.S. Third Fled

by two Padfic typhoonsin 1944 (Tannehill, 1956).

It is appropriate to regard Hughes (1952 as the first composite study of the
modern era, since he was the first to use the gredly increased observation density
resulting from aircraft remnnaissance Hughes took threeyeas of North Paafic data
fromU.S. Navy flights, seleding 84flights for which good central fixes were avail able.
The data were positioned relative to the storm centre and motion diredion, and
analysed. Azimuthal and radial components, inflow angle, divergence and vorticity were
also cdculated. In contrast to the historicd studies, Hughes found the strongest wind
spedl in the right rea quadrant, co-locaed with the strongest inflow. If the storm
motion was subtraded from the wind vedors, the inflow maximum shifted to the right
front. The maximum convergenceformed an arc centred ontheleft rear quadrant, while

there was week divergence outside of about 200 km radius towards the right front.

Johnson (1954) presented an analysis of a single storm as it passed over Lake
Okeedobeein Florida, using data from what would today be described as a surface

meso-net. He did not present full wind analyses, but did show that the inflow angle was



amaximum inthe rea of the storm, in agreement with Hughes (1952). Krueger (1959
presented analyses of storm-relative motion based on ship data for severa hurricanes.
He found two maximain theinflow angle, in the right forward and right rear quadrants,
with the smallest anglesintheleft rea (including week outflow at larger radii there). He
also showed that the asymmetric part of the storm-relative flow, which resulted in
strongest winds in the left front and strongest inflow in the right front, could be
approximately represented by awegk wind vedor vedor aligned from theright front to

left rea.

The major composite study of Shea ad Gray (1973 used 13 yeas of aircraft
data from 533 radia flight legs undertaken by the National Hurricane Reseach
Laboratory between 1957and 1969 Of these, 61 were & altitudes between 500 and
1650m and are thus relevant to the boundary-layer. The relatively small proportion at
low altitudes highlights one problem with aircraft data for boundary studies—for safety
reasons, observations are lesscommon reaer to the surface The observations were
composited relative to the radius of maximum winds (RMW) and dredion of storm
movement, analysed, and assgned to a nominal altitude of 900hPa. Their analyses of
eath- and storm-relative azmuthal and radial windsarereproduced here asFig 11. The
azmuthal wind clealy shows a maximum dslightly forward of the right-hand side of the
storm. This is wedker but till present when the storm notion is sibtraded. The
azmuthal-mean radial flow has grong inflow deaeasing towardsthe RMW, and we&
outflow inside. Thisflow ishowever strongly asymmetricd, with marked through-flow
fromright-rea to left-front of the storm in eath-relative mordinates. When the storm
motion is sbtraded, the inflow maximum shifts to the right-forward quedrant, with
marked outflow on the left-hand side & about the RMW. The asymmetries are dealy

related to the motion. Unfortunately Shea ad Gray did not attempt to further stratify



the data by speed of motion, probably due to a shortage of data. The mean speed of the
movement was not given, although comparing their earth and storm relative plots

indicatesit isbetween3and5mst.

Frank (1977a) conducted a smilar composite study of North West Pacific
Typhoons, using 10 years of rawinsonde and surface data. He tended to have better
coverage of the outer part of the storm than Sheaand Gray (1973), but lessdatain the
eye. The azimuthal mean azimuthal flow shows amaximum at aheight of about 850 hPa
in the core, sloping gradually down to 900 hPa at 1000 km radius, while the azimuthal
mean radial flow showed that theinflow became stronger and dightly shallower towards
the core. His analyses of the asymmetric flow were presented in an earth-oriented
coordinate system, to better depict the upper tropospheric outflow. This coordinate
system is not optimal for depicting the boundary layer, where the asymmetries tend to
be oriented with the storm motion. However, analyses in motion-oriented coordinates
were presented in Frank (1976). These show the 950 hPa inflow is amaximum dlightly
forward of theright of thestorminthe earth-relative motion-oriented coordinate system.
Relativeto the storm, the strongest boundary layer inflow wasdirectly in front, and was

about twice as strong to the right of the storm asto the left.

Some of the aircraft data used by Shea and Gray (1973) were also used in two
case studies of individual storms. An analysis of the nominal 900 hPa cyclone-relative
wind speed in Hurricane Hilda of 1964 (Hawkins and Rubsam, 1968) shows a similar
asymmetry to that of Shay and Gray (1973), along with some outer maxima associated
withrainbands (Fig 1.2). They did not present an analysis of the full radial flow, arguing

that small errors in aircraft navigation can lead to substantial errors in the calculated
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INFLOW

Figure 1.1 Compositewind field at 900 hPa (nominal). Azimuthal wind (left) and radial
wind (right) in earth-relative (top) and storm-relative (bottom) coordinate systems.

Storm movement is towards the top of the page. From Shea and Gray (1973).
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HURRICANE "HiLDA" FLIGHT NO. 641001-8 OCTOBER 1, 1964
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Figure 1.2 Isotachsat 900 hPain Hurricane Hilda. The arrow in the top left shows the

storm movement. From Hawkins and Rubsam (1968).
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Figure 1.3 Same asfor Fig 1.2, but at 950 hPain Hurricane Inez (right). Note that the

domain sizes is smaller in this case: 130 n.m rather than160 n.m. From Hawkins and

Imbembo (1976).
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radia flow, but did give ax azmuthally averaged estimate, constrained by mass
continuity, which showsatendency to ashallower and stronger inflow layer towardsthe
core. A similar analysis for Hurricane Inez of 1966 (Hawkins and Imbembo, 1976)
presents a mntrasting picture, with the speed maximum at 900 hPa in the left rea
quadrant (Fig 13). This appeasto be due to an overal storm asymmetry, rather than
storm notion, as the maximum isin asmilar locaion at the other two levels analysed,
700and 180hPa (not shown here). Inezwas noted to be a omparatively small storm,
with a correspondingly peeked radial wind profile. Azimuthally averaged inflow was
estimated, and comparison of the relevant figures $ows the inflow in Inezwas two to

threetimes as grong asin Hilda, at the same radius.

Hurricane Frederic of 1979hasbeenthe subjed of two important studies. Powell
(1982 composited buoy, ship, aircraft and land-based observationsover two periodsto
produce analyses of the surfacewind field over the ocean and at landfall. Data were
adjusted to a common height of 10 m by a one-dimensional boundary layer model. For
surfacebased observations, this required a small change, but larger reductions were
applied to aircraft observations. Corredions for different wind-averaging periods
between the various observational platforms were agued to be unnecessry. His
analysed surfaceflow for the open-ocean case isreproduced in Fig 14. The maximum
(eath-relative) wind speed isin the right forward quadrant. Inflow anglesarelargest to
the right rea, and close to zero or negative on the left-hand side of the storm. A
seoondary maximum outsidethe RMW was associated withaspiral rainband (Jorgensen,
1984n). Powell’ s landfall composite shows increased inflow angle over land dweto the
greder friction, and the development of asecondary wind maximum in the off shore flow

to the left of the storm (not shown here).

14



1
9t 90w 89 8g* 87 86* 85w o4 83

Figure 1.4 Near-surface streamlines and inflow angles (top) and isotachs (bottom) for
Hurricane Frederic over-water composite at 1600 UTC on 12 Sept, 1979. From Powell

(1982).
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The samedatawereanalysed at threelevels, (surface, 560 and 1600 m), by Frank
(1984). Aircraft data appear to have been used twice, both at the level of observation
and reduced to the surface by multiplication by 0.7, or 0.6 if the observed inflow angle
exceeded 20°. The azimuthally averaged tangential wind showed little shear above 560
m, being generally lessthan 5 m s stronger at 1600 m. The updraft was about twice as
strong at the upper level, peaking at 0.3 m s*, while a radius-height section of the
azimuthal mean radial flow (Fig 1.5) showed strongest inflow at the surface, but aweak
outflow within the eye. The contour of zero radial flow sloped downwards from above
2 km at aradius of 150 km, to near the surface in the eye, and its height was shown to
scale approximately as (f + V/r) *? outside the RMW, wheref isthe Coriolis parameter,
V the gradient wind speed and r the radius. The asymmetry in the storm-relative radial
flow (Fig 1.6) consisted of through-flow fromtheright-front to left-rear, similar to that
found by Shea and Gray (1973). The magnitude of the right forward quadrant inflow
decreases, while that of the left rear quadrant outflow increases with height; thus it
appearsthat the magnitude of the asymmetric radial component decaysless rapidly with
height than does the azimuthally averaged inflow. It is clear from Fig 1.6 that this
asymmetry also rotates sowly anticyclonically with height. Frank found a maximum in
the surface convergence field to the right of the storm. This s still evident at 560 m,
where it was accompanied by marked divergence at the centre which also extended
weakly out towardsthe left rear. Frank also calculated the surface drag coefficient from
theresidua termin the azimuthally averaged angular momentum budget. In contrast to
the earlier smilar calculations of Hawkins and Rubsam (1968) and Hawkins and
Imbembo (1976), Frank found no increase of C,, with wind speed. This was shown to
be primarily due to the use of an inflow layer depth which decreased markedly towards
the centre in the budget calculation, rather than the constant value used in the earlier

studies.
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Figure 1.5 Verticd crosssedion of the azmuthal mean radial wind in Hurricane
Frederic. Note the deaease in height of the inflow layer towards the centre. The depth
of theinflow layer at 2° radiusin Frank’s (1977 compositeisalso shown, and the arow
on the radius axis indicates the RMW and the radius of maximum azmuthal mean

updaft at 560m. From Frank (1984).
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Hurricane Allen of 1980 received an unprecedented level of aircraft coverage,
including multiple coordinated passes at five levels by three aircraft on a single radial
track extending through the front right quadrant and the strongest winds (Jorgensen
1984b). Whilst most of the datawere collected between approximately 1.5 kmand 6 km,
two passes were flown at 450 m, datafrom one of which was presented. During thefirst
observational period on August 5", the maximum tangential winds were about 70 ms*
at aradius of 35 km and height of 1 km, while the peak inflow observed at the 450 m
flight level was in excess of 25 m s, at about 50 km radius. At this time, the radial
component at 1.5 km was close to zero outside the RMW, demonstrating the
shallowness of the frictional inflow layer, although the near-surface inflow layer did
deepen through the day. Theinflow at the lowest flight level extended inwards through
the RMW to aradius of approximately 15 km. Above it lay a band of outflow, which
strengthened asit oped up the inside of the RMW. The maximum updraft was located
afew kminside of the RMW, while the maximum radar reflectivity lay outside it, due
to therain falling through the outwardly loping RMW. The analyses also show marked
variation from one pass to the next, which was attributed to the passage of convective-
scale features and some remnant eyewall cloud (from a previous eyewall contraction
cycle) near the centre. While these results are highly interesting, Allen was within 200
km of Jamaica during this period and it is unclear to what extent the proximity of land
affected the results. Further flights three days later, when the RMW had contracted to
about 15 km and the central pressure fallen to 920 hPa, were at levelstoo highto reveal

the boundary layer structure.

Powell (1987) applied similar techniques from his earlier Frederic study to
Hurricane Aliciaof 1983. Here, the over-ocean wind speed maximum lay at the front of

the storm, with secondary maxima at two to three timesthe RMW on either side of the
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Figure 1.6 Isotaches of storm-relative radial wind at the surface (top), 560 m (lower

left) and 1600 m lower (right). The light arrows show the storm movement, while the
heavy arrows mark the areas of maximum relative inflow and outflow. From Frank

(1984).
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storm, associated with rainbands. At landfall, there was a single maximum to the right
of the storm, while the radial flow showed strong right to left through-flow. A further
study, of Hurricane Hugo (Powell et a. 1991 included the cdculation of the observed
surfaceto aircraft wind speed ratio as the storm mede landfall (their table 1). Two
stations with marine exposure ae particularly interesting; one to the right of the storm
reported ratios between 0.58 and 0.70, consistent with their one-dimensional profile
model if stable stratificationisassumed. The other, ontheleft of the storm, showed very
highratiosof 0.99and 121, which Powell suggested may have been dueto strong static
instabili ty and a wind speed maximum below flight level. Wind profiles derived from

aircraft Doppler radar showed some evidence of such amaximum nea 1.5 km altitude.

Hurricane Andrew receved a similar analysis (Powell et a. 1996 Powell and
Houston 1996, with further advances in adjusting wind observations to a cmmon
framework. The main feaures of the analysed surfacewind field were smilar to the
ealier cases. Surfacewind fadors cdculated from observations were dso tabulated.
While there is a mix of marine and land exposure in the tables, two points to note ae
that the mean fador was 0.72 for observations within 34 km of the centre, and 0.63
outside, and that two anomalously high values, of 0.97 and 1.03, were cdculated from

observations taken on the yadit Mara Cu, close to the RMW on the left hand side.

The procedures used by Powell and his coworkers in preparing these analyses
have been largely automated (Powell et al. 1998 and this has leal to a substantial
increase in the number of analyses avail able — for instance, Powell and Houston (1998
consider 5 storms from the adive 1995season. These @wnfirm the overall thrust of the
ealier studiesinthat the wind maximum isgenerally found to theright of the storm, but

that thereisroom for variation between storms or in the same storm at different times.
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Similar analyses are now routinely prepared operationally for the U.S. National

Hurricane Centre.

The study by Blad et al. (1988 of Hurricane Josephine isimportant becaise of
the unusually large anount of buoy data avalable. This was due to the speaa
deployment by air of threemeteorologicd and oceanographic buoys ahead of the storm,
initspredicted peth, whichall owed the comparison of aircraft-derived to buoy-measured
surfacepresaure and wind through the centre of the storm. Excdlent agreement was
obtained for presaure, while the surfacewinds (shown in Fig 17), reduced from the
aircraft observations by Powell’s (1980 column model?, were also in good agreement
except at the front eyewall where there gpeaed to be some marked tilt of the RMW
with height. They produced two analyses of surfacewind speed, one based upon aircraft
data only, and the other upon buoy data, reproduced here in Fig 1.8. Both show the
same broad structure, although the secondary maximato the left of the trad are better
resolved by the buoy analysis. The arcraft analysis also hasa narrower wind maximum,
and its40m s * contour missesthe buoy winds of that strength at the front of the storm,
whilethe35m's ! contour extendsfurther aroundto therea. Inshort, the analysisusing
aircraft datareduced to the surfacehasanarrower maximum, located further to therea,

than the analysis using buoy data.

Blak and Holland (1995 presented composite analyses of the Southern
Hemisphere Tropicd Cyclone Kerry on two conseautive days, using ship, isand and
threelevels of recmnnaissance arcraft observations (500 m, 5.5 km and 7 km). Kerry
was an asymmetric storm in astrongly sheared environment, and performed aslow loop

during the study period. On hoth days, the azmuthal flow showed little shea to the

2Thismode is discussed in detail in sedion 1.3.4.
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northeast of the storm, but was close to twice as strong at the lower level compared to
the upper levels, to the southwest. Thiswasto the left of, and behind, the storm motion
on the two days. The low-level radia flow was inwards to the east to the east of the
storm, and outwards to the west, on both days, with the direction of the radial flow at
the upper levels tending to be the reverse of this due to the strong environmental shear.
Analyses of the surface flow show a double maximum within the RMW, with maxima
to the northeast and southwest of the centre on both days. The southwest maximum lay
over an area of cold surface water, produced by upwelling and mixing, and they argued
that the reduced stability there contributed to the maximum through partial frictional
decoupling. Wind flight observationsfrom Willislsland, some 400 kmto thewest of TC
Kerry, show amaximum around 1 kmin altitude with amarked diurnal variation. Three
aircraft soundingswere taken between 130 kmand 260 kmto the west of the storm, two
of which show a marked wind speed maximum at around 900 hPa, while the other has

fairly constant speed above 900 hPa, but marked shear below.

Several of the above studies have shown outer wind maxima, ofteninassociation
with a spiral rainband. Such secondary wind maxima were investigated systematically
using aircraft databy Samsury and Zipser (1995). Secondary maximawerefoundin over
20% of radia legs, and frequently lay within 20 km of radar reflectivity maxima.
However the converse relationship did not hold, and over 70% of the rainbands found
were not associated with wind maxima. The kinematic structure across a maximumwas
shownto besimilar to that at the eyewall, with strong convergence dueto flow into both
sides of the maximum in the lower troposphere, but mostly from the inside at mid-
troposphere. The mid-troposphere inflow was quite weak, confirming that the bulk of
theradial massflow occurred below 1 km. The preferred updraft location wasjust inside

the horizontal wind maximum, for both primary and secondary maxima. Their use of a
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large data set thus systematised and confirmed the results from a number of case studies
of thekinematic structure near hurricane rain bands, such as Powell (1990a, 1990b), and

Barnes and Powell (1995).

Information about the near-surface winds may be derived from observations of
the sea state. This can range from subjective techniques such as described by Black et
al. (1986), who present some fascinating photographs of the progressive change in the
appearance of the seaas the wind speed increases, to the more objective methods, such
as the use of scatterometers. The latter measure the radar cross-section of the sea
surface due to Bragg scattering from capillary waves, and may be mounted either on
aircraft or satellites. Although scatterometers have been in existence for roughly three
decades, there is little in the literature on their application to tropical cyclones. Two
studies (Hsu and Liu 1996, Jones et a. 1999) demonstrate their clear utility in locating
the centre, athough intensity estimation is limited by factors including rain attenuation
and backscatter of the radar beam, lack of resolution of the tight horizontal gradients,
and uncertaintiesin calibration at extremewind speeds. However theseearly studies shed
little light on the structure. Known limitations include verification of the calibration at
high wind speeds, the effect of horizontal averaging, the removal of ambiguous wind
solutions, and the multiple effects of rain on the backscattered signal including
attenuation, direct backscatter fromrain, and changesto the seasurfaceroughness. Thus
care will be needed if these data are to be used to improve our understanding of the
surface wind structure under the high wind conditions in atropical cyclone. However,
the high frequency and large domain of coverage, particularly with the more recent
broad-swathe instruments, suggests that there may be a wealth of information to be

gleaned in future studies.
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Figure 1.8 Surface isotach analyses in Hurricane Josephine based on aircraft data
reduced to 10 m (left) and buoy data (right). On both panels, the heavy solid line shows
the stormtrack with 1200 UTC (solid circles), 0000 UTC (opencircles), and 1100UTC
onOct 11 (hurricane symbol) superimposed. Cross-hatching ontheleft panel showsarea
where the radar reflectivity exceeded 25 dBz. On the left panel, the small numbers are
the 20 mwind calculated from the research aircraft observations, and the solid triangles
with adjacent numbers show the storm-relative buoy observations at the time of the
aircraft flights. The danted numbers are winds calculated from Air Force observed
winds. On the right panel, the small numbers are the buoy observations of wind speed,
plotted relative to the moving storm. The open circles indicate the 0000 UTC buoy
positions relative to the storm, dots indicate 3-hr positions, and crosses important

intermediate positions. From Black et a. (1988).
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1.2.2 Observational Comparisons of Boundary Layer and Surface Winds
Clealy, a mmonthemeinthe surfacewind analyseslisted aboveisthat almost
all haverelied upon aircraft observations, processed in some way to give an estimate of
the surfacewind. These range from the use of one-dimensional boundary layer models
in the studies by Powell and his coworkers discussed above, to simply multiplying the
aircraft wind spead by some “surfacewind reduction fador”, as done by Frank (1984).
Thesetedhniquesare useful not just for reseach purposes, but they aso play avital role
in the preparation of forecasts and warnings using aircraft reconnaissance data. Powell
(1980 evaluated four physicdly based column models and two empiricd techniques, by
applying the techniques to nineteen aircraft observations at approximately 500 m, for
which there were nealy colocaed surfaceobservations. He found that three of the
column models, aswell asthe empirica technique of smply multiplying the arcraft wind
spedal by 0.8, produced spedl errors of around 10%, and were therefore satisfadory,
whiletheremaining two tedhniques substantially underestimated the surfacewind. Wind
diredion errors were not asessd. Of these models, the one that has snce been

frequently used isreviewed in Sedion 1.3.4.

Powell and Bladk (1990 presented alargely observational study of theratio of
surfaceto gradient wind speed. They found that values generally ranged from 0.55 to
0.85, although there were asignificant number of outliers on either side of this range.
Their scéter plot of the ratio as a function of buoy-measured air-sea temperature
differenceisreproduced here asFig 19 and shows a dea stability dependence, as well
asthe degreeof scdter. A table of mean ratiosand their standard deviation asafunction
of air-seatemperature difference and flight level isreproduced in part here as Table 1.1.

The following points are dea:
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. Themeanratio deaeaseswith increasing stabili ty, and fromthe datainthetable,
thereislessdifferencebetween neutral and unstable cases, than between reutral
and stable.

. Themeanratiois snaller for flight-level data between 1001and 2250m than for
data either above or below this, which can be regarded as being due to the wind
spead maximum often observed at thislevel and dscussed in more detail below.

. The standard deviation of the ratio is (unsurprisingly) smallest for flight-level
datanea the surface but islargest for datain theintermediate range. That is, it
appeasthat thistechniquewill givelessreliable estimates of surfacewind speed
when applied to arcraft observations taken at around 1500 m, than to
observations from higher (or lower) levels. It is also smaller for stable, than

unstable, situations.

Doboset a. (19995 compared land-based surfacemeasurements of wind speed
and gustinessto boundary-layer profiler wind observations between 600 and 1800m
above the surface They found that the mean ratio was mewhat lower than that of
Powell and Bladk (1990, which they attributed to increased surfaceroughnessover
land. They also found a significant diurnal variation in the wind speed ratio, due to
stability effeds. Thiswas most marked at low to moderate wind speels, but was absent
above30ms™.

The observed surfacewind speed was compared to the cdculated gradient wind
in two typhoons, using observations from flat cora islands to the south of Japan, by
Mitsutaet a. (1988. They found that while theratio of surfaceto gradient wind speed
was nealy constant outsidethe RMW, it increased rapidly inside and could exceed 1on

the inner side of the gyewall; that is, the wind speed at 10 mwas supergradient. Results
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Flight level T,-T,(°C) | No of comparisons Mean ratio Std dev
0 —1000m <-1 9 0.55 0.08
-1to1l 16 0.71 0.1

>1 38 0.74 0.1

All 63 0.7 0.12

1001 — 2250n <-1 14 0.47 0.09
-1to1l 6 0.71 0.18

>1 16 0.71 0.18

All 36 0.61 0.19

2251 — 4000n <-1 5 0.65 0.08
-1to1l 8 0.63 0.11

>1 15 0.73 0.19

All 28 0.69 0.16

All heights <-1 28 0.51 0.1
-1to1l 30 0.69 0.12

>1 69 0.73 0.14

All 127 0.67 0.16

Table 1.1 Mean and standard deviation of the surfaceto flight level wind spedd ratio,
as afunction of flight-level and air-seatemperature difference. From Powell and Bladk

(1990.
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from one of their cases, Typhoon Vera, isreproduced here asFig 1.10. Note the rapidly
increasing ratio of surfaceto gradient speed on the inner side of the eyewall, where the
surfaceinflow deaeasestowards zero. They suggest thiswas due to strong inflow and
advedion of angular momentum, and relate it to the outward flow in the upper part of
the boundary layer inside the RMW observed by Shea and Gray (1973. Gray and Shea
(1973 had also argued for supergradient winds just inside the RMW throughout the
lower troposphere, but Will oughby (1990 wasunableto reproducetheir resultsand cast
sufficient doubt on their analysis tedhnique that it seams preferable not to give their
resultsmuch credencehere. Will oughby’ s(1990 comparisons $ow that theflow isvery
closeto beingin gradient balance, but hisobservations are generally above the boundary

layer, with the cae dosest to the surface(900hPa) being a very weg storm.
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1.2.3 Observed Vertical Profiles of Boundary-Layer Wind

Aircraft soundings of wind, temperature and humidity, takenin acloud-free area
in the periphery of the weak Hurricane Eloise were presented by Moss and Merceret
(1976). They found a double wind-speed maximum, with weak maxima of 22 ms™* at
150 mand 550 m, and 220 ms * minimumin between. The potentia temperature profile
was nearly constant to 650 m with a marked inversion above, so the wind maxima
appearsto both liewithinthe boundary layer. The moisture sounding was consistent with
this interpretation of boundary-layer depth, showing its largest gradient above 650 m.
Fast-response measurements were aso taken, and analysis of the turbulence kinetic
energy (TKE) budget equation between 400 and 650 m by Moss (1978) showed that the
buoyant production was much larger in the upper boundary layer than the shear
production, and had a maximum at about 500 m. This was balanced by transport away
from the production maximum, and by dissipation. However, the residual term, which
includes the time tendency of TKE, lateral shear production, horizontal advection and
pressure-work contributions, was of similar magnitude to the resolved terms. Since it
appears (assuming stationarity and valid measurements) that alarge energy sourceterm

was not determined, it is difficult to know how much weight to give these results.

An alternative to aircraft sounding for obtaining wind profiles in the tropical
cyclone boundary layer isthe use of Doppler radar. Powell and Black (1984) presented
wind profiles derived from an airborne Doppler radar, aswell as stepped descents, along
arainband in Hurricane Debby. Profiles at the outer end of the band showed a maximum
in the along-band component generally below 1 km; this became more marked and
increased in height to be generally between 1 and 1.5 km towards the storm centre.
Powell (1990a,b) further studied the mesoscale structure near rainbands with this

techniquein Hurricanes Josephine and Earl and found marked variationin structure, both
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along and acrossthe band. Therewas generally awind speed maximumonthe outer side
of the rainband at about 1.5 km, with weaker flow on the inside. There was also some
evidence of a speed maximum below 600 m, associated with the strong inflow
component. Horizontal convergence and upward motion were a maximum on the inner
sde of the band, where there was a rapid decrease of inward cross-band flow
component. Stepped-descent profiles in Hurricane Earl showed weak wind-speed

maxima around 400 m on the inner side of the rainband.

Korolev et a. (1990) presented a profile of wind speed obtained from a ship-
launched balloon in Typhoon Tess, which showed awind speed maximum near 200 m.
They also presented observations of air-sea temperature difference taken in Typhoons
Tessand Skip, which showed that the air became up to 6 degrees cooler than the seaas
the wind speed approached 25 ms . Thetemperature profile obtained showed adistinct
inversion from the surface to 100 m, and they speculated that this was evidence of sea
spray evaporation. Cione et al. (2000) analysed buoy datafrom 37 hurricanes and found
a similar, though weaker, signal which they showed was mostly due to a marked
reduction in the air temperature between 125 and 325 km fromthe storm centre. Asthe
pressure drop over this range was small, they concluded the temperature drop was not
dueto adiabatic expansion. Based also on their analysis of a smaller amount of humidity
data, which showed the cooling was accompanied by a drying of the inflowing air, they
suggested that the cooling wasdueto convective downdrafts. Barnesand Bognor (2001)
analysed dropsonde dataand found asimilar cooling near the surface, which they showed

was confined to below 1500 m dtitude.

Wilson (1979) analysed anemometer data taken on a 390 mtall tower over flat

coastal terrain at North West Cape in Western Australia, during four decaying tropical
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cyclones between 1973 and 1977. He argued that the roughness length differences
between sea and land were small in this case, so that the profiles could be regarded as
not being substantially modified by internal boundary layer effects. The overland fetch
varied between 4 and 50 km, depending on wind direction. The profiles often showed
awind-speed maximum between 60 m and 200 m, which was more pronounced closer
to the storm centre. The profile shape was also somewhat dependent on storm quadrant,
with some suggestion that the jet was lower to the right of the (Southern Hemisphere)

storms, and stronger towards the front of the storm.

May et al. (1994) presented data from 915 MHz and 50 MHz wind profiling
radars Situated on Saipan, as Tropical Storm Flo passed nearby. There was some
evidence of alow-level wind maximum, particularly at and immediately before the time
of closest approach when it was at a height of about 1 km. The track was towards the
west-northwest and passed 115 km to the south of Saipan; thus the observations

represent a section through the right hand side of the storm.

Marks et a. (1999) presented horizontal wind analyses, derived using the
velocity-azimuth display (VAD) technique from de-aliased WSR-88D Doppler radar
data, as the low category-three Hurricane Fran made landfall 25 km to the east of the
radar. The observations show amarked speed maximum near 2 km, which decreased in
height as the storm approached, to about 1.3 km at the closest approach. The wind
direction was nearly constant below 450 m, and turned by approximately 50° in the 1.5
km above that. Their radius-height section of radar reflectivity, azimuthal and radial
winds, reproduced here as Fig 1.11, shows inflow isamaximum at 200 to 500 m, with
the maximum values onthe outer edge of rainbands. Maximum azimuthal windslieinthe

outflow region at about 2 km; however the maximum outflow is always above the



3000 - .
1000 - 3
) C 7
@ o 7
£ 500 ]
_E — -
=) - .
Q
T
: 0
100 - .
3000
-12000
-11000
- T
= [
- «Q
- 500 *
. 3
>
T [0]
Z
-4 100
| i i I i i i P i 1 50
0 25 50 75 100 125 150 175 200 225 250

Radial Distance (km)
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azmuthal wind maximum. The heights of the azmuthal, outflow and inflow maxima dl

deaease towards the cantre of the storm.

The measured profiles discussed above ae dl limited in some way by the
observation technique. For instance dired aircraft observation is unsafe too nea the
surfaceor in regions of intense convedion or very high wind speed. Doppler radar
observations involve volume averaging and are subjed to sea dutter nea the surface
Tall tower observations must wait for a cyclone to pass and are land-based. Many of
these limitations are overcome by the recent development of the GP Sdropsonde, which
provides observations of wind speed and dredion, pressure, temperature and humidity
with averticd resolution of approximately 5 m inthe lower troposphere, and acarades
of 0.5ms?, 0.5hPa, 0.2 °C and 2 %, respedively (Hock and Franklin, 1999. So far
little of the resulting wedth of data has been analysed; an example shown here & Fig
1.12 was taken from the cver of the Hurricane Reseach Divison's 1998Field Plan.
This shows threewind speead profilesin the eyewall of Hurricane Guillermo of 1997, It
IS noteworthy that in two cases the surfacewind spedl is close to that at 1500m, and
that two of the profiles iow broad wind-spead maxima below 1 km, together with
marked smaller scde structure. Thislow-level wind maximum was briefly discussed by

Bladc and Shay (1998.
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1.2.4 Coherent structuresin thetropical cyclone boundary layer

The fina phenomenon to discuss is that of boundary layer rolls. These are
frequently present in the atmospheric boundary layer, particularly under conditions of
unstable stratification. They consist of horizontal roll vortices aligned more-or-less with
the geostrophicflow, withaspacing typically from4 to 6 timesthe boundary layer depth,
although this can be aslow as 2 or as high as 15. The most spectacular manifestationis
when they lead to cloud streets. Further details can be found in the review of Etling and
Brown (1993). Two recent observationa studies present evidence, albeit somewhat
conflicting, for the existence of boundary layer rollsin hurricanes. Wurman and Winslow
(1998) used high-resolution dataobtained by aportable Doppler radar during the landfall
of Hurricane Fran in 1996 to show that the flow below 500 m consisted of bands of
intense winds of 40 to 60 m s * alternating with much weaker flow of 15to 35 ms™.
Above 500 m, the flow was relatively uniform at 50 to 60 m s *. The bands were found
to be aligned approximately paralel to the larger scale flow and to the surface to 1000

m shear vector, with a highly variable horizontal spacing, which averaged about 600 m.

The study of Gall et al. (1998) utilised data from conventional and Doppler
weather-watch radars in three hurricanes at landfall. Spiral bands with a spacing of
approximately 10 km, and depth of 5 to 6 km, were visible in both reflectivity and
velocity data once the larger scale features had been filtered out. The bands were up to
100 km long, moved with the tangential wind, and took the form of equiangular spirals
with acrossing angle of approximately 10°. In cases where both reflectivity and velocity
data were available, it was found that the enhanced reflectivity was associated with
stronger winds, and (from aircraft data) with higher equivalent potential temperature.
They speculated that the observed rolls may be the result of an instability similar to that

in the more usual boundary layer rolls, with some modification dueto latent hest release.
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Given the different scales, it is possbhle that these two studies are presenting
different phenomena. They could well coexist — athough given that the rolls observed
by Wurman and Winslow (1998 were restricted to be very nea the surface and were
below the spatial resolution of conventional weaher-watch radar, proving this could be
difficult. To date the questions of how common these bands are, and what conditions
favour their formation, are unanswered. If, however, they are areasonably common
occurrence, they are likely to play as important a role in verticd transport within a

tropicd cyclone a their more benign counterparts do within the amospheric boundary

layer.

1.2.5 Final remarkson observational studies

In summary, the observational studies $ow that the maximum boundary layer
wind speels are most often found on the right hand side of the storm in the Northern
Hemisphere. Thereis omesuggestionthat thismaximum mey rotatewith height through
theright forward quadrant to be neaer the front of the storm at the surface The storm-
relative radial flow generally consists of inflow in the right rea and outflow at the left
front, or in stationary coordinatesinflow fromtheright front and outflow intheleft rea.
In combination, these lead to an inflow angle (for the eath-relative flow) that is a
maximum to the right rea of the storm, and aminimum to the left front, where outflow
is possble. The horizontal convergencenea the surfaceistypicdly largest ahead of the
stormand nea theRMW. A region of horizontal divergencemay extend fromthe centre
of the storm into the left rea in the upper boundary layer. This usua situationis $rown
schematicalyinFig 113. However, distributionsof wind other thanthisare possble, for

example when the storm is embedded in strong environmental shea.

Verticd profiles diow that aboundary-layer wind speed maximum isa common
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feature, with the reported height varying between 60 m and 1.5 km. Where severa
profiles at different radii in the one storm are available, they show that the height of the
maximum tends to decrease toward the storm centre. The ratio of wind speed aoft to
that at 10 mwas found to vary from about 0.55 to (or even slightly above) 1. There was
also ample evidence that thisvaried with stability, with the lowest (highest) values being

observed when the sea was cooler (warmer) than the air.

One multilevel study had sufficient data to analyse both the symmetric and
asymmetric flow components at several heightswithin the boundary layer. This showed
that the depth of the former decreased rapidly towardsthe centre of the storm, while the

latter decays more slowly, and rotates anticyclonically, with height.

Two studiesfound evidence of roll vortices aligned approximately with the mean
boundary layer wind. One of these was quite confined in vertical extent, and seems
consistent with the rolls observed elsawhere in the atmospheric boundary layer. The
other had adepth rather greater than that of the boundary layer, and is probably adistinct

phenomenon.
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Figure1.13 Schematic streamline-isotach analysisof thenear-surface earth-relativeflow
in atypical northern hemisphere tropical cyclone, moving to the left of the figure, with
axes labelled in kilometres. The strongest wind speed is found in the right forward
quadrant, while inflow is a maximum in the right rear. Similarly, the inflow angle is
markedly asymmetric, being a maximum towards the rear, and a minimum to the left of
the storm. The overall asymmetry in the azimuthal and radia flow components can be
approximated as a through-flow from right rear to left front. While this is the most

common situation, other distributions are possible.
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1.3Theor etical and M odelling Studiesof Tr opical CycloneBoundary

Layer Wind Structure

Through the 1960s and first part of the 1970s, a number of theoreticd studies
of thetropicd cycloneboundary layer appeaed. Thesewere motivated pertly by adesire
to better resolve the low-level radia inflow, sincethisformsalarge part of the g/clone's
meridional circulation and hence plays a aucial role in the storm’s overall energy and
angular momentum budgets (e.g. Rosenthal 1962). Observationa studies, as discussd
above, had not succeealed in describing it adequately at that time, because of theinherent
difficulty of taking observations there, and also that small aircraft navigation errors
produced relatively large erors in the derived radial component. A second motivation
was to improve the parameterization of the surfaceboundary condition in numericd
models of tropicd cyclones, particularly given the very coarse verticd resolution
prescribed by the computers of the time (e.g. Anthes, 1977). A related problem wasthe
requirement for a lower boundary condition in efforts to diagnose the secondary
circulation from the observed azmuthal flow (e.g. Krishnamurti 1961 1962 Estoque
1962 Barrientos 1964). Thusit was hoped that better knowledge of the boundary layer
would lead to both improved understanding of cyclone energetics, and to numericadly

aff ordable parameterisations to support the growing numerica modelli ng effort.

A further important question was the distribution of the updraft. The prediction
of classcd Ekman theory, that the verticd motion at the top of the boundary layer was
proportional to the arl of the surface stress was contradicted by the available
observations in tropicd cyclones. Did the boundary layer play arole in organising the
eyewall updaft, or the subsidence in the e/e? Interest thus focussed not only on
determining the net frictionally forced masscirculation, but also on how the updraft was

distributed.
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1.3.1 The Ekman Spiral

Theoldest and probably best known model for geophysical boundary layersisthe
Ekman spiral, originally proposed by Ekman (1905). A large literature has developed
since, which this brief discussion does not attempt to review. A good introduction may
be found in Haltiner and Martin (1957, pp 233-242), and a more thorough treatment in
Brown (1974). Rather, the aimisto touch on several issuesthat will be relevant later in

thisthess.

Initsoriginal form, and as presented in many textbooks and monographs since,
the Ekman spiral utilises a no-dlip surface boundary condition, with aconstant turbulent
diffusivity above. Thistendsto predict near-surface windswhich are rather lighter than
observed, with too large asurface cross-isobar flow angle, and too high a surface stress.
Many studies have extended the basic theory by incorporating the effects of flow
curvature, baroclinicity, morerealistic diffusivity profilesincluding theeffectsof stability,
etc, but will not be discussed here. Two important improvements will, however, be

briefly discussed.

Taylor (1915) solved the Ekman equations with a semi-slip surface boundary
condition, in which the surface stress was aligned with the near-surface wind. He
introduced an additional parameter, the cross-isobar flow angle, to close the system and
derived a relationship between this and the surface wind speed which showed much
better agreement with observations than could be obtained from the no-dlip condition.
He also compared model and observed mean wind profiles over the Salisbury Plain in
which herestricted attentionto wind speeds over 13 ms'*. Trandating hisargument into
modern language, this was so that the shear production of turbulent kinetic energy

dominated the diurnally varying buoyant production, so the diffusivity profile was



relatively simple in form and constant in time. He showed remarkably good agreement

between observations and theory in this case.

Ekman (1928 considered a two-level model with constant diffusivitiesin ead
layer, being athin nea-surfacelayer with small diffusivity and athicker layer aloft with
higher diffusivity. This produced profiles smilar to Taylor’'s, a key point being that the
use of a smaller diffusivity nea the surfacereduced the aossisobar component there
and henceimproved the ayreement with observations. It is easily shown that the aoss
Isobar masstransport in an Ekman-like spiral is proportional to the surfacestress (e.g
Gill 1982 p 321). Thus the reduced surfacestressin the two-layer model allowed
stronger winds nea the surface ad reduced crossisobar flow, in better agreement with
observations. Note dso that Prandtl’s (1925 parameterisation® of diffusivity within the
surface layer K = k u. z, where k = 0.4 is von K&man's constant, u. is the surface
friction velocity and zisthe height, yieldsalogarithmic wind profilewith constant stress
This stresscould be gplied as a semi-dip surfaceboundary condition to the Ekman
equations by the usua bulk formulawith drag coefficient defined by C,, = (u./u)?, where
uisthewind speed at somefixed referenceheight withinthe surfacelayer. Thusthewind

profile predicted by Ekman’s (1928 two-layer model is smilar to that of Taylor (1915.

Prompted by observations of the amospheric boundary layer showing rolls
aligned approximately along the flow, Faller and Kaylor (1966, Lilly (1966, Brown
(1970 and others $rowed that the basic Ekman profilewasunstable. Theinstabili ty lead
to the development of rolls aligned at a small angle to the mean flow. The alditional

momentum transport by the rolls modified the mean wind profile so that it was more

3SeeGarratt (1992 p 40 or Schlichting and Gersten (200Q p 537538and 557
558) for further discusson.
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closely aigned with the geostrophic flow, and had a more strongly supergeostrophic
region in the upper boundary layer. The instability grew most strongly when the rolls
were aligned about 18 degrees to the right of the geostrophic wind, although there was
a secondary maximum at very high Reynolds number for rollsaligned 5 degrees to the
left of the flow. Brown (19723) extended this theory to include the dfeds of static
stabili ty and found that under unstable conditionstherate of growth of theinstabili ty was
increased, that the rolls were more dosely aligned with the wind dredion and were of
shorter wavelength. Conversely, stable stratification tended to damp the instability.
Physicdly, the instability arises because of the infledion point in the Ekman lateral
velocity, which givesriseto amid-boundary layer maximum inthe dong-streamvorticity
component. The instability in the lateral flow is thus smilar to Kelvin-Helmholtz
instabili ty (Brown, 1972b). Animportant consequenceof thisisthat any boundary-layer
wind profile with an infledion point in the latera component is unstable; that is, the
instabili ty isnot peauliar to the Ekman spiral. Aswell asreducing the aossisobar angle,
Brown’s results siow an increase in the wind speed at 100 m, relative to the Ekman
spira. Thus his results siow improved agreament with observations, even though he

used a no-dip surfaceboundary condition.

Probably the state-of-the-art inthe family of Ekman modelsappeasto have been
first derived by Rosdy and Montgomery (1935, then rediscovered by many others
including Brown (1981). These match alogarithmic surfacelayer in which K increases
linealy with height to a constant diffusivity Ekman spiral above. Velocity, shea and
diffusivity are continuous at the matching height. The profile modificaions due to

baroclinicity, stability and longitudinal rolls are included in Brown’'s (1981 model.
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1.3.2 Axisymmetric models of tropical cyclone boundary-layer structure
Thefirst significant advancewasan Ekman-like model of the boundary layer flow

inasymmetric hurricane, developed by Rosenthal (1962). He used a semi-dlip boundary
condition, and linearised about the gradient flow. Theresultswere gplied to anidedised

radial pressure profile typicd of those observed. The depth of the boundary layer was
shown to deaease markedly towards the RMW. The difference between nea-surface
azmuthal wind and the gradient wind was nealy constant outside the RMW, but

deaeased to zero inside; thusthe predicted surfacewindson theinner side of the RMW
were close to gradient-wind strength. The inflow was a maximum at about twice the
RMW, nea the surface Although the horizontal convergenceincreased rapidly towards
the centre, to be amaximum just inside of the RMW, the deaease in the boundary layer

depth at the RMW limited the verticdly integrated horizontal convergence, with the
updraft at the top of the boundary layer being 0.23ms *. Thiswas argued by Rosenthal

to betoowe&k, and so he concluded that the deaeasein boundary layer depth towards
the cantre was not redistic. He suggested that making the diffusivity increase towards

the cantre, rather than being radially constant, would improve the results.

Mill er (1969 applied Rosenthal’ s(1962 model withadiffusivity chosento make
the boundary layer depth radially constant. Thisincreased the maximum updraft to 0.36
ms'*, animprovement, but which he suggested was <ill too small. He dso presented an
axisymmetric numericd model which included processes negleded in the Rosenthal
model, including the vertica advedion and horizontal diffusion, and the full nonlinea
horizontal advedion terms. The horizontal diffusion coefficients used varied from 1.5 x
10* mPs * to 3 x 10° n?s %, by modern standards these ae very large. The full model
produced changes in the detail of the solution from that found by Rosenthal (19632); in

particular the maximum inflow moved inwards and the eyewall updaft dightly
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strengthened. Very dlightly supergradient windswerefoundinthe upper boundary layer.

Anthes(1971) presented numerica solutionsto the boundary-layer flow bene&h
an imposed hurricane-like pressure field, using the full nonlinea dry Boussnesg
equations. He used ninelevelsinthe verticd, with the upper level at 850m, and one am
was to compare the predictions of this high resolution model with a single-level model,
which was smilar to the then typicd resolution within the boundary layer of full
numerica models. A further focus was on the sensitivity to the horizontal diffusion, and
coefficients ranging from 5 x 10 m?s * to 2.5 x 10° m?s * were anployed. These large
values were justified partly by a scde analysis based on the notion that the horizontal
diffusion of inflow in the radial flow budget equation should be of smilar magnitude to
the centripetal accéeration. The updraft generaly lay on the inside of the RMW, and
weéakened dightly and moved inwardsasthe horizontal diffusivity incressed. Asthedrag
coefficient or verticd diffusivity were increased, the maximum updraft strengthened and
moved inwards. However, the hanges were not large (over the range tested) and the
pe&k updaft in al cases presented was approximately 0.5 to 0.6 m s*. The relative
magnitude of the termsin the radial momentum equation at two levels and several radii
weretabulated. This $rowed that the flow was grongly supergradient inside the RMW,
sincethe centripetal accéeration was up to several hundred times that of the presaure
gradient there. Theselargevalueswere balanced by horizontal diffusion rea the surface
and verticd and horizonta diffusion at the upper level. The only exception was for a
more wegkly supergradient flow just inside the RMW at a height of 750 m. Here the
diffusion termswere much too small (and of the wrong sign) to give balance, which was

obtained predominantly from the verticd advedion of inflow.

Smith (1969 applied amomentum integral tednique to diagnose the boundary-
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layer properties. The shape of the boundary-layer wind profiles were assumed, and
differential equationsfor theboundary-layer scde-depth and the magnitude of theinflow
were solved by numericaly integrating inwards from some large radius. The boundary-
layer depth deaeased markedly towardsthe centre, and a strong updaft occurred nea
the RMW. This was gronger than Rosenthal (1962 found, at least partly because
Smith’ suse of ano-dlip surfaceboundary condition overestimated the surfacestressand
hence the aossisobar flow. Subsequent refinements, including a better representation
of the surface boundary condition, the use of a radialy varying dffusivity, and the
corredion of an error, (Leslie and Smith 197Q Bode and Smith 1974 gave an updraft
of similar magnitude to Rosentha’s. However, the momentum integral tedhnique was
unable to predsely locate the position of the eyewall updraft due to the violation of an

asumption nea the RMW.

Kuo (1971) modified the momentum integral technique to iteratively cdculate
the boundary layer wind profiles, rather than simply assuming their formasabove. (Bode
and Smith (1974 objeded to this extension.) Kuo found that the vertica velocity was
proportional to the square root of the gyclostrophic vorticity (he negleded the Coriolis
force since he was primarily interested in tornadoes) in the re of his vortex, and was
weekly downwardsintheouter part wheretheradial gradient of angular momentumwas
approximately zero. The wind profiles in the outer part of the vortex, where the week
downdraft prevailed, showed a deep boundary layer with a monotonic deaease in
azmuthal component towards the surface while the inflow incressed stealily to a
maximum at or nea the surface Closer to the wre, where an updraft existed, the
charader of the solutions changed markedly. Theradial flow took theform of aternating
layers of steadily weeker inflow and outflow as height increased, while the azmuthal

flow consisted of smilarly alternating layers of sub- and super-cyclostrophic flow. The
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depth of the boundary layer markedly decreased as the transition from downdraft to
updraft was made, and the thickness of the oscillating layers continued to decrease
towards the centre. Kuo (1982) repeated this study with a different mathematical

technique and the inclusion of the Coriolis terms, and obtained similar results.

Eliassen (1971) made an important advance in understanding the conditions in
the eye when he considered the Ekman layer developed beneath a circular vortex in
solid-body rotation, using both no-dip and quadratic drag law surface boundary
conditions. For the former case, he found that the updraft at the top of the boundary
layer was independent of radius, in accordance with the earlier results of Greenspan and
Howard (1963). However, the quadratic drag law produced the remarkable result of an
updraft that was zero at the centre, and increased linearly with radius. Ashisvortex was
in solid-body rotation, this result is only applicable in the eye of atropical cyclone. But
it appears from this that the boundary layer could have a controlling influence on the
location of the updraft in which the all-important latent heat release takes place.
Moreover, thevery large changein the distribution of the updraft found when the no-dlip
boundary condition was replaced by the semi-dlip one suggeststhat the model boundary
layer, and particularly the inflow, is substantially in error when the no-dip condition is

used.

This study was extended to include the outer flow of a more redlistic circular
vortex by Eliassen and Lystad (1977), who aso calculated the spin-down time of such
a vortex. They filtered the equations of motion to exclude inertial oscillations, by
eliminating the radial and vertical advection terms. A heuristic analysis for a linearised
equation set repeated the earlier results on updraft forcing within the RMW, and aso

showed that the quadratic drag law led to an algebraic spin-down of the vortex, with the
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deca half-life being inversely proportional to radius. On the other hand, the no-dip
condition led to a spatially uniform, exponential decgy. The heuristic analysis also
reproduced Rosenthal’ s (1962 boundary layer depth scde (2K/1)*, and gave anestimate
for the time scde for formation of the Ekman layer of 1/I. The filtered nonlinea
equations were then rumericdly integrated, starting from a condition of verticdly
uniform motion, for a variety of surfacedrag coefficients and vortex Rossy numbers.
Results were in excdlent agreament with the heuristic analysis and also showed many
feaures of Rosentha’s (1962 work. In particular, the Ekman spiral resulted in weakly
supergradient flow in the upper boundary layer, with wegk outflow aoft and inflow
below; maximum inflow was nea the surface ad outside the RMW; and the depth of
the inflow deaeased towards the centre. In addition, the maximum updaft was always
withintheRMW, and generally moved outwardsasthe vortex Rosgy number increased,

and inwards as the drag coefficient increased.

The Eliaseen and Lystad model wasrevisited by Montgomery et a. (2001, who
used a full axisymmetric Navier-Stokes model to verify the theory for a hurricane-
strength vortex. (Eliassen and Lystad’ s most intense vortex had a maximumwind speed
of only 10ms*.) One finding was that the spin-down in the full model occurred dightly
faster than the Eliassen-Lystad theory suggested; this was because of the formation of
athin region of outflow immediately above the Ekman layer that was not predicted by
thetheory. Therewasalso atendency for the vortex to intensify dightly for thefirst part
of the integration. Predictions of spin-down rate from the theory were mmpared to

observed decay rates for two weakening hurricanes, with reasonable agreement.

Carrier (1971) and McWilli ams (1971 presented analyses of the boundary-layer

flow beneah vortices of various forms. Since they used the no-dip surfaceboundary
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condition, their results must be interpreted with care. However Carrier performed two
cdculations which arerelevant here. Thefirst wasto introduce an approximate form of
the verticd advedion, where w is constant with height, to the vortex in solid body
rotation. The updraft remained spatially uniform, but both it and the inflow were
strengthened. The other was the consideration of a vortex with frictionlessflow given
by V(r) = Alr(1 - (r/r,)?) for constants A and r; that is, approximately potential flow but
goingto O at r = r,. Thisisappliceble to tropicd cyclones, if we taker, = 1000 kn, A
suchthat V(40km) =40ms*, K=50n?s *and f = 3x10°s*. Carrier considered two
limits, for small and large r. For large r, which here means greder than about 200 km,
the verticd motion at the boundary layer top w. = - Alr 2(v/2f)* ~ - 1.5 mms *; that is,
awedk downdraft. For small r McWilli ams correds Carrier’ s result* to be adowndraft
proportional to -1/r. For a tropicd cyclone scde vortex, the gproximation is less
acaurate for small r than large, and this wind profile is considerably more peeked than
in Shea ad Gray's (1973 average of V ~ r %%, Even so, the finding that the verticd
motion in such a vortex is downwards, and increasingly so towards the re, is
intriguing. McWilli ams (1971) also considered the potential vortex, and found smilarly
that w, isalwaysdownwards, approximately constant at largeradii, but increasing rapidly

towards the mre.

* Carrier added a footnote in proof which correds his algebraic eror, but
regrettably omits a minus sgn.
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1.3.3 Thehorizontal structure

Shapiro (1983 used aslab model to cdculate the depth-averaged boundary flow
beneah a hurricane. He assumed a constant boundary-layer depth, applied a quadratic
drag law for the surface boundary condition with a wind-speed dependent drag
coefficient, and presented numerical solutions to the full equetions of motion (except
verticd advedion) incylindricd coordinates, forced by aknown symmetric presaurefield
similar to that in a hurricane. For a stationary hurricane, he found that inflow increeased
stealily inwardsto the RMW, before deaeasing rapidly asit impinged uponthe “inertial
wall” immediately inside. The resulting strong convergence produced a strong updaft
just insidetheradius of maximum gradient winds, and the boundary-layer azmuthal flow
peaked and was supergradient just inside the gradient RMW, due to “overshooting” of

the inflowing air.

The greder part of Shapiro’ s paper, however, was devoted to the analysis of the
flow beneah amoving hurricane, and hiswasthusthe first theoretica study to consider
the motion-induced asymmetry in detail. He expanded the azmuthal variation in the
boundary layer flow asaFourier series, truncaing at wave-number two. Separate budget
equations were derived for eat Fourier component, including the explicit wave-wave
(nonlinea) interadion terms. Hisresultsarereproduced here s Fig 114. Theinflow is
strongest to the right front of the vortex, and somewhat inside of the gradient RMW.
The resulting strong advedion of angular momentum places the strongest winds just
insde and downstream of this; relative to the eath the winds in the right front are
stronger than those in the left front, but the Situation is reversed relative to the vortex.
Thisimplies a quite marked inwards tilt of the RMW at the front of the hurricane. The

maximum convergence and updaft follow abroad arc very close to the strongest winds.
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ISOTACHS {m s™') RELATIVE TO MOVING VORTEX

ISOTACHS (ms™!) RELATIVE TO EARTH - CONVERGENCE (|O'4s") |
Figure 1.14 Mean boundary-layer flow, as modelled by Shapiro (1983) for a cyclone

trandating towards the top of the page at 10 m s*. The circle indicates the radius of
maximum gradient wind. Top left: Storm relative radial flow. Top right: Storm relative
streamlinesandisotachs. Lower |eft: Earthrelativestreamlinesandisotachs. Lower right:

Horizontal convergence.
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The various budget equations and in particular the interactions between the
Fourier componentswere analysed in considerable detail by Shapiro. For aslow-moving
vortex, these are comparatively weak and the storm-relative winds are strongest to the
left. Convergence is large in a broad arc ahead of the storm, and there is divergence
within the nearly circular eye. As the trandation speed increases, the nonlinear
interactions between Fourier components become important, leading to inflow and
convergence becoming concentrated ahead of the storm, a more elliptical eye and a

contraction of the boundary layer RMW.

Vickery et a. (2000) similarly considered a depth-averaged model, but
numerically represented their equationsusing finite differencesonaCartesiangrid, rather
than the semi-spectral approach of Shapiro (1983). At low to moderate trandation
speeds, their results are indistinguishable. At high trandation speeds, the maximum
tended to move inwards, and to the right of the storm. They aso showed that in this
latter case, the spectral truncation at azimuthal wave-number two by Shapiro led to

inaccurate results.



1.3.4 The Deardorff-M oss-Rosenthal-Powell Wind Profile M odel

The profile model of Deardorff (19723) was originaly formulated to provide an
eoonomicd parameterisation of the boundary layer for usein general circulation models,
and was subsequently extended and applied to thetropicd cyclone boundary layer (Moss
and Rosenthal 1975 Powell 1980 Powell et al. 1996). It has been widely used to
estimate nea-surfacewinds from aircraft observations, typicadly taken at 500 m or
higher. As many of the observational analyses of surfacewind fields discussed in the
previous sedion rely on its use, it is appropriate to review its formulation and briefly

discussits relevant properties.

The model comprises two matched layers. The surfacelayer parameterisation
uses Monin-Obukhov similarity theory with the stability functions of Businger et al.
(21971), whilethemixed layer isbased on the“deficit laws’ which Deadorff (1972b) had
derived from hislarge-eddy smulations. Both layers use the Monin-Obukhov length as
an internal stability parameter, with the bulk Richardson number being an additional
stabili ty parameter to the mixed layer part of the model. The matching requiresthat the
profiles of wind speed and thermodynamic variables be @ntinuous at the top of the
surfacelayer, which is assumed to be 1/40 of the boundary layer depth. The input
parametersarethustheboundary layer depth, mean potential temperature, mean spedfic
humidity and mean wind, the surfacetemperature aad moisture, and the roughness
length. Deadorff (19723) also included some discusson of how to determine the
boundary layer height. The parameterisation was developed particularly to give the
surface fluxes and related quentities, but other internal variables, such as the

anemometer-level wind, are dso available.

Mossand Rosenthal (1979 extended the Deadorff (19723) model to include a
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wind speal dependent surfaceroughnesslength, using either the Charnock (1955 or
Cardone (1969 formulation. This necesstated an iterative solution for the friction
velocity. The boundary-layer depth was diagnosed as the lifting condensation level (in
lieu of Deadorff’s prognostic equation), and the resulting model applied to datafrom
Hurricanes Daisy of 1958 and Inez of 1966 Their analysis concentrated on the
comparison of the bulk transfer coefficients from the model with those cdculated from
budget studies and empiricd formulae They found generally good agreement for the
drag coefficient compared to those obtained from budget analyses, aremarkable result
giventhat thisapplicaioninvolved extrapolation of the parameterisationsto much higher
wind speeds than those for which they had been developed, and the mnsiderable
uncertaintiesinherent in the budget studies. On the other hand, the model overestimated
the hea transfer coefficient (relative to the one budget study available), which may have

been due to its use of the same roughnesslength for hea and momentum.

The Deardorff-MossRosenthal (DMR) model was one of severa tested on a
small amount of nealy co-located aircraft and buoy data by Powell (1980. Asarealy
mentioned, threeof these models gave agreament within 10% of observations. The best
performerswere DMR, amodification of DMR by Powell (1980° (henceforth DMRP),
and a model of Cardone (1969, which applied surfacelayer smilarity theory to the

entire layer from the surfaceto flight level. Subsequently, the DMRP model has been

*The main differenceswerethe aldition of afina step to caculatethe 10mwind
from the derived surfacelayer parameters, rather than smply using the wind at the
asumed surfacelayer top of 1/40the boundary layer depth, and the use of the Charnock
roughnesslength (with coefficient 0.035, and later 0.0144) rather than that of Cardone
(1969. Theresultsfromthe DMR and DMRP modelsin Powell’ s (1980 paper arevery
similar.
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extensively used for reseach and more recently operations, to “reduce” flight-level
observed winds to the surface Further details and some recent modifications to the
model are given by Powell et al. (1996. Theseinclude dhanging Businger et al.’s(1971)
von Ké&rmén constant and turbulent Prandtl numbers of 0.35and 0.74 to the now more
widely used 0.4 and 10, respedively. The scheme’ sformulation and properties are now
briefly outlined.

Deadorff (19723) eliminated the anemometer-level wind and virtual potential
temperature between the surfacelayer smilarity equations and his deficit laws. He thus

wrote equations for momentum and hea-transfer coefficients C, and C,,

Col = % = F [% %) (1.1)
and
-1 (evm - evs) h h
Cy = . =G z1 E] (1.2

where the subscript m refers to the boundary-layer average, h is the boundary-layer
depth, L the Monin-Obukhov length, F and G were given functions, and other symbols
have their usual meanings. Notethat these differ fromthe more usual forms C,, = (u,/u)?
and C, = (0,/A0)(u,/Ju). These were combined to give an equation for the bulk
Richardson number in terms of h/z, and h/L, which could be solved numerically to give
the unknown h/L, and thus u., 6,. and hence the fluxes. Deardorff gave approximate

fitted curves for C, and C,;; here we confine attention to C,. For neutral conditions,

1
Cop = [kl log ( 0'0235h) ; 8.4] (1.3)

57



with stability corrections

[Con - 25 exp(0.26¢ - 0.03¢2)] L, Ri_ <0
Co=y ° (1.4)
Con (1 - Rig/RIY), Ri, >0
where
¢ = log,,(-Ri;) - 35 (1.5)

and Ri; and Ri. = 3.05 are the bulk and the bulk critical Richardson numbers. Powell

(1980) then used the familiar

ol o)

where vy, is the stability function for momentum (see for example Garratt, 1992, page
53) withthe parameter valuesrecommended by Dyer (1974), to givethe 10-minute mean
wind speed at anemometer-level z,. This could in turn be adjusted to a 1-minute

sustained wind by multiplying by 1.12 (Powell et a., 1996).

In neutral conditions, (1.1), (1.3) and (1.6) areeasily combined to giveaformula

for the surface-wind ratio:

u(z,) ) log(z,/z,)
u log(0.025h/z,) + 8.4k

m

(1.7)

For reduction of aircraft windsto the surface, thisis applied with u,, the observed wind

speed, h = 500 m and z, = 10 m. Thusin neutral conditions over the land the surface-
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Figure 1.15 Surface wind ratios predicted by the DMRP model as a function of wind
speed at 500 m, over land (top, z, = 0.03 m) and sea (bottom, Charnock coefficient =
0.0144) at four different stratifications: T, - T, = - 2°C (dashed), 0°C (solid), 0.1°C (solid

with circles) and 1°C (solid with squares).
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wind factor is constant. For instance, with typical openland z, = 0.03 m, theratio is0.62
for a10-minute mean, or 0.69 for a 1-minute sustained wind. Increasing z, decreasesthe
ratio, so over the sea, using the Charnock (or other) relation for z,, the predicted ratio
decreasesasthewind speed increases. These respective variationsare showninFig 1.15

(solid curves).

The effect of stability is that the surface-wind factor increases with increasing
instability, with the wind speed dependence noted above superimposed. However, the
stability effect is a quite nonlinear function, particularly at the transition from stable to
unstable stratification. This is illustrated in Fig 1.15, which shows the variation of
surface-wind factor withflight-level wind speedfor four different air-surfacetemperature
differences. It is clear that the impact of stratification is much greater for the unstable
than the stable case, and in particular that a relatively substantial change is predicted
when the air-sea temperature difference goesfromzero to - 0.1°C, adifference whichis
at or below the limit of routinely available observations to detect. By comparison, the
difference at tropical cyclone wind speeds between moderately stable and neutral

stratifications is, for practical purposes, nonexistent.
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1.3.5 Final remarkson theoretical and modelling studies

The simplest model of the @amospheric boundary layer whichincludesthe dfeds
of the eath’s rotation is the Ekman spiral. In its classcd form, as presented in many
textbooks, the no-dlip surfaceboundary condition leads to an over-estimation of the
surfacestress with the mnsequencethat the nea-surfaceflow istoo we, and that the
crossisobar angle is too large. Reduction of the surfacestress either by the use of a
semi-dip boundary condition, or a two layer model in which the turbulent diffusivity
deaeases toward the surface correds this error. In either case, the frictionaly forced
updaft isproportional to the airl of the surfacestress Further refinementsto the theory

can include the dfeds of baroclinicity, stability, and longitudina roll vortices.

Similar boundary layer models for tropicad cyclone-like vortices produce
markedly different predictionsto the straight, geostrophic flow case. Firstly, the updraft
depends strongly on the surfaceboundary condition, with asemi-dip condition corredly
organising the maximum vertica motion nea the RMW, while the no-dip condition
gives a quite uniform updaft aadossthe ge. Seoondly, the boundary-layer depth
deaeasestowardsthe cantre of the storm, although thiseffed could be munteraded by
anincreaseintheturbulent diffusivity. Several studies showed weekly supergradient flow
in the upper boundary layer, although it is difficult to attach much credenceto the ealy
numericad modelsdueto thevery largevaluesof horizontal diffusion used. We& outflow

was often found above this maximum.

A dslab model of the boundary layer of atrandating cyclone found the strongest
winds (which were supergradient) diredly ahead of the storm, and somewhat inside of
the gradient RMW. They were nealy colocaed with the maximum frictionally forced

updraft.
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A one-dimensiona profile model, which has been frequently used for estimating
surfacewinds from aircraft measurements, was $iown to produce lower values of the
surface— aircraft wind speel ratio at high winds, and in stable mnditions. The former
variation arises in the model because of the increase in surfaceroughnessof the ocean

with wind speed.
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1.4 Hypothesis and Scope of this Study

Consider theflow immediately above the boundary-layer inthe core of atropicd
cyclone. The thermal wind equation in cylindrica coordinates may be used to estimate
the verticd shea. Here, values appropriate for a g/clone of moderate intensity are used,;
in particular a maximum wind of 40 m s* at a radius of 40 km, with a horizontal

temperature difference of 2 K acossthe eye-wall, giving

R 1
ov d(&+f) aT

p plr ar
-1
. __287[ 80 405 2 (1.8)
9x10% 4x10* 4x10°

-8x10° m sPat

Q

Thus, if gradient balance aplies, there isareductionin speed of lessthan 1 ms *inthe
100hPaimmediately above the observed low-level maximum. Sincethe observed wind
profiles frequently display much greaer shea than this above the low-level maximum,
it is plausible that the latter is supergradient.

The budget equation for absolute angular momentum M,, defined by

1
M, =rv + 5 fr? (1.9)

in cylindrica coordinates on an f-plane, is

(1.10)

so M, changes only through horizontal advedion, azmutha pressure gradients and
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frictional torques. Here, u and v are the radial and azimuthal wind components
respectively in the storm-centred cylindrical coordinate system (r, 4, 2), ¢ is the
geopotentid, f isthe Coriolis parameter, V2= 0%ar? + 1/r 8/dr + 1/r? 6%9\*+ 0%3Z isthe
Laplacianoperator incylindrical coordinates, K istheturbulent diffusivity for momentum
(assumed constant), and D/Dt = d/dt + ud/or + vir ok + wo/dz is the rate of change
following the parcel. The use of M, is convenient for physical interpretation, since the
Coriolisand centripetal termsintheazimuthal velocity equationincylindrical coordinates

are absorbed in the definition of M.,

A steady-state, symmetric, stationary storm in a quiescent environment, thus
requires a balance at al levelsin the boundary-layer between radial advection, vertical
advection, and turbulent diffusion of M. Inaninertially neutral storm, theradial gradient
of angular momentum (and hence its radial advection) is zero, while M, increases
outwards in an inertially stable storm. It is thus reasonable to expect that a sufficiently
strong combination of inertial stability and inflow could produce a steady supergradient

flow in such a storm.

However, the balance for the radia flow must aso be considered. If the
azimuthal component is supergradient, the imbalance between pressure, Coriolis and
centripetal termswill tend to produce an outward acceleration of the radial wind at that
level. Such areduction or reversal of the inflow would upset the balance in the previous
paragraph and lead to a weakening of the jet. Examining the balance equation for the

radial flow in such a storm,

u%+w@—(f+l)v:—a_(p+K
or 0z r or

1 ov
Vu- =|u=+2=— 1.11
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it can be seenthe posshble candidatesfor maintenanceof theinflow against theimbalance
inthe gradient wind part of the eguation areinward and verticd advedion, and turbulent
diffusion. One possbili ty isthat theinflow incressesoutwardsfromthestorm centre, and
Isthusbeing maintained by self-advedion. Another isthat theinflow isgreaer below the
level of the jet (above isimplausible), and is being maintained at the level of the jet by
upwards diffusion, and perhapsalso upwardsadvedionif thejet islocaed in an updraft.

The contribution of turbulent horizontal diffusion is expeded to be small.

Thus the central hypothesis for this gudy is as follows: The low-level wind
maxima observed in tropical cyclones are supergradient and steady-state, and are
produced by inward advection of absolute angular momentum. Theinflow at the height
of the jet is maintained against gradient adjustment by some combination of advection

and turbulent transport to be determined.

While the precaling discussion has focused on an axisymmetric storm,
substituting typicd valuesfromthe observational studiesdiscussed above showsthat the
horizontal advedion terms udu/or ~ 107/(4x10%) = 2.5x10° m? s* and v/r du/ox ~
40x10/(4x10%%q) = 3.2x10°° n? s are of similar magnitude nea the RMW. Thus the
motion-induced asymmetry may well play an important role in the jet structure.
Moreover, asthe three-dimensional structure of this asymmetry is largely unknown, its

study will form an important part of thisthess.

Thefocuswill be on diagnosing the boundary-layer flow astheresponseto some
known, gradient-level, forcing. Thus the influence that changes in the boundary-layer
structure may have on the g/clone @ awhole isignored. While these dealy exist — for

example, the pattern of boundary-layer convergence will affed the distribution of
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convedion and henceheaing —the scope of this gudy isto explorejust one side of what
Is undoubtedly atwo-way interadion. Thereisalso no attempt to resolve the dfeds of
convedion on the boundary layer, concentrating rather on larger scades. While studies
(e.g. Powell 1990y, 199, Barnesand Powell 1995 have shown significant modulation
of boundary-layer structure in the vicinity of rain bands, on scaes comparable to the
width of the band, this gudy focusses on huilding an understanding of the larger scde

feaures of the tropicd cyclone boundary layer.

Consistent with this focus on the boundary layer as a response to the “free
atmosphere” flow represented by a parametric presaure field, and the negled of
convedion, moisture is excluded from the models. Had it been included, its le role
(apart fromthat of passvetrace) would be atiny contributionto the height variation of

presaure, through the hydrostatic equation.

Finally, transient feaures that may arise due to instabilities in the prescribed
vortex flow are dso excluded. Again, while these may well be important in the red
atmosphere, the concern here is with determining the steady, frictionally forced flow

beneah an idedised, trandating tropicd cyclone.

Theseideas are incorporated into alinea analytic model of the tropicd cyclone
boundary layer in Chapter 2, and into a numericd model in Chapter 3. In ead, the
boundary layer is regarded as the frictional response to a known, steady-state, tropicd
cyclone wind field in the “free @mosphere”. Along with the properties of the jet,
particular attention will be paid to the relationship between the nea-surfacewind and

that aloft.
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Summarising the above, this thesis examines the proposition that

The low-levé wind maxima olserved in tropical cydones are supergradient and

steady-state, and aeproduced by inward advedion d absoluteanguar momentum.

Theinflow at the height of thejet ismaintained aganst gradient adjustment by some

combination d advedion andturbulent transport to be determined.

. Thebounday-layer is regarded astheresporseto some known forcinginthe
freeatmosphere, which will be prescribed.

. The effeds of feedbacks from the bounday layer to the rest of the cyd¢one
areassumed to beincluded inthe prescribed free-atmosphereforcing, which
will be dhosen to be cnsistent with olservations.

. Convedive-scale processess, transents andinstahiliti es are ignared.

. Moistureisignared.
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