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Strong winds associated with severe weather over the ocean introduce substantial amounts of spray into the
lowest few meters of the atmosphere by bursting air bubbles in whitecaps and by whipping spume from the
tips of waves. The presence of high concentrations of liquid water could have a substantial effect on the
transfer of energy to and from the ocean surface in severe weather phenomena such as tropical cyclones.
Although observational difficulties have prevented adequate direct measurements, data controlled by the
former USSR oceanographic fleet over several years and occasional observations from single cyclones
indicate that the lowest 100 m of the atmosphere may be cooled by over SK in winds above 25ms™ L A recent
analytic study by Betts and Simpson also indicated that evaporation of rainfall could be the major

contributor to the boundary layer thermodynamic budget.
We present an initial investigation of some of these effects for atmospheric conditions typical of those

found in tropical cyclones. A parameterisation in terms of bulk meteorological quantities of the fluxes of heat
and moisture to the atmosphere from the evaporation of oceanic spray droplets is developed and applied to
an axisymmetric slab model of the tropical cyclone boundary layer. We show that the presence of spray has
amajor and realistic effect on the model solution structure and that without spray the boundary layer evolves
in an unrealistic manner. The effects of rain evaporation are also considered, and are shown to be potentially
of a similar magnitude to those of sea spray.
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1. INTRODUCTION

Theinteraction between severe weather and the ocean results in several changes to both
(Figure 1). Strong winds generate high seas, a layer of ocean spray, upwelling, and
mixing. Rainfall may affect wave generation, and leave a long-lived lens of fresh water.
These changes feed back to change the atmospheric boundary by modifying the air-sea
exchange of momentum, heat and moisture. The evaporation of falling rain also
moistens and cools the boundary layer.

A major source of uncertainty in the air-sea interaction in severe weather lies in
determining the effect of spray, which can greatly modify the transfer of momentum,
heat, and moisture, and thus the degree of development of the features illustrated in
Figure 1. Water can be transferred from the ocean to the atmosphere by direct
evaporation of the sea surface or, at high wind speeds, by the evaporation of sea spray.
Above the droplet evaporation zone, the droplet component of the transfer takes the
form of an enhanced turbulent flux of water vapor and a correspondingly reduced
turbulent flux of sensible heat. Because the droplets ejected from the water are at the sea
surface temperature, they also transfer sensible heat to the atmosphere in an amount
directly. proportional to the air-sea temperature difference.
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IMPACT OF
SEVERE WEATHER
ON THE OCEAN

FIGURE 1 Schematic showing the major processes that modify the air-sea interaction occurring during
passage of a severe weather system.

To characterise droplet mediated modification of latent and sensible heat fluxes,
we must know the surface source spectrum of the sea spray, the height of the droplet
evaporation zone, the vertical dispersion characteristics of the droplets, their
microphysical transfers of moisture and heat to the air, and droplet interactions
that modify mean temperature and moisture profiles in the evaporation zone. Further-
more, we must know how these parameters and processes change with increasing wind
speed.

Present-day technology does not permit direct measurement of most of these
processes over the open ocean. Measurements of the near-surface turbulent fluxes over
the ocean at wind speeds in excess of 20ms™! are quite rare, and to date only
exploratory measurements of the mean fields have been attempted in the evaporation
zone at sea (Ling et al,, 1980; de Leeuw, 1986). Research in this area has tended to focus
on laboratory simulations (wind-wave tanks) and numerical modelling (see Rouault
et al, 1991 for a summary). Both Lagrangian droplet trajectory (Edson and Fairall,
1992) and one-dimensional ensemble average (Ling et al.,, 1980; Rouault et al., 1991)
model approaches have been developed, but they have so far been applied primarily to
laboratory simulations rather than realistic oceanic situations (see Rouaultand Larsen,
1990, for an exception).

Tropical cyclones provide a convenient family for study of some of the bulk effects of
spray. These systems are known to be markedly dependent on the exchange of energy at
the ocean surface for their existence (see Frank, 1988; Holland, 1988 for a summary),
and some of the most severe consequences to coastal populations arise from the high
waves and strom surge that are produced. Observations indicate that substantial
modifications of the boundary layer during a cyclone may be being experienced in the

-high wind region (Figure 2). These observations were taken by an oceanographic
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research vessel of the former USSR during Typhoons “Skip” and “Tess” in November
1988. Considerable care was taken to ensure that the temperature measurements were
not contaminated by wetting of the instruments. This included the use of several
thermometers fitted with droplet traps. Data was discarded when differences in
temperature between instruments suggested wetting and occurred. In addition, at least
one instrument was equipped with a photocell to detect the entry of droplets into the
thermometer enclosure. If this occurred the data was again discarded. In Figure 2, it is
clear that the lowest layer of the atmosphere shows marked cooling once the winds
exceed 15 ms™ 1. One atmospheric sounding obtained at a wind speed of 18 ms ™' (not
shown) indicates that this cooling may extend to 100 mm height.

Although the models described above can provide detailed information on profiles of
droplet concentrations, interactions and feedbacks with the mean fields, and modifica-
tions of the turbulent flux profiles within and above the evaporation zone, they are still
under development and are too detailed and computationally burdensome for direct
application to tropical cyclone modelling. We are undertaking a study aimed at using
numerical models to investigate the broad influences that spray has on the oceanic and
atmospheric boundary layer in tropical cyclones. In this paper, we report on the
development of a parameterisation of the thermodynamic effects of spray and rainfall
into a mesoscale model, and indicate the scale of the impact in a simple, bulk model of
a tropical cyclone boundary layer. The spray parameterisation is derived in section 2.
Section 3 contains details of the bulk cyclone boundary layer model and rainfall
parameterisation, and the impact of spray and rainfall is discussed with a series of
experiments in section 4. Our conclusions are presented in section 5.

Tsea“ Tair (K)

Wind Speed (nv/s)

FIGURE2 The marine boundary layer cooling associated with strong winds in two tropical cyclones,
shown as a scatter diagram of observed air-sea temperature difference plotted against wind speed (Pudov,
personal communication, 1991).
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2. PARAMETERISATION OF SEA-SPRAY EFFECTS

In this section we develop a simple parameterisation of the sensible and latent heat
fluxes provided by sea spray droplets. Our parameterisation is based on a physically-
based scaling model derived from arguments about the important variables involved.
Only individual scaling components, such as wind speed dependence of whitecap
coverage and of the mean wave height, are derived empirically. This is a simplified and
generalised derivative of an approach developed by Andreas (1992), hereafter referred
to as A92, who carried out detailed computations of droplet-mediated heat fluxes for
several sets of specific conditions. The parameterisation is defined only in terms of the
standard bulk meteorological variables (mean wind speed, air-sea temperature differ-
ence, and relative humidity) that are available in numerical models.

2.1 Background

A92 has provided an implicit assessment of the total sensible heat transfer, Q, and the
total latent heat transfer, 0, caused by the ejection and evaporation of sea spray
droplets, derived from computations of the droplet temporal response times for the
transfer of sensible heat, 7, and latent heat, ;. He argues that the fraction of the total
potentially realisable energy transferred from a specific droplet is

fraction=1—e " ¥%

h

v=y (1)

where 7, is the mean droplet exposure time to the atmosphere, h is the evaporation zone
scale height, and V,(r}is the gravitational fall velocity of the droplet and r is the droplet
radius. The evaporation zone scale height is crudely defined as the height above the
mean sea surface below which 67% of the total droplet evaporation takes place. Both
measurements (de Leeuw, 1986, 1987, 1990) and modeling studies (Ling and Kao, 1976;
Edson, 1990) confirm that the proper scaling height for the droplet evaporation zone 15
the mean wave height. For simplicity, we will take this to be the equilibrium wave
height, which is a known function of wind speed. Because the energy transfer fraction
is a function of radius, the total contributions to 0, and Q, are obtained by integrating
the fraction over the droplet mass source function. For example, for a wind speed of
u=20ms"!,awater temperature of T, = 302K, an air temperature of T, = 300K, and
a relative humidity of RH = 0.80, A92 found a droplet mediated latent heat fiux of
170 Wm™2 versus a direct latent heat flux of 380 Wm™?, using the droplet size
distribution given by his Figure 3.

2.2 Scaling Model Simplifications

Rather than perform the detailed time-scale calculations and integrals over the droplet
spectrum, as per A92, for each time step and grid point in our hurricane model, we wish
to simplify the computations of @, and @, to a single parameterisation in bulk variables.
It is not that we consider the A92 computations impractically time consuming, but
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FIGURE3 Whitecap normalized droplet surface source function in volume flux format versus droplet
radius, The symbols represent the following data sources: o and +, Edson (1989); *, Miller and Fairail (1988);
and #, Woolf et al. (1988). The dashed line represents the bubble component parameterisation and the solid
line represents the combined bubble and spume component parameterisations.

rather that the final influences of the droplets are still too uncertain to justify this
complexity at this stage of our investigation. We note the spume droplet portion of the
flux spectrum is still speculative and that when the droplet mediated fluxes become
comparable to the direct fluxes, there will certainly be modifications of the mean fields
and the turbulent fluxes in and above the evaporation zone. A simple parameterisation
will also make it clear how the'droplet mediated fluxes scale with wind speed and
air-sea bulk differences.

To begin, we define the droplet source number density spectrum, s, (r), as the number
of droplets of radius, r, ejected into the atmosphere each second per unit area of sea
surface per radius increment. The subscript » indicates that s represents the number of
droplets whereas subscripts 4 or V used.later indicate droplet area or volume. Also, we
use lower-case s to indicate the droplet spectrum whereas upper-case S represents
a property that is an integral over radius. The combined effect of the size-spectrum of
droplets is obtained by adding up the individual effect of each size droplet, taking into
account the relative numbers of each size—in other words, integrating over the entire
spectrum.

The source spectrum depends on wind speed. Because heat and moisture require
different integral properties, the simplest parameterisation requires that we separate
the meteorological conditions from the integral over the source-size spectrum. With
this simplification, the radius integral need be evaluated only once and the meteoro-
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logical variability is carried explicitly by the remainder of the scaling expressions. We
make two simplifications that allow us to do this.

First, we assume that the source function, s,(r), is similar at all wind speeds and 1s
proportional to the whitecap areal fraction, W(u). The validity of this approximationis
discussed by Fairall (1990) and is supported by the source functions given in AS2. We
express the source spectrum as

sa(r) = W)f,(r) (2)

where f,(r) is the source spectrum per unit area of whitecap. The function used is an
average of s,(r)/ W(u) obtained from the combined bubble droplet source function of
Miller (1988) and the spume droplet function of Wu et al. (1984), as described by A92.
The form of f, (r) is shown if Figure 3. We use

W(u) =38 x 107 5u>* (3)

from Monahan and O’Muircheartaigh (1980). This has a stronger wind speed depend-
ence than some more recent evaluations (O’Muircheartaigh and Monahan, 1986;
Spillane et al., 1986) and may overestimate the droplet effects when extrapolated
beyond 20m s~ !. However, Spillane et al. (1986) suggest a form almost the same as
Equation 3 for warm water, which we deem appropriate for our purposes.

The second simplification is based on the observation that mass flux (as depicted in
Figure 3) is dominated by droplets with radii in the range of 20 to 400 um. An
examination of A92’s computations of the three time scales of these droplets shows that
for this droplet size range

55«1 (4a)
T
I (4b)
s

Equation 4a implies that all relevant droplets will be able to transfer their excess
sensible heat to the atmosphere before falling back into the water. Thus, the droplet
mediated sensible heat flux contribution is proportional to the mass flux, F,, and the
air-sea temperature difference, T, — T,

“4
0= CuuFulT. =T Fu=p VWS, S,= j Srhdr. 5)
0
Here p,, and c,,, are the density and specific heat of liquid water. Note that A92 uses the
wet bulb temperature, T,, rather than T, in his definition of Q. We prefer to allocate to

the latent heat the additional heat flux associated with the droplet cooling from T, to

T, Evaluation of S, from Figure 3 is straightforward and yields S, = 50 x 107 ®ms™ 1,

which is independent of meteorological conditions.

2.3 Droplet Evaporation

Using the above approach, we can express the potential evaporation flux, E, for the
droplets as

E,=L,F, (6)
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where L, is the latent heat of vaporisation of water. E is the latent heat flux that would
result if all spray droplets evaporated before impacting the ocean and would be the
correct flux if 7, « 7. Because equation 4 applies, we must take a different approach.
We begin by considering the rate of loss of mass by evaporation, e, by a single droplet of
radius r (Pruppacher and Klett, 1978, equations 13.6 and 13.50),

€= m4anDvpar(q.u_Q) (7)

where D, is the diffusivity of water vapor, p, the density of air, g the ambient specific
humidity, and g, the saturation specific humidity at the droplet temperature. As the
mass flux is dominated by droplets with » > 10 um, we take D, to be constant and
neglect non-continuum (“slip”) effects (Pruppacher and Klett, pp. 322-323). F 1s the

droplet ventilation factor,
2V,.r\0
FP=1+O.25( fr) 8)

v

where v is the kinematic viscosity of air.

Note that equation 4a implies that the droplet is at the wet bulb temperature for
most of its exposure to the atmosphere but equation 4b implies that e and r are
essentially constant. We take ¥, to vary linearly with radius,

V,=8000r=ar 9)

which is in close agreement with the formula in Pruppacher and Klett (1978, pp.
323-324 and Figure 10-20) for the droplet size range of interest here.

The total loss rate of liquid water by evaporation at some point within the
evaporation zone is obtained by integrating equation 7 over the number concentration
of the droplets, n(r),

d
—gkjmmM=m%mm& (10)
where
S, z47rDUJ‘Fprn(r)dr (11)

To evaluate equation 11, we need to specify n(r) within the evaporation zone. We
assume that the droplet concentration is uniform with height below h (Edson, 1990) and
negligible above. In practise there are droplets above h, but the evaporation from these
should be compensated by reduced evaporation in the high humidity region near the
surface. Therefore, the vertical flux of droplets is simply n(r} V,, which must be in
balance with the surface production flux (Fairall et al,, 1983).

n(r)Vy = Wu)f,(r). (12)

Again, we can separate the meteorological variables from the integral over the droplets
d

~S o p W (w)S, (g, — 9) (13)

dt
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with S, given by

_Sa _ Fy(n)rf,(r)
&“W@"“mf V0 dr. (14)

Of the droplet size range we are considering, the smaller droplets go closest to violating
equation 4b; that is, they go closest to achieving moisture equilibrium before they fall
back into the sea. A92 showed that the contribution of these droplets to the overall
water vapor flux is minor, but we run the risk here of overestimating their effect. This is
illustrated by the fact that the value of the integral in equation 14 is somewhat sensitive
to the choice of lower bound. We choose a lower bound of 23 pm for the integral, giving
S,=0.125s""1, so that equation 13 agrees with the exact calculations of AS2.

It is interesting to note that the integrand in equation 14 decreases with increasing r,
so that S, depends more upon the source function for droplets with » < 100 ym than on
larger ones. We will eventually see that the droplet-mediated moisture flux is propor-
tional to S, and it is encouraging that the most uncertain part of our source function
does not contribute as strongly to S, as the better known parts.

Equation 13 defines the rate of evaporation of the droplets (inkg m~ 35~ !} at some
location above the sea surface. The apparent turbulent water-vapor flux at some height
above the evaporation zone, F,, is the integral of equation 13 from the surface to the top
of the evaporation zone. Although we have claimed that the droplet concentration is
roughly constant in the evaporation zone, ¢, —¢ approaches 0 at the surface. We
assume that the integral of g, — g can be approximated as h{gq,(h) — q(h)], where his the
mean wave height. Thus, the loss of evaporation below the mean wave height is
assumed to be compensated by increased evaporation for droplets carried higher by
waves larger than h and by turbulent diffusion. The flux of water vapor above the
evaporation zone resulting from the evaporation of droplets is

Fq = hpa W(u)Sa(qp - q) (15)

This result implies that the droplet contribution to the moisture flux is proportional to
the total surface area of sea spray droplets per unit area of sea surface.

Finally, we must account for the fact that the droplets are maintained at the wet bulb
temperature rather than the air temperature. We use the droplet thermal exchange
equation from Pruppacher and Klett (1978, equation 13.61) to express the wet bulb
depression:

LD,
CoaDr

pa

T,=T,—

[9(T,) —4q] (16)

where ¢, is the specific heat of air, Dy is the heat diffusivity, and g, denotes the
saturation specific humidity. Using the Clausius-Clapeyron relation, we expand the
saturation specific humidity, subtracting g from both sides, to get

L
0T~ 9= 4T~ a+ 25T = T) (T, ) (1)

M
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where ¢ = 0.622 and R is the gas constant for dry air. Combining equations 16 and 17
yields

4(Ty) — q = Blg.(T,) —q] (18)
where, assuming D,/D, =1, f1s given by
eL? -1
=| 1 +—254,(T,
g [ + R a)] (19

Values for f§ range from 0.59 at 273 K to 0.21 at 303 K.
The final expression for the droplet mediated flux is

1= Sa W(u)h(u)ﬁ(Ta)paLe{qs(n)_q} (20)
We specify the mean wave height by (Kinsman, 1965, p. 391; Wilson, 1965; Earle, 1979)
h(u) = 0.0154%, (21)

Both the W(u) and h(u) parameterisations used here are based on u defined as the mean
wind speed at a height of 10 m.

2.4 Profile Adjustments

Two additional factors must be considered to obtain our final expressions for the
droplet mediated fluxes. In equations 5 and 20, our parameterisations for 4(u) and W(u)
use coeflicients appropriate for the wind speed at 10m, which is consistent with
standard bulk conventions. However, the values for 7, and g are defined at height kand
so we need to determine a correction factor such that we can use the 10 m values. The
high wind conditions would normally allow us to assume logarithmic profiles for the
specific humidity and replace g(k) with g(10), except that the presence of evaporating
droplets voids the necessary assumption of constant flux. However, Rouault and
Larsen (1990) and Rouault et al. (1991) suggest the departure is sufficiently small that
we may write

0.5 10
qs(m—q(h)z[qs(Ts)—q(lon(l -5 Ing) 22

where k = 0.4 is the von Karman constant. We assume that this correction also applies
approximately to g,(T,) and obtain

1
a,(Tu(h)) — q(h) = () [¢,(T,(10)) — q(10})], v(u)=1— 0-0871070 (23)

We also apply this factor to the air-sea temperature difference in the Q; expression of
equation 5, and will henceforth use T, and g at the standard reference height.

The second profile issue concerns the ultimate fate of the moisture and heat liberated
from the droplets. We cannot assume that all of Q; and Q, appear at the top of the
evaporation zone. Smith (1990) indicated that the droplet evaporation will perturb the
normal log profiles of mean g and T in the evaporation zone, leading to a reduction in
latent heat flux and an increase in sensible heat flux below h, but vice versa above h. This
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new equilibrium structure of both the mean and turbulent flux profiles has been verified
by numerical simulations (Rouault and Larsen, 1990; Rouault et al. 1991). We illustrate
this structure in Figure 4.

We anticipate that only a fraction, o, of @, will be realised above the droplet zone.
Assuming a reference height well above the evaporation zone, H, computed by
standard methods is then a poor representation of the true latent heat flux, which
should be H,+aQ, Note that the actual evaporative cooling of the ocean is
H, — (1 — 2)Q, because of increased moisture near the sea surface. However, this lost
cooling is compensated by the increased sensible heat H, +(1 — )Q, being removed
from the ocean to evaporate the droplets. The numerical simulations (Roualt and
Larsen 1990 and Rouault et al., 1991) show that & & 0.5, even for massive droplet fluxes
as high as E, = 12,500 Wm"~ 2 Incorporating this factor, the final expressions for the
droplet mediated fluxes are then

Q,=0.58, W) yu)p, (T, — Tp)
Q=058 () W(w)y)B(T,) paLe[a,(T,) — 4] (24)

2.5 Comparison to Standard Bulk Transfer Processes

Putting in the various constants and writing equation 24 in terms of atmospheric
density and heat capacity yields

0, =32 x 1078 *y() p, (T, — To) (25a)
0,=36 x 10~ °u>*y(@)B(T)p,L[4,(T.) — 4] (25b)

withuinms™ 1.

i
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Heat Flux

FIGURE 4 Near-surface structure of g, 6, and the heat fluxes. The dashed lines represent the undisturbed
structure in the absence of droplets, the solid lines represent the equilibrium structure after modification by
evaporating droplets. The factor « characterises the fraction of total dropiet contribution actually realised

. above the evaporation zone after profile modification.
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To set this in context, let us first state the standard bulk expressions for the direct,
turbulent fluxes

Hs = pacpachu(Ts - 8r)
Hy=p,L,CulglT)—q(z,)] (26)

where C, and C, are the bulk transfer coefficients for sensible and latent heat and 0, is
the potential temperature at the reference height, relative to the surface pressure,
computed from T,. Note that

0~ T,(z,) +0.0098z,
q(z,) = RH(z,) q,(T(z,)} (27)

where z, is the reference height for the specification of the wind speed, air temperature,
and relative humidity. For a reference height of 10 m, C, and C, are approximately
1.2 x 10™ % and have little wind speed dependence (Liu et al,, 1979; Smith, 1988). Wecan
now compute the ratios of droplet mediated and bulk fluxes, f, = 0 /H_ and f,= Q,/H,

fi=27x107%u**
fi=3.0 x 107 Su** B(T, )qS(( )) (28)

We have ignored the distinction between the air-sea difference of temperature and
potential temperature and have for the moment dropped the y(u) factor, which varies
only between 0.90 and 1.08 for u between 15 and 40ms ™.

Figure 5 shows a comparison of equation 28 at various wind speeds with the calcula-
tions taken from Figure 9 of A92. We have divided A92’s values by two because he did
not consider the evaporation layer profile adjustment process. Note that @, becomes
significant compared to H, (20%) at a wind speed of about 15ms™!; Q, becomes signi-
ficant compared to H, at a wind speed of about 40 ms ™ !. Furthermore, an examination
of A92’s Table 3, which contains computations of fluxes for u = 20ms ™!, shows that

0il4,(T,) — g1/ B(T,) = constant (29)

for water temperatures ranging from 273 to 302 K and air temperatures ranging from
263 to 300 K.

2.6 Range of Applicability

For application in numerical models, the normal bulk heat fluxes are computed from
the lowest atmospheric level in the conventional manner. The droplet mediated fluxes
are computed using equations 24 or 25a, b. The lower flux boundary conditions for the
atmosphere are then given by

Sensible Heat: H,+ Q, — @,
Latent Heat: H,+ Q, (30)
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FIGURES The ratio of droplet mediated to bulk fluxes as a function of wind speed: equation 25 compared
with the computations from A92. For latent heat flux, f, (T, = 27306 K, T, = 273.16 K, and RH = 0.80) the
plus symbols are from A92 and the dashed line is from equation 25. For sensible heat flux, f, (T, = 263.16,
T.=273.16,and RH = 0.80) the circles are from A92 and the solid line is from equation 25,

Noting that Q,« Q,, the total oceanic surface energy boundary condition is not
changed. Equation 30 thus also implies that the flux of moist static energy (or
equivalent potential temperature) is not changed by droplet evaporation but the
surface balance is modified toward a cooler, moister boundary layer.

The whitecap fraction and droplet flux spectrum parameterisations are based on
measurements taken at wind speeds up to about 25ms™?, so this must be considered
the strict limit of applicability of the final parameterisation. At the upper end of the
strict limit of applicability, droplet evaporation is about 20% of direct bulk evapor-
ation (depending on conditions) but the cooling effects of the droplet evaporation will
be much larger than the droplet mediated sensible heat flux. Because we have taken
a physical approach to the parameterisation, we expect to be able to extrapolate to
higher wind speeds (albeit with decreasing confidence). At about 28 ms™*, the droplet
contribution is comparable to the direct turbulent flux. Therefore, it is of interest to
ponder the logical limits to this extrapolation.

At a wind speed of 40 ms ™!, equation 3 yields a whitecap fractional area of 1.0. We
do not expect the whitecap fraction to exceed 1.0, but we do expect the droplet
production to continue to increase with wind speed in an unknown manner. Two other
parameterisation assumptions also begin to break down near 40 ms~!. Our assump-
tion that r and e are constant is equivalent to assuming that Q/E, « 1. At 40ms”~ .
Q,/E, is approximately 0.33 at an RH of 0.80. Obviously £, is a strict upper limit on @,
[which can be violated by equation 25b]. Finally, our assumption that the mean wave
height represents an upper limit on the vertical distribution of the droplets breaks down
‘when the turbulence is sufficiently intense to transport droplets well above the

L
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production region. Toba (1965) has shown this limit is reached when u >V, /(k C2°),
where C, is the velocity drag coefficient. Thus, for u greater than about 50ms~! sea-
spray droplets will be vertically transported well into the boundary layer and truly stag-
gering boundary-layer export processes will be required to prevent rapid saturation.

In conclusion, we suggest that equation 30 can be used with wind speeds up to about
30ms™ ! (whitecap fraction of about 0.5). Using it for winds above 40ms ™' is likely to
be fraught with peril.

Incidently, we can also conclude that the droplets make an insignificant contribution
to the surface stress in this wind speed range. Assuming that the droplets are ejected
with negligible horizontal velocity but acquire the mean wind speed, u, before reimpact-
ing the sea surface, they will increase the momentum transfer. We can compute the ratio
of the droplet contribution to the standard bulk stress as

fi= Fp—e—s =8 % 107 4>* (31)
DCH
which is about 0.1 at u = 50 ms™ . This is at variance with the results of Pielke and Lee
(1990}, who show a significant impact on the surface wind profile due to spray droplet
mass loading. We believe the discrepancy is due to the high values of water mass
loading they use, ranging from 0.032 kg m ™3 to 0.32kg m ™%, when averaged over the
lowest 10 m. Our parameterisation gives a mass loading of

4 4 rf (1)
jgnr pa(r)dr= ~3-ﬂ:pw Wi{u) J—»--——Vf(r) dr

which is 0.0029 kgm ~2at 30 ms ™}, increasing to 0.0077kgm > at40ms”~'. Thuseven
the least of their water loadings due to spray is an order of magnitude too large.
Although the droplet source function is not well known, A92 rejects a source function
which produces many more spume droplets than ours on the grounds that it leads to
unrealistically high values of spray sensible and latent heat fluxes.

3 APPLICATION TO TROPICAL CYCLONES

3.1 Model Formulation

As a test of the parameterisation in section 2, and to provide a preliminary estimate of
the relative importance of droplet and conventional fluxes in an important real-world
situation, a simple model of the tropical cyclone boundary layer was developed. This
model is axisymmetric and assumes the hurricane boundary layer to be well mixed. Itis
formulated with potential temperature 6 and specific humidity g as prognostic vari-
ables, and integrated until a steady state is reached. The boundary layer depth z,, is
defined as the cloud base height and velocity components u and v are prescribed and
fixed.
The budget equations are
660 wo,—wt, LE

i,
ot _u_é?-l_ z; PC,Z; (33)
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and

d dg wq,—wq, E
_g--_ ﬁ+M+“

a or Z; pz; (34)

where the terms containing E define the effects of rainfall evaporation and are described
more fully in the next section.

The direct surface fluxes are calculated by a modified Liu-Katsaros-Businger (1979,
henceforth LK B) algorithm. Three modifications are made:

(i) Combining the formulae of LKB and Charnock (1955) for the roughness length
to obtain z, = 0.011u2/g + 0.11v/u,, where vis the kinematic viscosity, as suggested by
Smith (1988).

(ii) Altering the dependence on stability of the profiles of temperature, moisture and
momentum in highly unstable conditions z,/L < — 5 (where z, is the boundary layer
reference height and L is the Monin-Obukhov length) to

3.22 yi+y+1 L 2y+l o=
kit (NS PEALE AL e AR 35
Yr 2_57(15};1 : J/3tan 7 +\/5 (35)
and
2.05 yvi+y+1 2yt o=
= 15Inf—F——— /3tan" 0t —= 36
llbU 257( n 3 \/_an \/5 \/5 ( )
where

y=3/1—-12872/L. (37)

This is readily derived by integrating the 1/3 power law expression ¢r= Py=
(1 —yz/L)~ Y3 for the dimensionless gradients, which has the proper free convection
form (Panofsky and Dutton; 1984, pp. 133-144) and is thus more appropriate for such
highly unstable conditions than the Businger-Dyer formulae used by LKB.

(iii) Modifying equation 2b of LKB to

zr
(r-T)_ (‘“E}_ b )

T,

*

with a similar change to equation 2b of LK B. The value o = ¢ip = 1.18 is used to be
consistent with the von Karman constant of 0.4 we are using here.

Equation 25 is used for the droplet mediated fluxes. To prevent the latent heat flux
exceeding the total mass of droplets available for evaporation, it 1s modified to
1/(1/Q, + 1/E).

The top fluxes are given by

(38)

ok

W’Brzi = - (@ - e)we (39)
and

wq',=—(0—qw, (40)
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where the equation for the entrainment velocity

wo, —L
we—max(0.2®v_gv(l +3.2(7i)), 0) 41

incorporates the suggestion of Fairall (1984) to account for the effects of shear
generated turbulence along with those of the surface buoyancy flux, but does not
include the effects of cloud downdrafts. Here, upper-case variables ® and Q denote free
atmosphere values immediately above the boundary layer. The model formulation is
summarized in Figure 6.

Space derivatives are calculated by a centred finite difference scheme, and the time
step is implicit, giving essentially the Crank-Nicholson algorithm. A 1-2-1 filter is
applied every ten time steps to prevent the growth of 2Ar wavelength noise. The inner
boundary condition of u =0 at »r = 0 means the field at the centre point is affected only
by the local fluxes. At the outer edge of the domain (1,000 km in the following
examples), either 8 and ¢ are held fixed at their initial value, or the space derivative is set
to zero. This choice does not affect the model solution inside 500 km.

The sea surface temperature, free atmosphere temperature and moisture, boundary
layer depth, and outer boundary € and g (where appropriate) are prescribed.

3.2 Parameterisation of Rainfall Effects

The rainfall rate R, in a steady-state cyclone, is assumed to be equal to the local water
vapor flux out of the top of the boundary layer. That is,

R=p,Wwq,, +wg) (42)
Free O, Q Fluxes w’@;, wg',
Atmosphere | T
1 f Z;
Rainrate R

Boundary O, q Evaporative Cooling E
Layer

Spray Fluxes Q,, Q, I [ Wind components u, v

Sea T Direct Fluxes H_, H

FIGURE 6 Schematic of the bulk tropical ¢yclone boundary layer model
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and is also by definition the vertical liquid water mass flux,

R= ﬂpij V(r)n(r)r*dr (43)
0

3
where V,(r) is the fall velocity of a droplet of radius r, n(r) is the rain droplet size
spectrum, and p,, is the density of liquid water.

The evaporation rate dm/dt of a single rain droplet is given by equation 7. Here we
approximate F, ~0.25(2V,r/v)!/* as r > 50 um for typical raindrops, and assume the
droplet temperature to be the wet bulb temperature. The total flux due to evaporation
through the depth of the boundary layer is then

E= z,—j:%?(r) n(rydr

= 4nz.D 0 B qe (T q]f H(rin(r)dr (44)

where equations 18 and 19 have been used to simplify q,,,(T,) — ¢ = f(g.. (T) — g) and
we have neglected the change in size of the droplets as they fall.
The ratio of evaporation rate to rainfall rate then becomes

° 112,32
B 32y | vy
R 4( ) Z (pa)ﬁ[qsat(T)—Q.]
Pw J Vf(r')r3n(?')dr

For tropical raindrops, ¥ ~ 1 mm and so we take ¥, = 10ms~*, and use the Marshall-
Palmer raindrop size distribution n(r) =8 x 103exp( —r/ro) where ro="0.13R%2! and
R is in millimeters per hour. Thus

(43)

E 3 = Pa _
R =395 .Dugﬁ[qsm(ﬂ—ﬂ?'o 32
=(1.213 x 1073 mm32 g~ 'm?) 2,0, B[4, (T) — q1rg ** (46)

and this in combination with equation 42 gives E.

Probably the largest uncertainty in the parameterisation comes from the specifica-
tion of the rainfall rate distribution through equation 42, which is sensitive to the
assumed vertical velocity w. There is a lack of good data on cloud base vertical velocity
in tropical cyclones, so here we have calculated it from the assumed radial velocity
profile via the continuity equation.

4. DISCUSSION

To investigate the potential effects of spray and rainfall on the tropical cyclone
boundary layer, the model was integrated to equilibrium and various combinations of
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the physical processes were activated. In each case, the tangential wind profile
used was the tropical cyclone bogus of Holland (1980) adjusted for a cyclone with
maximum gradient level wind of 30ms™' at a radius of 50km and central pressure
of 970 hPa. The gradient wind is adjusted to a 10m wind for the flux calculations
by multiplying by 0.8, as suggested by Powell (1980). The radial wind was prescribed
as an inflow of 20° at radii greater than 100km, going smoothly to 0 at the centre,
and the boundary layer depth held fixed at 500m. This lead to a maximum rainfal-
rate of around 7cm day ™!, in reasonable agreement with Frank’s (1977) composite.
The free atmosphere has a temperature of 303 K and a specific humidity of 16 g kg™ L
whilst the sea surface temperature is 301 K. Other reasonable choices of these
parameters do not cause major changes to the results below. The inner 25km of the
radial profiles are not shown because the model was not designed to represent the
conditions within the eye.

The first experiment contained none of the droplet processes (sea spray and rain
evaporation). Because there is an inversion at the top of the boundary layer, the heat
flux here is directed downward. With the comparatively weak radial flow in tropical
cyclones limiting advective changes, an equilibrium is possible only if the surface heat
flux is also downward; that is, if the boundary layer is warmer than the sea surface. This
is, of course, contrary to the usually observed situation for tropical cyclones. To get the
model to reach an equilibrium in this case, it was necessary to prescribe a free
atmosphere potential temperature of 304 K, 3 K warmer than the sea surface. Further
evidence of the implausibility of this configuration of the model is given in Figure 7,
which shows temperature increasing markedly toward the radius of maximum wind
(RMW), again in contradiction of observations.

Including the spray parameterisation produced a much more physically reasonable
temperature profile (Figure 8). Note particularly the significant cooling near the RMW

304.0

303.0 ¢

502.0 |

301.0 ¢

Temperature (K)

300.0 5500 200 300 400 500

Radius (km)

FIGURE.7 Radial profile of temperature in the model tropical cyclone boundary layer with no droplet
evaporation processes. The sea surface temperature is 301 K and the frec atmosphere temperature is 305 K.
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302.0

301.5 ¢

301.0 ¢t

Temperature (K)
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Radius (km)

FIGURES Radial profile of temperature in the model tropical cyclone boundary layer with droplet
evaporation processes included. The sea surface temperature is 301 K and the free atmosphere temperature is
303 K.

due to spray droplet evaporation. Here, the downward surface sensible heat flux needed
to balance the downward flux at the boundary layer top is provided by the spray, the 9,
term in equation 30 acts as a significant heat sink. This is shown clearly in Figure 9,
which gives the breakdown of surface sensible and latent heat fluxes into their droplet
mediated and direct components. It is seen that Q, is about one-half H; at the peak, but
is more concentrated near the stronger winds. H, is an order of magnitude smaller,
whereas Q, is negligible at these relatively modest wind speeds.

Another process that could produce the boundary layer cooling needed to balance
the warming by downward sensible heat flux at the boundary layer top is evaporation
of rain. Including the rain parameterisation produced a slightly cooler boundary layer
(Figure 10) than that produced by ocean spray (Figure 8). Increased cooling resulted
from inclusion of both sea spray and rain (Figure 10), giving a somewhat cooler
boundary layer than spray alone. The air-sea temperature difference thus produced is
at the low end of the range suggested by the observations in Figure 2.

Given the lack of good experimental data on the spray source function and hence
Q,, it is appropriate briefly to consider the sensitivity of the model to varying
the magnitude of Q, Accordingly, the above “spray only” and “rain and spray”
experiments were repeated with Q; being halved and doubled. In the “spray only”
case, doubling @, produced an additional 0.5 K of cooling at the RMW, whilst halving
it all but eliminated the air-sea temperature difference. This latter case was, however,
still some 3 K cooler than the “no rain or spray” case. The impact on the “rain and
spray” case was less, amounting to about 0.1 K in either direction. This was due to the
moister boundary layer in this case reducing the potential for further evaporative
cooling.

These results suggest that sea spray droplet evaporation may be important in the
maintenance of the cyclone boundary layer. They are, however, preliminary in that
several important effects-are at present omitted from the model, and they should
therefore be treated with due caution. The model is being extended to include
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FIGUREY Relative contributions of direct (solid lines) and sea spray (dotted lines) evaporation processes
to the surface sensible (upper panel) and latent heat (lower panel) fluxes, for the experiment in Figure 8.

a calculated boundary layer depth and the effect of cloud base fluxes of heat and
moisture, as well as the momentum budget, and this work will be the subject of
a forthcoming paper (Kepert, 1993). The cloud base fluxes, in particular, are expected to
play an important role. Further work is also needed to clear up the relative importance
of sea spray and rain evaporation. This distinction contains important implications for
the overall dynamics of the boundary layer, since the vertical distribution of cooling,
and hence the static stability, will be very different in the two cases. For example, if the
cooling is dominated by spray and therefore confined to the lowest 100 m or so of the
boundary layer, the resulting increase in stability would be expected to reduce
significantly the surface momentum transfer. This would affect storm surge forecasts,
and could also allow inertial oscillations to develop with the concomitant formation of
a low level jet above the cooled layer.

The results were compared with the boundary layer budget of Betts and Simpson
(1986). In our notation, the surface flux figures averaged over the annulus from radius
30km to 90 km from their Table 3aare H, =228 Wm™2,Q, = 110 Wm ™2 H, = 1578
Wm~2 and Q,=1788Wm™2 The relative magnitudes of the various terms are
broadly similar. Closer agreement would not be expected as their cyclone is significant-
ly stronger than the one here, and this model does not as yet include the important
cloud base processes present in their calculations.
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FIGURE 10 Radial profile of temperature in the model tropical cyclone boundary layer with rain drop
evaporation only (solid line) and sea spray and rain evaporation (dashed line). The sea surface temperature is
301 K and the free atmosphere temperature is 303 K.

5. CONCLUSIONS

The contribution of ocean spray and rainfall to the thermal structure of a tropical
cyclone boundary layer has been investigated. First we developed parameterisations of
the effects of spray and rainfall in terms of bulk meteorological parameters, The spray
parameterisation draws on recent work by de Leeuw (1986, 1987, 1989), Ling and Kao
(1976), and Edson (1990) in assuming that spray droplets are injected at the wave
height, and of Andreas (1992) in assuming that the droplets adjust rapidly to the wet
bulb temperature, but fall back into the ocean before they have lost a large proportion
of their mass. In this parameterisation, the contributions of oceanic spray to air-sea
fluxes become comparable to direct fluxes at wind speeds above about 20ms ™" for
moisture, and above about 35 ms ™! for sensible heat. We are confident in the physics of
the parameterisation up to 30ms ™, and believe it to be reasonableup to 40ms™ *. Itis,
however, dependent on the droplet source function used and should be modified as
more data becomes available on this. Beyond that, other processes will become
important as droplets are turbulently transported through the full depth of the
boundary layer.

These parameterisations were incorporated into a simple axisymmetric slab model
of the tropical cyclone boundary layer, and the sensitivity of the model to sea spray and
raindrop evaporation was examined. We found that a highly unrealistic structure
developed without the inclusion of droplet processes. Including either or both of
sea-spray or rain parameterisation led to a more realistic hurricane surface tempera-
ture profile, albeit with detail differences between the different calculations. We
reiterate our earlier cautions about the simplicity of the present model.

The study indicates that the effect of spray and rainfall on the boundary layer
structure under high wind conditions may be large and cannot be ignored. The analytic
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results agree with the findings of Betts and Simpson (1987) that evaporation has
a major impact on the hurricane boundary layer. Our results are also supported by
observations from two typhoons collected by the former USSR oceanographic fleet
(Pudov, personal communication, 1991).

These findings indicate that care needs to be taken with use of simple boundary layer
models and concepts in developing theories of tropical cyclone development and
maximum intensity. Further analytic work is planned, first with a more sophisticated
slab boundary layer model, then with a full primitive equations model with resolved
boundary layer. A major limitation, however, will be the lack of direct observations.
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