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ABSTRACT

Numerical models of hurricanes provide important guidance
to understanding the role of the boundary layer in gener-
ating and maintaining the mature hurricane. Frictionally
driven boundary layer convergence of moisture is crucial,
as is the evaporation and advection of moisture. Sensi-
ble heat plays an apparently minor role in the model,
suggesting changes in sea surface temperature have a small
and delayed effect in models with more complex boundary
layer parameterisation. Climatological studies confirm
the crucial role of woisture in terms of  evaporation,
advection, and vertical transport to mid and upper tropo-
sphere. In non-deepening storms and in incipient storms,
composite studies show much greater low tropospheric inflow
than is assumed by models, The latter observation places
the role of frictional convergence in doubt in the forma-
tive stages. Climatological studies show a marked differ-
ence in the wind field of tropical disturbances and the
organised flow of the incipient storms. Neither model nor
composite studies clarify the interactions between cumulus
convection and the boundary layer. Observations of the
hurricane boundary layer are few. They represent the cloud-
free peripheral region of the storm and closely resemble
undisturbed profiles. Precipitating convection shrinks,
cools, and dries the mixed layer. Re-establishment of the
mixed layer depends on wind speed, subsidence, and lapse
rate, A critical threshold in wind speed is postulated
before a tropical disturbance is 1likely to develop into a
hurricane. It is in this development stage that the bound-
ary layer structure and processes seem most important to
the hurricane.

INTRODUCTION

The tropical atmospheric boundary layer (BL), probably never deeper than 1 km
over the open oceans, represents a small fraction of the total depth of the
troposphere in which the hurricane or typhoon is embedded. Small-scale turbu-
lence, induced almost exclusively by wind shear over the tropical ocean, occurs
continually in time. The vertical fluxes of heat, moisture, and momentum

are approximately constant with height in the surface layer (SL) and de-

crease to small values at the top of the mixed layer (ML). The ML, in which
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the vertical changes of temperature, humidity, and to a lesser extent wind,
are small, is capped by a thin (< 100 m) transitional layer (TL) below conve-
ctive cloud base. The SL, ML, and TL are contained within the BL.

Turbulence on the sub-synoptic scale occurs only intermittently in the
rest of the troposphere by contrast with the BL (Deardorff 1972). 1In the
cloud layer, the primary mechanism causing the vertical transport of energy is
the towering cumulus cloud. In these cumulus clouds, both the cloud mean up-
ward motion and the cloud up and down draughts are responsible for the vertical
transports of heat and momentum. It is the cloud draft transports that form
the two-way intermittent but substantial link between the cloud and sub-cloud
layers. Recent observations (Emmitt 1978) trace both up and down draughts from
near the surface through convective cloud base.

In this thin boundary layer of the troposphere the hurricane destroys the
gradient wind balance and produces inflow into the storm. The radial inflow,
carrying with it angular momentum, generates the tangential winds and provides
the convergence of water vapour that supports the eye wall convection that
fuels the storm.

Despite the requirements for horizontal and vertical transports of energy
at and close to the ocean surface, the actual role played by the BL in hurri-
cane formation and maintenance is far from clear. Gray (1978) shows that the
depth of inflow is substantially different for non-deepening and genesis
storms as compared to mature storms. Frictional convergence in the BL, based
upon these findings, is not the dominant mechanism importing mass into the
developing tropical cyclone. With the possible exception of what Gray calls
'ocean thermal energy' he finds no place for the 3L in his list of six primary
climatological genesis parameters.

Boundary layer structure and processes become clearly important once a
storm vortex is formed. Numerical models with relatively crude BL parameteri-
sation display sensitivity to variations in quantities such as stress, latent,
and sensible heat. Here the question may be not whether the BEL is important
but how can it be realistically and practically simulated?

The conflicting perceptions of the role of the BL in hurricane formation
and maintenance may be largely due to our lack of knowledge of the structure
and processes of the BL under such severe weather conditions. In this paper
we shall first make use of the numerical models of hurricanes to isolate and
assess the important physical processes of the BL in the hurricane. Observa-
tional evidence of the structure and role of the BL in the hurricane will
then be contrasted with the assessment based upon models, And, finally, we
shall attempt to draw these findings together by using observations and ana-
lyses of the undisturbed and disturbed tropical BL in the absence of a
hurricane.

HURRICANE MODELS AND THE BOUNDARY LAYER

Ooyama (1969), using an axisymmetric model, was one of the first to examine
the model response to changes in evaporation and sensible heat flux. Rosen-
thal (1971) and Anthes and Chang (1978), each employing different hurricane
cumulus and boundary layer parametric schemes, carried out a series of BL
sensitivity experiments. Results from the latter experiments are of partic-
ular interest to this study.
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Rosenthal carries out sensitivity experiments on three processes: drag,
sensible heat flux, and latent heat flux. Linear analysis shows the growth
rate of the model storm to be directly proportional to the drag coefficient
and BL humidity. The link is clearly through frictional convergence of water
vapour and convective cloud growth. But increased surface drag also leads to
increased dissipation of kinetic energy. Increasing the drag coefficient
leads to earlier development but lower peak intensities, while decreasing the
drag coefficient has the reverse effect. When the storm is mature, increas-
ing the drag coefficient weakens the storm, decreasing C_ increases surface
winds, However, if C. is set to zero water vapour converger.e ceases and the
storm weakens rapidly.

There is only weak response of the immature model storm when the sensi-
ble heat flux is set to zero. When evaporation is suppressed, however, peak
intensity is less than half the control peak (22 m/s v. 50 m/s). In the
mature stage, suppression of evaporation leads to dramatic decay. When the
sensible and latent heat fluxes are doubled (as might be the case if a
mature hurricane were to move over warmer waters) there is a rapid increase
of 10 per cent in intensity (50 to 55 m/s).

Anthes and Chang (1978) use an axisymmetric model with more detailed BL
parameterisation (Busch et al. 1976) than used by Rosenthal (1971). A
significant difference from other models is that the model requires upward
flux of heat at the surface at large radii (> 1000 km) but at small radii
surface heat fluxes are consistently downward. The isothermal BL is main-
tained by downward entrainment of higher potential temperature air. The
heat budget shows no upward sensible heat flux inside a radius of 300 km. A
possible explanation of this model result is that the eddy exchange coeffi-
cient for heat can be very small, whereas CE varies from 0.0025 to 0.005.

Anthes and Chang carried out two experiments that are of interest here:
the effect on the model of changing the sea surface temperature (SST), and
changing the BL formulation for the previous changes in SST.

The model responds to a change of 1°C in SST in two stages. First,
adjustments to the changed SST occur in the model BL showing weakened (en-
hanced) dynamic and thermodynamic coupling of the storm with lower (higher)
SST. The decrease (increase) of kinetic energy dissipation offsets a part
of the decrease (increase) of kinetic energy generation. These adjustments
take place over several hours. Second, there is a steady modification in
storm intensity, the storm weakening (strengthening) by approximately
12.5 per cent for the decrease (increase) of 1°C in SST.

Evaporation is initially doubled (from 1 to 2 cm/d) in response to a
1°C warming. Cooling of 1°C decreases evaporation by about 50 per cent.
Convective precipitation increases (decreases) by about 50 per cent for the
increase (decrease) in SST.

A significant result is the response of the height of the BL. Since the
BL height in the model is controlled by the difference in potential tempera-
ture, the effect of changes in SST are felt where mixing is small (at large
radii) with little effects at small radii, where vertigal motion and convec-
tion is large. It is worth noting, however, that a 1 C decrease in SST
produces a fairly drastic change from 450 to 200 m in the height of the BL
at radii greater than 400 km.



232 AUSTRALIAN METEOROLOGICAL MAGAZINE 27:4 DECEMBER 1979

In the second experiment the model BL parameterisation is replaced by a
simple formulation in which the depth h of the BL is fixed at 1 km and the
drag coefficients are constant. The same changes in SST now produce up to a
30 per cent change in intensity with no initial adjustment. The change
produced in wind speed is non-linear: the increase is twice the decrease.
The magnitude of the change in evaporation rates, however, is only 50 per
cent that of the first experiment.

Anthes and Chang conclude that the improved BL parameterisation shows
that there is only a weak response to changes in SST and that previous
results, which showed more dramatic response, were due primarily to the man-
ner in which the BL processes and structure were formulated. They claim
that the decoupling of the model from the surface and the delayed weakening
when the surface temperature is changed, appears to be in better agreement
with the behaviour of real hurricanes. They do not emphasise that there are
larger changes in evaporation responding to SST changes in their model than
in the simple version. In the simple version h is fixed, whereas h decreases
to less than half its value in the 9-layer model when SST is changed by 1°C.

We must conclude that numerical models of hurricanes at this point in
time can only give us simple guidance to the role of the BL in hurricane
formation and development. Since none of the models contains the explicit
feedback effects of the sub-cloud scale drafts, changes in structure of the
BL can only be represented in terms of the vertical motions of the storm scale
circulation. Similarly, only adiabatic compressional heating and cooling are
simulated in the BL and not diabatic changes due to the mass transport by
the cumulus up and down draughts. As will be shown under 'The undisturbed and
disturbed tropical boundary layer', such transports can significantly alter
the state (temperature and moisture) of the BL air as well as its vertical
structure (depth and stratification).

No numerical model has successfully generated hurricane circulation and
structure from a poorly organised tropical disturbance. It is perhaps in this
stage of development that the cloud to sub-cloud layer interactions are most
crucial in determining the fate of the disturbance.

Nevertheless, valuable guidance is provided by the current models., The
model results clearly demonstrate the crucial role of moisture. The associated
questions of role of evaporation within the storm circulation versus the advec-
tion of water vapour, the depth of the inflow layer, and the role of frictional
convergence are all pinpointed by the models. All models seem to suggest that
sensible heat flux is of secondary importance in the mature hurricane. Progress
is dependent both upon better simulation and better description of the actual
state of the hurricane atmosphere. We shall attempt in the next two sections to
address the latter subject.

BOUNDARY LAYER OBSERVATIONS IN THE HURRICANE

Tropical cyclones form only from pre-existing weak meso to synoptic-scale
systems that occur in selective large-scale environments. Gray (1978) suggests
that the unique feature in specifying the genesis of a hurricane is not so much
the characteristics of the individual mesoscale system but rather a unique com-
bination between the meso and large-scale circulations. There is, however, no
unique relationship between the large-scale perturbations of the tropical atmo-
sphere as described by Reed and his collaborators (e.g. Reed and Recker 1971)
and the occurrence of the mesoscale system (Zipser 1977).
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Gray (1978) compares the average wind fields of tropical disturbances with
the wind fields of an intensifying cyclone and with model assumed initial
characteristics. Important thresholds in wind speed are crossed from a trop-
ical disturbance (2.5 m/s), to a pre-cyclone in a stage of early intensifi-
cation (5.3 m/s), to an intensifying cyclone (10.1 m/s). As will be shown in
the next section, BL recovery is critically dependent upon wind speeds in the
above ranges.

Frank (1977), compositing some 248 Pacific storms, 143 of which reached

typhoon intensity (p < 980 mb), described some of the important mean features

of the typhoon. Despite apparent horizontal uniformity in the lowest levels,
examination of the mean soundings shows con51derab1e variation in specific
humidity. Drying in the BL is present within 0. 7° of the eye becoming progres-
sively greater with radial distance. Emmitt (1978), examining the draft
. structure of 19 clouds in the eastern Atlantic equatorial trough region, found
that the mean BL difference between cold/dry down draught on the environment to be
0.64 g/kg with maximum departures only rarely exceeding 1.0 g/kg.

Frank shows the maximum inflow at 950 mb at r = 2°. From r » 4° mid-level
inflow is detected. This result when transferred into divergence is remarkably
like that found by Ruprecht and Gray (1976) and Williams and Gray (1973) for
Pacific cloud clusters and Ruprecht and Gray (1976) for Atlantic cloud clusters
and Reed and Recker (1971) for Pacific easterly waves.

Frank also found the mean surface to 950 mb relatlve vorticity to be in-~
versely correlated with divergence in the band 4 to 10° from the eye. The con-
cept of conyective instability of the second kind (CISK) requires that conver-
gence correlate with positive vorticity.

Gray (1978) examined the vertical profiles of divergence inside the 4°
radius for two classes of non-intensifying tropical disturbances and for six
progressive stages of cyclone development. He arrived at the important conclu-
sion that deep inflow through 400 mb occurs in all genesis stages. Only a
small fraction of the mass converging into the centre of the disturbance occurs
in the BL (assumed to be surface to 900 mb) resulting from frictional conver-
gence. If this deduction is not a result of the kind of data used and the
method of analysis but a physical reality, then BL convergence would appear to
be confined to the mature storm stage. And the important question must be
asked as to how transition from deep to shallow frictionally driven inflow
takes place.

Convective cloud transports in the same region (eye to 40) may process
far more air through the BL than would be evident from Gray's mean estimates.
Such BL inflow may still be driven by frictional convergence. Brimmer (1978)
using budget methods based on a 75 km equilateral triangle in the equatorial
trough of the eastern Atlantic found convergence confined to the lowest layers
with a threshold of 5 x 107%/s for any significant precipitation.

Gray calculated that 75 per cent of the observed 0 to 2° precipitation
must draw upon water vapour advection from greater radii, the remainder coming
from local evaporation (amounting to 2.3 cm/d). In the O to 6° circle
35 per cent of the precipitation water supply was due to advection and 65 per
cent from local evaporation (1.5 cm/d). About 60 per cent of the storm
precipitation must come from evaporation, which is 'enhanced' due to the
presence of the storm. Frank (1977) estimated that total sea to air fluxes of
moist static energy lie between 20 and 60 J m?/d (about 450 to 1450 cal cm “2/d)
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for the region inside 1° and on the band 6 to 80, numbers that are considerably
lower than previously calculated by Riehl and Malkus (1961). ’

The large-scale observational studies leave us with an incomplete picture.
Clearly advection of water vapour and evaporation are seen as important in the
precipitation estimates. Yet BL inflow would appear to be confined to mature
storms. Transition from a weak disturbance to an incipient tropical cyclone
seems to require that the wind field undergo a significant change in magnitude
from a few metres per second to about 10 m/s. Even the mean storm retains
significant radial gradients of moisture. Neither the models nor the composite
studies can unravel the role played by convection in the BL.

There have been very few direct observations of the structure of the BL in
a hurricane. Merceret (1976), Moss and Merceret (1976), and Moss (1978)
represent almost the sum total of direct measurements. All the measurements in
these studies have been made from limited aircraft traverses in cloud free
regions in the periphery of the storm under relatively modest horizontal wind
speeds (v 20 m/s).

The mean profiles of 6, q and | V| for soundings in the periphery of two
storms are shown in Fig. 1. Shown on the first two figures are the undisturbed
profiles of 6 and q from the equatorial eastern Atlantic. Perhaps the only con-
clusion that might be drawn from these profiles is that they resemble the well-
mixed fair weather profiles of the undisturbed tropics as opposed to profiles in
disturbed conditions. Modellers (including Rosenthal 1971 and Anthes and Chang
1978) have used these profiles as representative of the hurricane environment,
and, in Anthes and Chang's case, as a basis for comparison. Figure 2 shows that
for Caroline inflow is largest in the sub-cloud layer even in the clear region.

Ramage (1972, 1974, 1979) and a number of others have sought observational
evidence of the effect of SST on hurricanes and the effect of the hurricane
circulation on the SST. There seems little doubt of the latter, but the effect
of the former is not clearly established. Ramage finds little evidence of
changes in storm intensity or storm motion when the storm passes over colder SST
(up to an estimated decrease of -SOC). Neither the horizontal extent nor the
depth of the change in temperature in the ocean is well known. Chang and Anthes
(1979) caution that it is difficult to isolate physical effects in the real world
but agree that their model studies (Anthes and Chang 1979) suggest that the
response of a mature tropical cyclone to variations of several degrees Celsius
might be small.

THE UNDISTURBED AND DISTURBED TROPICAL BOUNDARY LAYER

Models of the BL and models of hurricanes that include BL parameterisation,
assume that the internal functioning of the BL is not affected by clouds except
through a change in the upper boundary condition. We have seen further that we
can call upon very little observational evidence to describe the structure and
processes in the BL either during hurricane formation or during the mature
stage of the storm.

Over the tropical oceans, in the absence of cumulus convection or when
only fair weather cumulus are present, a layer well-mixed in potential temper-
ature and humidity extends through the first 500 to 700 m of the atmosphere.
In thepresence of deeper cumulus convection, and certainly when precipitation
occurs, the ML is cooler, drier, and shallower. Near and in strong convective
systems, the ML can disappear entirely, cloud layer air coming into direct



GARSTANG: TROPICAL CYCLONE CONFERENCE, PERTH, NOVEMBER 1979 235

T T T T T T
1000

900

800

700

600

500

400

300

200

100

0 1 1 1

! ] | ] ] 1 1
296.5 297 2975 298 2985 299 299.5 300 300.5 301 3015
Fig. 1{a) B(K)

T T T T T T T T T T T
1000[
900

-1 1000 .

B 900 .

800 E 800 ]
700 - 700
' Lf_: 600 1 = 600

o
= 500 ~ 500
400 b 400
300 — 300
200 B 200
100 . 100
0 I | | | 0 I | | | !

L
12§ w15 1% U u 15 1 1w 18w w a2z B
Fig. 1(b) o (g/ke) Fig. 1(c) v (m/s)

HEIGHT

1

HEIG!

1 1 1 1

1

Fig. 1(a) Boundary layer profiles of potential temperature. Solid line indicates a mean undisturbed profile
from the GATE experiment. Results from Hurricanes Caroline and Eloise {Moss, 1978) are shown
with crosses and dots respectively. (b) Same as {a) but for specific humidity. {c) Same as (a)
but for wind speed. No GATE results are presented.
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contact with the ocean surface. Low, modified (T and q) MLs can persist for
some hours at a point, in the wake of a travelling squall line or disturbance.
Recovery of the ML to the undisturbed state depends upon a number of inter-
acting processes, The suppression and recovery of the ML are both a function

of convective cloud down draughts that penetrate the ML and circulations on a
scale of the disturbance that result in mesoscale subsidence in the wake of

the system. Zipser (1969, 1977), Houze (1977}, and Garstang and his collabora-
tors (Seguin and Garstang 1976 and Echternacht and Garstang 1976) have described
mesoscale structure and processes, It has only been recently that the response
of the BL to deep convection over the ocean has been studied in detail (Emmitt
1978, Augstein et al. 1979, Garstang 1979). Much of the new work that follows
below is drawn from Fitzjarrald and forms the basis of his doctoral dissertation
at the University of Virginia.

The changes in ML structure described above are illustrated in Fig. 3. The
shallow MLs are cooler and drier than conditions prevailing before or after
suppression of the ML. Abrupt drops in surface (8 to 10 m) temperature coincide
with the shallow MLs, Air-sea temperature differences are at least twice as large
immediately following the drop in surface temperature than they are in undis-
turbed regions. The only plausible explanation for these changes in ML struc-
ture is that they are due to penetrative cumulus down draughts.

Figure 3(a) describes conditions in the presence of relatively vigorous
raining convection. Figure 3(b) shows the passage of an oceanic squall line.
The ML has essentially disappeared at the start of the sequence. Large air-sea
temperature contrasts lead to fairly rapid redevelopment of the ML but some
8 hours later the ML is only 30C m deep. The ML takes longer to recover than
does the surface air temperature. In Fig. 3(c) the ML recovers to a more usual
undisturbed depth of 500 m in about 7 hours.
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Fig. 3 Sequences of boundary layer profiles observed during the GATE.
Upper: specific humidity. Lower: dry static energy. Horizontal bar: top of ML. Time is indicated
al the top of each profile.

(3) Relatively vigorous raining convection,
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{b} Just before and after the passage of an oceanic squall line.
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Fig. 3 Sequences of houndary layer prafiles observed during the GATE.
Upper:  specific humidity. Lower: dry static energy. Horizontal bar: top of ML. Time is indicated
at the top of each profile.

(c) During houndary layer recovery in the wake of a squall line.

The generalisation that shallow MLs are characteristic of disturbed condi-
tions containing relatively deep moist convection is illustrated in Fig, 4.
Here radiosonde observations objectively contoured (50 m vertical resolution)
are combined with low level BL structure sonde (Pols 1978). The height of the
ML and the first contour agree fairly well. While changes in moist static
energy in the deep atmosphere are generally in phase with changes in the BL
depth, shallow MLs exist in the presence of deep moist columns, suggesting
penetrative down draughts as the cause.






