IS

o N o

10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32

33
34

35

36
37
38
39

40

The impact of spray mediated enhanced enthalpy and reduced
drag coefficients in modelling of tropical cyclones

N.C. Zweer$, V.K. Makin, J.W. de Vries
Royal Netherlands Meteorological Institute (KNMI), DetBithe Netherlands

V.N. Kudryavtsev

Nansen International Environmental and Remote Sensingr€IERSC), Saint
Petershurg, Russia

Russian State Hydrometeorological University (RSHU)nSRgtersburg, Russia

Abstract. The impact of new parametrizations for drag and air-seaagpyhexchange on
modelling the intensity of tropical cyclones with a numatiweather prediction (NWP) model
is examined. These parameterizations follow from a modehf®marine atmospheric bound-
ary layer (MABL) for high wind speed conditions in the preserof spray droplets that
originate from breaking wave crests. This model accountsttie direct impact of these
droplets on the air-sea momentum flux through actionsgray force which originates from
the interaction of the ‘rain’ of spray droplets with the veal wind shear and is expressed
in terms of the spray generation function (SGF). The SGF sccin the wind speed up to
50 m s 1 beyond which its value increases less strongly. The drafficieat (Cp) decreases
from approximately 30 ms!, as in agreement with what the available measurementsse the
conditions indicate. The enthalpy exchange coeffici€p) {ncreases with increasing wind
speed and slowly decreases beyond a wind speed of about 48 dus to the strong drop
in Cp. The value foiCy/Cp is in agreement with observational data for wind speeds @0to
m s~1; for higher wind speeds the value is in the range 1.2—1.5 agieement with a well
established theory. The parametrization is tested in an W@kel. The tropical cyclones lvan
(2004) and Katrina (2005) in the Gulf of Mexico are simulat&d the sea surface tempera-
tures (SSTs) from the European Centre archive that werenived to the NWP model, a
parametrized cooling (based on estimations from the@lestudies and measurements) was
applied during the model forecasts, as the NWP model doeserolve locally rather strong
induced reductions in SSTs. The simulations show thatstiatropical cyclone wind speeds
and central pressure can be obtained with the proposed dchgrdhalpy parametrization.
The results indicate that the value 10k/Cp at very high wind speeds in this study is in
the correct range. Moreover, the results motivate the egptin of the parametrizations in
atmosphere—ocean coupled models.

Keywords: Drag Coefficient, Enthalpy Exchange Coefficient, High Wipg&ds, Spray, Trop-
ical Cyclones

1. Introduction

One of the challenges in tropical cyclone modelling is ustierding and
representing the physical processes near the sea surfdcdetiermine the
surface fluxes of latent and sensible heat, and momentumicatayclones,
also known as hurricanes, gain their intensity from the waogan through
exchange of heat and moisture, while momentum is exchargedgh the

L: Current affiliation: MeteoGroup, Wageningen, The Nethedta
"i‘ © 2014Kluwer Academic Publishers. Printed in the Netherlands.
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2 ZWEERS ET AL.

drag that is exerted on the atmospheric flow. Numerical vezgthediction
(NWP) models normally compute the air-sea fluxes of momentusensi-
ble heatHs and latent heaHg with a bulk type relation with an exchange
coefficient according to,

T = p.CpUZ, 1)
Hs= panCH UL(QQ — QL), (2)
He = pal\CeUL (0o — aL), 3)

with p, the density of airc, the specific heat of air (at constant pressure),
L, the latent heat of vaporization, akd 6 andq are respectively the wind
speed, potential temperature and specific humidity, witiseript O the sur-
face and. a reference level heighCy andCg are the exchange coefficients
for respectively heat and moisture, abglis the drag coefficient.

For neutral stratification, the wind field in the marine atptoeyic bound-
ary layer (MABL) in NWP models is assumed to be logarithmithwieight.
Then,

Cp = Kk?/[In?((z+2Zom)/Zom)] s 4)
Ch = K\/Co/[PriIn ((z+2on)/201) ], (5)
Ce = K\/Co/[PreIn ((z+20e) /2 ], (6)

with k (=0.40) the von Karman constamztthe height above the sea surface,
Pr; the turbulent Prandtl number, aagly, Zon, Zoe the roughness lengths for
momentum, heat and moisture, respectively.

As suggested by Emanuel (1986) and Emanuel (1995), thesityeof
tropical cyclones in atmospheric models strongly depemdde ratio of the
exchange coefficients for enthal@ and momentunCp. Here,Cy¢ can be
obtained from the enthalpy fluxy, which corresponds to specific enthalpy
=cpb + Lyq, according to

Hi = paCiUL (ko — ki). (7

Emanuel (1995) concluded th&/Cp should be in the range 1.2-1.5, in
order to model realistic tropical cyclone intensity, witii® as a lower bound.
Measurement data in the tropical cyclone boundary layerstltelimited.
Hence, there is still a rather large gap in understandingt Wappens at the
sea surface. The behaviour ©f;, Ce andCp are still studied. Analyses by
Powell et al. (2003) of measurements with Global Positigréystem (GPS)
drop sondes show that the magnitudeCpf starts to decrease from a wind
speed of 30-40 m$. Analyses of Holthuijsen et al. (2012), which show
a dependence d@p to the different azimuthal angles in tropical cyclones,
confirm in general the findings by Powell. Analyses by Jarost. €2007) of
buoy data measuring ocean currents show a similar behaidoQy at very
high wind speeds.
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TROPICAL CYCLONES: ENHANCED ENTHALPY AND REDUCED DRAG 3

Different reasons for a possible reduction in the drag dt ngd speeds
have been suggested. Makin (2005), Bye and Jenkins (20Q@kykvtsev
(2006) and Rastigejev et al. (2011), speculate on the ingdatray droplets,
as suspended particles, on atmospheric stratificatiorhivthe frame of
this ‘stratification mechanism’, however, the observedosegsion of the sea
drag can only be attained at an unrealistically large volwmecentration
(0(107%) or even larger) of sea spray (e.g. Kudryavtsev (2006), iggst/
etal. (2011)). Another cause is the direct impact of dregpbetthe momentum
balance through ‘spray stress’ (or ‘spray force’). As iltated by Andreas
(2004) and Kudryavtsev and Makin (2011) this should be a neffieient
way than through stratification. In addition, foam and stse¢of foam and
spray) are suggested as a cause as well (Powell et al. (2608huijsen
et al. (2012)).

The impact of reduced drag at high wind speeds on modellimgidal
cyclone intensity has been examined by Zweers et al. (200l@}y sim-
ulate severe tropical cyclones with redudgg, while their monotonically
increasing drag coefficient results in significantly lowendvspeeds.

The available measurement data are also questioned. Sndtiviant-
gomery (2014) question the assumption of a logarithmic vpirafile at very
high wind speeds that Powell uses for computifiy Moon et al. (2007),
who propose an empiric@lp based on previous numerical calculations with
a coupled atmospheric-wave model, suggest @pasaturates at very high
wind speeds. Thei€p shows poor agreement with available measurement
data. In general, Richter and Sullivan (2013) mention timy the turbulent
stress above the sea surface is measured at very high wiedsspeherefore,
the turbulent drag would decrease, but the atmosphericaiasis to saturate.

Analyses of CBLAST data by Zhang et al. (2008) indicate thih ¥95%
confidence”Cy = Cg = Ci for wind speeds up to about 30 m's Using
momentum flux measurements by French et al. (2007), they shaiw
C«/Cp >=0.63, which is smaller than Emanuel’s critical value offd.Zhang
et al. (2008) speculate that “the enthalpy flux into the lwame boundary
layer may have come from sources other than air-sea tuitbillses, or the
Emanuel model assumptions should be revisited”. Andre@s1(?mentions
Emanuel’s criterion is often misinterpreted: for tropicgitlone wind speeds
C«/Cp ¢ 0.75, while its value might be smaller for lower wind spe&tikile
C«/Cp obtained from Andreas’ algorithm shows agreement with Hrebs
favourable range of 1.2—1.5 in the high wind speed regpekeeps increas-
ing monotonically with increasing wind speed, which is ndtatvavailabbe
measurement data suggest would start to reduce.

In the present study the impact of an air-sea exchange paraatien on
modelling tropical cyclone intensity with an NWP model isaexned. The
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4 ZWEERSET AL.

6[ 5 obs Powell et al. 2003 6
o  obs Holthuijsen et al. 2012

41— KMZ2012, modified SGF
— Charnock, z.=0.025
——— Zweers et al. 2010
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Figure 1. Friction velocityu,. (top left), 10 m drag coefficier@p1g (top right), 10 m humidity
exchange coefficier@g o (bottom left), and rati®€g10/Cp1o (bottom right) versus 10 m wind
speedJyp, according to different parametrizatiorseé legengKMZ2012 refers to Kudryavt-
sev et al. (2012)); observations are in black (Powell e2803) and brown (Holthuijsen et al.,
2012); the dashed black curve f8p1¢ is from Jarosz et al. (2007); range f6g10/Cb1o
suggested by Emanuel (1995) in black dashed-dotted lingsstiaé black dashed line is the
0.75 lower bound.

parametrization is based on the model by Kudryavtsev andiM@011),
in which the impact of spray droplets on the momentum flux iealy ac-
counted for in the way of a spray stress (‘vortex force’). Tinedel produces
a decrease in the drag at very high wind speeds, as in agreeviterthe
available measurements in these conditions. In the magéhgr explored by
Kudryavtsev et al. (2012), the air-sea enthalpy transfentsanced. Hence,
the parametrized reduc€g and enhance@y from Kudryavtsev et al. (2012)
are tested. The parametrizations are used in the NWP moRelAd * (High
Resolution Limited Area Model) to simulate the tropical loyees Ivan (2004)
and Katrina (2005) in the Gulf of Mexico. The reduction in thrag, and also

the increase iCy, is based on a different physical mechanism than in e.g.

Zweers et al. (2010).

The outline is as follows. In Section 2 we present the paranagions for
Ck andCp that are tested and explain on the simulations performelal tvé
NWP model. Results are presented in Section 3, followed bynalading
section.

1 see http://www.hirlam.org/ for more information on HIRLAM

manuscript_zweers_rev.tex; 21/07/2014; 21:53; p.4



136

137
138
139

140

141

142
143
144
145
146
147
148
149
150
151
152

153

154

155
156
157
158
159
160
161
162
163
164
165
166
167
168
169
170

171

TROPICAL CYCLONES: ENHANCED ENTHALPY AND REDUCED DRAG 5

2. Methods

A different air-sea exchange scheme is applied than Zwé¢eats(@010) have
used. They comput€y andCg in HIRLAM with formulations for zpy and
Zoe based on extrapolation of the empirical formulations psgubby Garratt
(1992):

In2M _ 2 48R4 _ 2 (8)
Z0H
In2M _n 2M _ g ord/*, )
20E Z0H

with Re. = zgvu, /v the Reynolds number, with, = /1/p, the friction
velocity andv the molecular kinematic viscosity of air. The behaviour iod a
the values for the exchange coefficiefg and Cg are quite similar with
(8) and (9). A change in the drag comes with changes in theagggh of
heat and moisture. This is in fact a natural consequenceSseton 2.1).
But with (8) and (9) these changes are not dramatic (see diguiThe drag
parametrization by Zweers et al. (2010) together with (&) @) gives values
for Cg /Cp (or Cy /Cp) that are below Emanuel’s critical value of 0.75 for all
(high) wind speeds (see Figure 1).

In the present study (8) and (9) are not used. HEgeis reduced more
severely an@y is enhanced more strongly. A description is given in the next
paragraph.

2.1. DRAG AND ENTHALPY EXCHANGE COEFFICIENT

At very high wind speeds the airflow near the air-sea interfecheavily
loaded with spray droplets. In these conditions, the useadfittonal equa-
tions for the MABL dynamics is not justified. Therefore, Kydvtsev and
Makin (2011) (hereinafter KM2011) derived equations inethspray effects
on the MABL dynamics are directly accounted for. KM2011 uagdodified
form of the mass and momentum conservation equations tkatinéo ac-
count the injection of droplets into the airflow at the heighbreaking wave
crests. In the momentum conservation equation they indlutle volume
source of the droplet momentum. This is the rate of injecibmomentum
of the droplets, that are torn off from breaking wave crasts, unit volume
of air at heightz (see eq. (8) in KM2011).

Kudryavtsev et al. (2012) (hereinafter KMZ2012) presentrapsfied
model (parametrizations) for the MABL that is based on thelehby KM2011.
In the present study the impact of these parametrizatiomaamtelling trop-
ical cyclone intensity is investigated. For a full and deethidescription of
the model and the parametrizations we refer to the origiapkps; here, we
briefly present and explain the parametrizations.
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6 ZWEERS ET AL.

The simplified model by KMZ2012 is a two layer model in whicleth
MABL consists of a thin layer adjacent to the sea surface ickvispray
droplets are generated from breaking wave crests — the gpragration layer
(SGL) — and the core of the MABL above the SGL. The spectratibigion
of wave breaking parameters (e.g. length of breaking framtdistribution of
white caps over wavenumbers) rapidly grows towards highewasnbers, as
suggested by Phillips (1985). This is why in the KMZ2012 nidde SGL
(associated with spume droplets generation) is a relgtskellow layer with
depthd that is proportional to the inverse wavenumber of shortesaking
wavesky, that carry white capskf, ~ 10 rad nT1). These rather short breaking
waves are strongly modulated by large dominant wind wavesch, the pro-
duction of spume droplets largely takes place on top of thmidant waves
and on their crests, as is discussed in Kudryavtsev and MaRiD0).

In the model by KMZ2012 the droplets act on the airflow dynanticough
the ‘spray force’. The interpretation of this mechanismhis following. At
moderate and high wind speeds the surface stress is fullyosigal by the
surface form drag. At higher wind speeds the crests of bngakiaves can be
disrupted aerodynamically (e.g. by Kelvin-Helmholtz tyjpestability) and
they are pulverized to droplets. The physical meaning of rtfeEzhanism
suggested in KM2011 is that the form drag, initially suppdrby the wave
crests, is transferred to the droplets once these crestski®mn subjected to
the aerodynamical disruption and fragmentation. The etepmre produced
at the height of the breaking crests.

Once generated, the droplets are embedded in the airfldewfob the
streamlines of the dominant waves. The droplets stay velgttlose to the
sea surface, as the airflow does not separate from the domvasas. While
falling back to the sea surface, the droplets transfer mamneio the airflow.
Hence, the turbulent stress in the SGL increases and dsoplibtaccelerate
the airflow near the surface. As a result of this acceleratiothe core of the
MABL (above the SGL) the vertical wind shear reduces andulertce will
be suppressed. This results in a reduction in the drag ceeiffic the core of
the MABL. Thus, while inside the SGL the turbulent mixing obmentum
is enhanced, it is suppressed above the SGL. And the cordrinatt aero-
dynamic disruption of wave crests (that initially providing form drag) and
injection of droplets into the airflow represents a coupleatpss that results
into acceleration of the airflow and suppression of the sag dt high wind
speeds.

Furthermore, due to the enhanced turbulent mixing insideSBL, spray
droplets enhance the turbulent exchange of heat and mmistiis leads
to reduced vertical gradients of these quantities in the SGiis can be
understood by considering the small upward shift of theamarfvalues of
temperature and humidity to the depth of the SGL. As a rethétvertical
gradients of humidity and heat are enhanced above the SGiceilehrough

manuscript_zweers_rev.tex; 21/07/2014; 21:53; p.6



215
216
217
218

219

220

221

222

223

224

225
226
227
228
229
230
231

232

233
234
235
236

237

238
239
240
241
242
243
244
245
246

247

TROPICAL CYCLONES: ENHANCED ENTHALPY AND REDUCED DRAG 7

this mechanism spray droplets enhance the exchange of Etdrmsensible
heat in the core of the MABL in this model.

A logarithmic wind profile is assumed. Then, the drag coedfitat height
h can be written as
Con = K?[In(h/Zom)] 2. (10)

Following KMZ2012, we write the effective roughness lenfthmomentum,
Zom, as
Zom = Zpexp(—An). (11)

For near-surface wind speeds up to approximately 30 Mtise effective
roughness length is equal to the aerodynamic roughagsahich is com-
puted with Charnock’s relation ((Charnock, 1955))

20=z.U%/g, (12)

in whichz, is the dimensionless aerodynamic roughness length, onGbis
parameter. With further increase in the wind spegg decreases due to
the increasing impact of spray droplets on the MABL dynamitiis is
represented by the functiofy,, which is determined by the spray genera-
tion function (SGF). The SGF, denoted I&,séu*,z), determines the vertical
profiles of spray and the wind. We assume that inside the St&lyéertical
distribution ofFs(u,,z) can be approximated by the spray flux at the surface,
i.e.Fs(u,,2) = FO(u,). KMZ2012 parametrize the SGF as

FO = csu, (Uzo/Cp)3, (13)

with U1 the wind speed at 10 m height; a constant£ 10-°) andcy the
phase velocity of the shortest breaking waves that producplets €, ~
0.63 m s1). Note that KM2011 compute the total length of wave breaking
fronts, which is cubic in the wind speed. This quantity islided here in
terms of(U1o/Cp)3. The functionAn, then depends oR? through

Am = cm(U10/Co)* = cmF2 /U, Cs, (14)

with ¢, ~ 107° a function that weakly depends on.

With formulation (13) the SGF rapidly grows with increasiwgnd speed.
KMZz2012 show there is fair agreement between (13) and comdibbserved
in laboratory experiments at very high wind speeds (see thgure 1). As
Kudryavtsev (2006) speculates, though, at very high winekdp the total
length of wave breaking fronts should be saturated. Thisnseglausible,
as the sea surface must have a limited configuration in thxsenee con-
ditions, when almost each individual wave crest will bre@kis implies
that formulation (13) overestimates the production of gmhaplets in these
conditions.
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248 Moreover, a visual indicator of wave breaking is white cagpiHolthui-

29 jsen etal. (2012) report on the generation of streaks of faadwspray at very

50 high wind speeds. These streaks may originate from white aag may also

51 merge with these white caps. Their analysis and photogragMidence show

s> that the white cap coverage remains almost constant frormd speed of

253 about 40 m s. Formulation (13) leads to a decrease in the friction véjoci
s« and very low values fo€p (see Figure 1, orange lines) at very high wind
5 speedsCp seems to drop even below the viscous drag. This implies that
56 almost all the white caps are pulverized into droplets. That contradiction

57 With the observed convergence in the degree of white cappiegtioned

3 above.

259 In the present study the rapid increase in the droplet ptamuand the

%0 Vvery strong drop ifCp at very high wind speeds is prevented through reduc-
21 tion of the term (10/c,)2 from a certain threshold wind speétt. Hence,

22 While relation (13) applies fodig < U, for Uig > Ut we propose the fol-

%3 lowing relation:

FO = csu, (U1g/Cp)%(Ut /Cp). (15)

x4 The precise value fadt may be a subject of future studies; here, wellise-
s 50 m s1. With this modified SGF the friction velocity does not decea
266 anymore at very high wind speeds, but it starts to saturatie mwcreasing
27 wind speed (see Figure 1, green lines). Then, the dramatidCp at very
s high wind speeds and the rapid growthdgy/Cp is avoided (see Figure 1).
269 The exchange coefficients for humid@y and heaCy are assumed equal.
270 This is based on extending the result by Zhang et al. (2008)ettwurricane
on - wind speed regime (see Section 1). Focusing on the humigdiyaange co-
o efficientCg, we note that the formulations also apply @4. The humidity
73 exchange coefficient at height h, denoted a€gy, is computed as

Cen = K2[PrIn(h/Zoe) In(h/Zow)] 2, (16)
272 Which can also be written as
K
Ceh==———=—1/Cbh. (17)

~ Prin(h/Zog)

275 The effective roughness lengths for humididy: (and temperatur&gy)
76 Used in this study do not take into account the impact of enadjom from
77 droplets on the moisture and heat balance. The dropletshvaniginate from
i3 short breaking waves on top of large dominant waves (se@oBeztl), stay
a9 close to the sea surface, follow the streamlines of thege Bominant waves
50 and do not evaporate inside the SGL.

281 The effective roughness length for humidity, denotedgsis parametrized
282 aS

Zog = 7o (d /2 ) n(IHAE)/Be), (18)
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TROPICAL CYCLONES: ENHANCED ENTHALPY AND REDUCED DRAG 9

The value forZge equals a constant background roughness lergtin case
there are no spray droplets, and grows with increasing wieed towards
a value close to the depth of the S@L(~ 0.1 m), as a result of enhanced
turbulent mixing inside the SGL. This is represented in theametrizations
by Ag, which in a similar way depends ¢ asAn, according to

Ae = ce(Ug/cp)® = ceF2/u,c, (19)

with cg ~ 4.5x 1075,

The physical explanation for the parametrization in (18hesfollowing.
Spray droplets enhance the turbulent exchange of heat argfungoin the
SGL. This effect may seem to be inconsistent with supprassfahe mo-
mentum exchange. However, such an effect has a clear phys&amning.
Within the frame of the wind-over-waves coupling theorg tteat exchange
coefficient is directly linked to the coupling parameter,iethis the ratio of
the surface stress supported by the form drag to the toedssin the marine
atmospheric boundary layer (see e.g. Makin (1999)). At meddeand high
wind speeds the coupling parameter tends towards the valueTbis has to
result in a rapid decrease of the roughness length for teatyer o) and
humidity (zoe). Empirical formulations such as e.g. (8) and (9) do describ
this effect: the values fazpe andzpy decrease with increasing wind speed.
When crests of breaking waves are pulverized to dropletemt high wind
speeds, the surface form drag is suppressed. This showlthiolg result into
enhancement of the heat transfer. Hence, both mechanidmessuppression
of the momentum exchange coefficient and the enhancemem bt (and
humidity) exchange coefficient due to the generation ofysgraplets — are
taken into account in the parametrizations by KMZ2012 thatested here.

The humidity exchange coefficient depends on [ andZoe (see eq.
(16)). Due to the rapid growth dfog, Cgig still increases for wind speeds
larger than 30 ms'. For wind speeds larger than approximately 40 Th s
the strong reduction idgy starts to dominate the increasedgi. Then,Ceg1g
starts to decrease with further increase in the wind spesdg. (16)).

Figure 1 shows the friction velocity,, 10 m drag coefficien€p19, 10 m
humidity exchange coefficiel@g1o and the ratidCe10/Cp1o (0 Ck10/Cb10)
as a function of the 10 m wind spe&dy. The reduction in the drag shows
good agreement with the reductionGp indicated by observational data. The
friction velocity levels off at very high wind speeds. ThduaforCg10/Cpio
is in fair agreement with the experimental results preskbieZhang et al.
(2008) (see Section 1) and is in good agreement with the rahde?2—1.5
proposed by Emanuel (1995) for higher wind speeds.
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10 ZWEERS ET AL.

2.2. SMULATIONS

The tropical cyclones Ivan (2004) and Katrina (2005) in thdf®&f Mex-
ico were simulated with the NWP model HIRLAM. The model gridsha
horizontal resolution of 0.05and 40 levels in the vertical. The height of the
lowest model level is approximately 30 metres. The wind d@ed.0 m height
is obtained through the logarithmic wind profile with eq. XIHiRLAM uses
a semi-Lagrangian discretization scheme for solving tlmipve equations
on all vertical levels, in which a dynamics time step of 2 ntésuwas used.
The model uses a convective parametrization scheme. Latmradary con-
ditions for the HIRLAM simulations were taken from the Eueam Centre
(ECMWF) model archive. The same model version and modehgeie: used
as by Zweers et al. (2010), which allows for a fair compariggth results
from that study.

Forecasts were performed with HIRLAM with model analysesrgnext
six hours. These 6-hourly analyses are based on every pesfocecast and
the assimilation of observational data in a 3D-VAR assititta scheme.
These simulations were performed for the period 25-30 ALIB085 (Ka-
trina) and 11-17 September 2004 (lvan).

For z. a value of 0.014 was used. It was verified that the valu€%,aind
Cx at very high wind speeds are not sensitive to this vahwt $§hown herg
Therefore, the results are not expected to be very sensitie choice foe,.
Next to this, we used a value of 1.0 for the turbulent PrandthberPr;. This
parameter, which describes the difference in turbulensfeas of momentum
and sensible heat, shows to be particularly dependent bilitstaGrachev
et al. (2007) refer to several different studiesRmthat indicate that its value
should be around 1.0. Grachev et al. (2007) mention that Vvenage’ the
value forPr; decreases with increasing stability and tRat< 1.0 in the very
stable case. Based on their analysis of the SHEBA (Surfaes Bledget of
the Arctic Ocean) experiment, they also conclude that g0t a general
result” for the MABL and they show that a value of 1.0 is a propkoice.
Hence, for simplicity we usr, = 1.0.

Finally, an important aspect of the model setup is how sefacitem-
peratures (SSTs) are prescribed to the NWP model. In the ANREurface
analyses SST fields from the ECMWF model archive are useddéfalt
approach in HIRLAM, as in many other NWP models, is that dyrihe
forecasts these SSTs are used. In other words, the SSTsettaltiking the
model forecasts and new SSTs are applied every next six.hichissapproach
is here the reference scenario, referred to as ‘default SSTs

The approach described above is generally accepted a validogh for
forecasting ‘normal’ weather conditions, as SSTs thenllysda not rapidly
change on local and small scales. Tropical cyclones cawessuation in SSTs
due to upwelling, currents generated in the ocean upper kya because
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of heat uptake from the ocean. This reduction consideraffiécta the air-
sea enthalpy flux. Cione and Uhlhorn (2003) mention diffeesnbetween
inner-core and ambient SSTs of 0—2 K and further state th@itcB8nges on
the order of 1 K lead to surface enthalpy flux changes of 40% anerwith
respect to the scenario in which SSTs do not change. D'Adaab €007)
come to a similar conclusion: studying Category 4 tropigalane Frances
(2004), they find a decrease in the strongest winds by abouts5'no a
measured wind speed of 60 m'sdue to a 0.4 K reduction in the SSTs under
the storm core.

Higher wind speeds would intuitively result in tropical tyee forecasts
when the SSTs are overestimated. A ‘compensation’ for thisehse in the
wind speed will result if in the NWP mod€l, is not very large (see eq. (2)).
Hence, an overestimation of the SSTs could partially erpleity Zweers
etal. (2010) obtain such positive results wilh/Cp below Emanuel’s critical
value of 0.75, despite the use of redu¢kd

In the default SSTs approach described above new SSTs fiesulthe
surface analyses every next six hours. In these analysdsWHie model is
not able to resolve the small scale SST reductions. For mneadescribed
above, a second scenario is investigated in which SSTs uhdetropical
cyclones are subject to a simplified parametrized coolirige &@im was not
to model SST reductions as accurate as possible, but simglyevent an
overestimation in the SSTs during the forecasts and to exathe impact of
the parametrizations in the case that such a simplified S8lingas applied.
To that end, an SST reduction was imposed in a sea grid pébiint,that
grid point the 10 m wind speed is in the hurricane wind speegihre, i.e.
if Uip >33 m s'L. Considering a total cooling of 2.0 K under the tropical
cyclones (see Cione and Uhlhorn (2003)), a reductidg is applied every
time step in the model simulation. Estimating the transtatspeed of the
tropical cyclones from the experiments with default SShs time interval in
which they pass a model grid point was estimated to 12 hodwstefore, we
usedTy = (2 K/12 hrs) = 4.63x 107°K s~1. Thus, in this approach, referred
to as ‘reduced SSTs’, the SSTs are determined by the ECMWIIS fidhe
HiRLAM surface analyses, and additionally by the imposed 8luction.

3. Reaults

3.1. DEFAULT SSTs

Figure 2 shows the modelled maximum wind speég,(,,) and the central
pressure, and observed wind speed and pressure as desaribedNational
Hurricane Center (NHC) tropical cyclone reports Stewa@0@ (lvan) and
Knabb et al. (2005) (Katrina). The NWP model overestimaltesintensity
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Figure 2. Maximum 10 m wind speed (top) and central pressure (bottontjdpical cyclones
Ivan (left) and Katrina (right). Results obtained with HIRM with the new parametrizations
in orange (SGF from KMZ2012) and green (modified S&e text Results from Zweers
et al. (2010) are in red (Charnock’s relatian, = 0.025) and dark blue (thelp,,).t = 0
corresponds to 11 September 2004 0000 UTC (Ivan) and 25 Ag§0S 0000 UTC (Katrina).
HIRLAM analyses are indicated by squares; observations: fBtewart (2004) and Knabb
et al. (2005) are in black.

with the drag and enthalpy exchange coefficients for botpited cyclones
(Figure 2, green lines). During Ivan wind speeds of about 408! are
modelled, compared to observed wind speeds @0-75 m s'. The central
pressure is approximately 870 hPa, compared to the meagltedof around
915 hPa. The intensity drops to a rather constant 80-90asd central
pressure of 900 hPa during the simulation, while observed\speeds were
60-70 m s and the central pressure increased from about 925 to 935 hPa.

The differences between observed and modelled intensiteetarger for
Katrina than for Ivan. Knabb et al. (2005) report wind speadsto 77 m
s~1, while the modelled wind speeds reach unrealistic valuesougbout
120 m s, This is mainly due to the fact that the model does not repredu
the observed collapse of the eyewall (see Figuténze ~48-72 hrs). Rather
similar behaviour was also found by Zweers et al. (2010). l@rother hand,
keeping the SSTs constant during the forecasts also sigmiljccontributes
to the fact that wind speeds larger than 100 ™ are obtained (see also
Section 3.2).
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Figure 3. Difference between the SSTs that are kept constant durifptiecasts and SSTs
that are reduced underneath the cyclones during the fasedastropical cyclone Ivan, at 15
September 2004 at 0600 UTC (top left), 1200 UTC (top rigt8pAUTC (bottom left) and at
16 September 2004 at 0000 UTC (bottom right). The data ane #6h forecasts.

As anticipated in advance, the use of the original SGF fromZRB1.2
(see eq. (13)) in the new parametrizations — which leads t@amatic drop
in Cp and decrease in, above 50 m st — leads to even higher wind speeds
in the eyewall up to 130 m$ (Figure 2, orange lines). Especially during
Ivan the differences are very large: the highest wind speeddarger by
approximately 40 mst. This illustrates the significance of the SGF in the
air-sea exchange parametrizations and shows that a ‘rag-affect may
arise in case of a strong increase in the valu€gfCp at very high wind
speeds (see Figure 1, orange lines).

3.2. REDUCEDSSTS

Figure 3 shows the differences between the perturbed SSirtharunper-
turbed SSTs at a fixed time during Ivan. As explained in Se@ion the sim-
ulations with reduced SSTs, these SSTs follow from the aechECMWF
SST fields, the HIRLAM surface analyses and the reductiorosag per time
step, if the wind speed exceeds the imposed criterion (sd®8&.2). Hence,
the SST reductions shown in Figure 3 are almost, but not kxacjual to
the reduction applied in the model. The temperature diffegehas quite an
irregular spatial shape, which is due to several reasonst, Fie track of the
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Figure 4. As in Figure 2, but then for the new parametrizations onlghwinperturbed SSTs
(solid green) and reduced SSTs (dashed green).

cyclones is not a straight line. The translation speed iserattly constant
during the simulation. Additionally, in model grid pointarther away from
the eye the temperature reduction is smaller than in thasdiéms right under
the eyewall. Moreover, the wind field is not symmetric.

Figure 4 shows the modelled wind speeds and pressure whes &8T
reduced in the model. These results are much more reali$teemodel pro-
duces the observed central pressure of 902 hPa during Katvinile in the
simulations with default SSTs a value of 840 hPa was obtaifieg evidently
illustrates the impact of the SST modification. During théeQary 5 stage
the modelled wind speeds vary from 70 mtap to 90 m st. This is about
30 m s* lower than the result obtained without the SST modification.

The modelled wind speeds during Ivan show very good agreewmitm
observed values. Occasionally, the obtained wind speedsvan lower than
their observed equivalents. Considering the first day insineulations as
spin-up, we see that on average the model gives an almosidiegiion of
the observed wind speeds. The central pressure is throtifteoentire simu-
lation slightly too high by 5-10 hPa. The difference with demtral pressure
obtained with (default) unperturbed SSTs varies by aboutlGhPa.
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4, Discussion and conclusions

The impact of new parametrizations for drag and air-seaadmthexchange
on the modelling of tropical cyclone intensity has been exach These
parametrizations are based on a model that directly acedainthe impact of
spray droplets on the marine atmospheric boundary layerantum balance.
This model produces a reduction@ at very high wind speeds as in agree-
ment with what measurements indicate. The valu€fgCy is in agreement
with observational data for wind speeds up to 30 T. $or higher wind
speeds the value f@/Cp is in the favourable range of 1.2-1.5 suggested by
Emanuel (1995).

It was shown that the use of the parametrizations in an NWReirledds
to an overestimation of the intensity of the tropical cy@srvan (2004) and
Katrina (2005). An important model aspect that relates i® tbsult, which
has been addressed in this paper, is the way in which SSTsem@riped and
used in the NWP model. Due to strong winds, upwelling and moearents,
and the heat uptake by tropical cyclones, the SSTs belovicabpyclones
should reduce. The NWP model that was used, does not resmse small
scale reductions. In the traditional approach, in which S&€ kept constant
during forecasts, the winds are overestimated with the indte application
of a rather simple reduction in the SSTs underneath the ogslauring the
model forecast, of which the magnitude is based on resutithier scientific
literature, leads to much better and realistic resultsnEy@od agreement is
found with observed wind speeds and central pressure. ftlisates that the
parametrizations may give realistic results for otheritralcyclones as well.
Also, the result supports th@/Cp ~ 1.2—-1.5 at high wind speeds.

The sensitivity shown here of eyewall wind speed and cepnedsure to
the SSTs is in line with results by Cione and Uhlhorn (2003)le&rease in
the SSTs of 1-2 K (see Figure 3) during Ivan leads to a dropdretfewall
wind speed from about 90 nT5to 65 m s* (see Figure 4). A similar re-
sult is found for Katrina. Regarding this sensitivity to t88Ts, and given
the fact that the result significantly improves when the S&®sdecreased,
the parametrizations are recommended for the modellingppidal cyclones
with NWP-ocean coupled models.

The results are expected not to be very sensitive to the etimicCharnock’s
parameterz.. At very high wind speed€/Cp is not sensitive ta, (not
shown here, but verifigdHence, results obtained with different are ex-
pected not to be significantly different than shown here. inkensity of the
cyclones is expected to be rather sensitive to the valuéédurbulent Prandtl
number,Pr;, though. While the value fder; at very high wind speeds is still
rather uncertain, the impact of the parameter is quite ldrgegh (seér; in
ed. (17)). Using a value larger than 1.0 will result into ebetter agreement
with observed conditions than found here, although suchla@evaay be
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considered as rather unrealistic. Application of a valualnthan 1.0 is
realistic, on the contrary, although this will result ingsificantly) higher
wind speeds.

Compared to Zweers et al. (2010) — who redu€gdhat high wind speeds
and obtained maximum wind speeds of about 60 m(/an) and 70 m st
(Katrina) — much higher wind speeds are obtained in the ptegady. This
is due to the combined effect of the exchange coefficientsKagure 1). The
behaviour ofCy is much different andCp is larger in Zweers et al. (2010).
In the present study, in the ex@}/Cp is almost twice as large at 60 m’s
This illustrates the importance of the value @y/Cp and not simplyCy orCp
individually, and explains the much higher wind speedsiabtiin this study.
Even with reduced SSTs during the forecasts, which Zweeak €010) did
not consider in their work, the obtained wind speeds ardwgher, although
they are realistic.

Another study about spray mediated air-sea enthalpy andemtorm transfer
is Bao et al. (2011). Their approach is based on a physicahamésm (strati-
fication) different from the direct impact of spray on the nesrtum balance.
Also different are their use of constant SSTs throughoutethige model
domain T = 302.16 K) and the simulation of an idealized tropical cpelo
with their NWP model. The behaviour &% /Cp does show similarities with
ourCy/Cp, although the values are slightly differe@;/Cp=1.6 at 60 m s?,
while ourCy/Cp is nearly 1.3. They obtain wind speeds up to 90Th ©Our
simulations with unperturbed SSTs result in even highemdvepeeds. This
is partly due to higher SSTs. Our simulations with reduced@sS®@sult into
wind speeds lower than those obtained by Bao et al. (2011)leWte SSTs
are now comparable, o /Cp is still slightly smaller. The wind speeds
during Katrina are still higher than observed. To a grea¢mixthis is due
to the fact that our NWP model is not capable of resolving thiéapse of
the eyewall at 27 August 2005 (see Figurdimhe=48—72hrs) properly. This
could be due to the fact that our NWP model uses a convectran@riza-
tion scheme. Although very good results for Ivan are obthintewould be
interesting to see the impact of the parametrizations in mhyalrostatic
NWP model, as in Bao et al. (2011).

Finally, tropical cyclone intensity in NWP models is alsmsiive to the
formulation used for the spray generation function (SGR)tHe present
study, we anticipated that the drag coefficient becomes rwall svhen the
SGF by Kudryavtsev et al. (2012) is used. It was shown that tbsults
into unrealistically high wind speeds and extremely low tranpressure.
Our modification in the SGF is a step towards the concept ti@iangth
of wave breaking fronts and the amount of white capping sheaturate at
very high wind speeds, as is suggested in both theoretichkaperimental
studies (see Section 2.1). Although it is a step in the gooettion, possi-
bly a stronger limitation to the droplet production is ragdi To that end,
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better understanding of wave breaking at very high wind dpeégrequired.
This could lead to better representation of wave breakiatissits and spray
droplet production from individual breaking crests at vhigh wind speeds
in models. This should in the end lead to better tropical amyelforecasts.
Eventually, with climate models indicating that futurepical cyclones will

become more severe Knutson et al. (2010), it becomes mandisigt to

aim at better understanding (and modelling) of the procetsa® dominate
the dynamics at the air-sea interface in tropical cyclonalitmns.
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