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Abstract. Special forecasts from the Global Forecast Sys-al., 2009; however, a much smaller reduction of the tropi-
tem (GFS) model were used in this study to evaluate how thecal cyclone intensity forecast errors has been obserfzksd (
intensification process in a tropical cyclone is represented irberry et al, 1992 Marks and Shayl1998 DeMaria et al.
this model. Several tropical cyclones that developed in 20052005 Rogers et a).200§. Many factors contribute to the
were analyzed in terms of the storm-scale circulation rathedifficulty of an accurate tropical cyclone intensity forecast.
than more traditional measures such as maximum wind o Among them, is the incomplete understanding of the phys-
minimum central pressure. The primary balance governingcal processes that favor tropical cyclone development. In
the circulation in the planetary boundary layer is betweenspite of this, the Global Forecast System (GFS) model of
the convergence of environmental vorticity, which tends to NOAA/NCEP (National Oceanic and Atmospheric Admin-
spin up the storm, and surface friction, which tends to spin itistration/National Centers for Environmental Prediction) is
down. In addition, we employ recently developed ideas aboubeginning to make useful tropical cyclone forecasts.
the relationship between precipitation and the saturation frac- The influence of the ocean on formation and intensification
tion of the environment to understand the factors controllinghas been extensively studied for many ye&almén (1948
mass, and hence vorticity convergence. The budget of moisfound that tropical cyclones only originate when sea sur-
entropy is central to this analysis. face temperatures (SST) are larger thah@6This was one
Two well-known governing factors for cyclone intensifica- of the necessary conditions recognizedGray (1968 for
tion emerge from this study; surface moist entropy fluxes, de4ropical cyclogenesis.Bmanuel 1986 1989 and Rotunno
pendent in the model on sea surface temperature and cyclonend Emanue{1987 hypothesized that tropical cyclones are
generated surface winds, and ventilation of the system by drynaintained against dissipation through the energy supplied
environmental air. Quantitative expressions for the role ofpby entropy fluxes from the sea surface. Hurricane Opal
these factors in cyclone intensification are presented in thi1995), for instance, showed a rapid intensification when it

paper. traversed a warm core eddy in the Gulf of Mexico associated
with high oceanic heat contenténg et al, 200Q Shay et
al, 2000.

1 Introduction The presence of a large-scale low-level cyclonic circula-

tion, the formation of cyclones north of Bl and low tro-

The ability of numerical models to correctly simulate tropi- Pospheric shear values:{0-15ms?) in the 850-200 hPa
cal cyclones has increased over time as a result of improvedfiyer are also necessary conditions for cyclogendsisay
data assimilation techniques and observational platforms, 4968. McBride and Zehi(1981) and Zehr (1992 showed
better representation of the physical processes and an irfhat weak vertical wind shear, large cyclonic relative vor-
crease in computational resolution. Tropical cyclone tracklicity at lower levels and anticyclonic circulation at upper
forecasts have shown an appreciable improvement over thi€vels were the most important characteristics distinguishing

past decadesB(irpee et al.1996 Aberson 2001, Rogers et  developing from nondeveloping tropical cyclone precursors.
Simpson and Rieh(1958 first pointed out that ventilation

] of low entropy air through the tropical cyclone at mid levels
Correspondence tal. C. Main decreased its intensity, explaining why vertical wind shear
m (juliocma@atmosfera.unam.mx) can affect intensification. Other observational and numerical
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studies Gray, 1968 Knaff and Weaver200Q Emanuel et 2 Data and methodology
al., 2004 have also mentioned this mechanism as a strong
inhibitor of cyclone development. Another negative effect 2.1 The GFS model

of vertical shear on cyclone development is induced con- ) , o
vective asymmetriesE(sberry et al. 1992 Corbosiero and GFS is the global numerical weather prediction model run by

Molinari, 2002 2003 Black et al, 2002 Frank and Ritchie NCEP four times per day to generate forecasts up to 16 days

1999 200)). Intensification is also affected by the inward in advance. It consists of a forecasting model and the Global
eddy flux of angular momentum at upper leveBhélla and Data Assimilation System (GDAS), which provides the ini-

Pfeffer, 198Q Pfeffer and Challal981 Challa et al, 1998 tigl meteorological st.ate _through a three—Dimens_ionaI Vari-
and the interaction with an upper-level trougtidhl, 1948 at|ona}l (3-D Var) Gru_jpomt Statistical Interpolatlon (GSI)
Molinari and Vollarg 1989 Molinari et al, 1995 Hanley et~ téchnique (NCEP Office Note 446). GFS is a global spec-
al., 2003). tral model with a triangular spectral honzc_;ntgl coordinate
Results from the GFS model have been used by the Na;run_cated afte_r Wav_enumber382 a_nd a hybrid sigma-pressure
tional Hurricane Center (NHC) for several years to predictvert'cal coordinate implemented with 64 levels. The horizon-

the track of tropical cyclones that develop over the Atlantic ! resolution is approximately equivalent to a global 35km

and the East Pacific basins; in addition, the model is showMesh and the vertical domain extends from 997.3hPa to

ing some ability to predict tropical cyclogenesis and intensity0-266 hPa for a surface pressure of 1000 hPa. A transforma-

change. We believe that it is valuable to determine the facliontoa (_Bau_ssian gri_d for calculation of nonlinear qu_an_tities
tors which control genesis and intensity in the GFS model;2nd Physics is made in the model. A complete description of
this exercise should be particularly useful in formulating hy- e dynamical properties and the physical parametrizations
potheses about how tropical cyclogenesis occurs in naturdcluded in the model can be found at the NCEP Office Note

442

thus suggesting what should be sought in observational pro-"<- .
grams. Forecast output from the GFS model was obtained for the

Since the resolution of the GFS is coarse with respect tg?€rod June-July 2005 but only the first 24 h forecasts were
the inner core and rainband structure of an actual tropicafonsidered for each day. The reason for this choice is to al-
cyclone, we cannot expect it to reproduce these fine detaild®W the modeled fields to come into equilibrium with model
Instead, we ask more modest questions about the larger scaf{lySics while not letting the storm track and intensity devi-
structure of the storm. In particular, we define the intensity as2t® ©00 much from reality. Results include traditional fields
the storm-scale circulation around the system rather than ifft 37 vertical pressure levels (wind components, temperature,
terms of more traditional measures such as maximum wind€/ative humidity, specific humidity, geopotential, etc.) from
or minimum central pressure. 1000 to 100 hPa and at the surface (10-m wind components,

The dynamical and thermodynamical mechanisms that de2™M relative humidity, temperature and specific humidity,
termine whether a tropical cyclone will develop into a hurri- Surface fluxes, etc.) ata horizontal resolution @k 1°. Two
cane or not are investigated following the idea®aymond tropical storms that developed in the East Pacific and three
et al. (1998 and Raymond et al(2007). Raymond et al. hurricanes that developed in the Atlantic basin were chosen
(1999 showed that the circulation tendency in the planetaryfor this study (Fig1). They were analyzed in & 44°square
boundary layer (PBL) around a tropical cyclone depends pri_box centered on each system, _whlch was identified frqm the
marily on the imbalance between the convergence of absosurface wind field. The analysis included the calculation of
lute vorticity into the system and the Reynolds stress dug€Vveral dynamical and thermodynamical terms that will be
to surface friction, the former causing spinup and the latterdeScribed below. The cyclones were studied from the time
spindown. This imbalance governs cyclone spinup and Spin;hey became tropical depressions until they either reached

down in the real world, and presumably in the GFS model. InMaximum intensity as hurricanes or they dissipated. In the
line with current ideas about the production of precipitation ¢2S€S of tropical storms Eugene and Beatriz, 12 and 36 h be-

and the associated latent heat release, we show that the cofre the time they reached the tropical depression stage were
vergence of absolute vorticity in the PBL, which is closely Included in the study.

related to the mass convergence there, is strongly controllea > Theoretical considerations
in the model by the surface moist entropy fluxes and the ven-"

tilation of the system by dry environmental air. The dynamical and thermodynamical aspects considered in

Section 2 summarizes the basic characteristics of the GF%‘he study, based on the ideasRdymond et al(1998 and
model, describes the methodology used to study the diﬁere“haymond et al(2007) are applied to several tropical cy-

tropical cyclone cases, and explains the theoretical aspeci§gnes using forecast fields from the GFS model.
considered. Results and conclusions are shown in Sects. 3

and 4, respectively.
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Fig. 1. Tracks of tropical cyclones studied. The tropical depression, y¢ 4

tropical storm and hurricane stages are represented by crosses, open
circles and stars, respectively.
are applied (* refers to the°4 4°area), the following equa-

_ tion is obtained:
2.2.1 Dynamical aspects

ar: du
The vorticity equation in pressure coordinates was formu-d_ta =~ 7§A* Saltouds — 7§A* “’% tds +7§A* F-tds(6)
lated in flux form byHaynes and Mcintyr¢1987):

whererl'} is the absolute circulationgi=u-n and yan—u-t

% n 0Zy i 9Z,y -0 Q) (used below) are the normal and tangential components of
ot dax dy the wind(u) to the area elemedtA* over the study ared*,
. andt andn are unit vectors (Fig2). Equation ) shows that
whereZ, andZ, have the following form: the spinup of the tropical cyclone (positive absolute circula-
tion tendency) depends on the convergence of the absolute
_ 3_” _ vorticity into the system at each level and the line integral of
Zy =uly + o Fy 2 . . ..
ap vertical advection of momentum and of friction around area
A*.
Zy =i, — w_“ +F, A3) The absolute circulation, the detraineti*] and_vertlcal
(M*) mass fluxes are calculated from the following expres-
sions:

w is the pressure vertical velocity, is pressuref, is the

absolute vorticity, u and v are the wind components &pd . N ) N
andF) represent the horizontal components of the force due ¢ = [ ,. Uards + A" f = (_ B _)dA A O
to the divergence of eddy momentum fluxes-(Fy, Fy, 0).
. . A A a d
Using the relatiorv- (ka) =—k-(VxB), Eq. (1) canbe A* = y{ Uoutds = (8_“ + 8—v)dA (8)
written as: pAT
984 9%q A - du M*(z) = — : A*d 9)
o —4+V Z:a——I-V uly—k-VxF+k-V x wa— (4) < o p <
4

where f is the Coriolis parameter andis the air density.

The force per unit mas# in Eq. (6) is determined as
the vertically averaged drag force per unit mass due to
surface friction and is calculated with the bulk formula:
F=—Cpusugz/d. The bulk transfer coefficieniCp) is ob-
a’F* (/ CudA) tained as described in Appendix A. The parameltés the

a

u=(u, v) is the horizontal wind velocity an@=(Zy, Z,).

If EqQ. (4) is integrated over a°4&4°area that encompasses
the cyclone area at all levels (Fig), and the divergence and
Stokes theorems and the relation

dt ®) assumed boundary layer depth andis the wind speed at
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the surface. However, the depth over which friction is dis- It has been assumed th§d (ws’) /ap=0] since (ws')
tributed in the model is not known. Therefore, this bulk should be approximately zero at the surface and the
friction should be considered an approximation in which we tropopause.

assume a/=1 km boundary layer depth (approximately the  The first term in Eq. 16) is the mean moist entropy ten-

1000-900 hPa layer). dency inside the volume defined by the line integral, the sur-
) face and the tropopause. The second term is the entropy ten-
2.2.2 Thermodynamic aspects dency due to minus the vertical advection of entropy. The

third term is minus the contribution to the entropy tendency
by ventilation through the sides of the box. Vertical ad-
vection of entropy and the ventilation tendency will refer to
ds 3(ws) terms[— (w) 95/dp] and[—V;], respectively in SecB.2 A
m + V- (us) + ap = So (10) negative ventilation tendency will correspond to the replace-
ment of high entropy air inside the box by air with lower
whereu is the horizontal velocity relative to the possibly entropy.
moving target of the budget analysis (such as a tropical cy- | the original work of Simpson and Riehl (1958) the term
clone),w is the pressure vertical velocity, aisg is the en-  yengilation referred to the lateral advection of low entropy air
tropy source term, containing the effects of surface fluxesom the outside toward the interior of a tropical cyclone un-
radiation flux divergence and irreversible generation. Massjer the influence of vertical wind shear. In that case, the ven-

The specific moist entropy (calculated fromEmanuel
1994 obeys the following equation in pressure coordinates:

continuity is given by: tilation was probably the cause for the temperature decrease
w in the rain areas near the vortex, thus reducing the efficiency
V. (u)+ 5 =0 (11) of the mass circulation from the sub-cloud layer in maintain-

ing the cyclone, a process that occurs on scales of tens of km.
If the equations are averaged over the aféashown in  In the present study, the effect of ventilation is analyzed over
Fig. 2 (indicated by angle brackets), the entropy equation a much larger scale, the study volumé%4° area from the

becomes surface to tropopause) enclosing the tropical cyclone, since
3 (s) 1 3 (ws) the GFS model cannot represent accurately the eyewall and
o7 + e f su - ndl + o = (Sp) (12) rainbands structure, evolution and their interaction with the

larger-scale environment.
where the divergence theorem has been used. The moist The surface entropy flux was calculated with the following
entropys is now divided into two partss=s+s’ wheres is bulk formula:
the average of s around the loop at each pressure level and
_s’ is the deviation from th_is average. Substituting s into theFes — [pCpUpL(sss — sp1)]e/Ap (18)
integral of Eq. 12) results in:

9 (s) 1 0 (ws) where p is the air densityCp is the bulk transfer coeffi-
o +F 7{ u- ndl+; % Su- ndl~|——8p = (S0) (13) cient calculated from Appendix A/p; andsp; are the wind
. o ) ) speed and the specific moist entropy, respectively, averaged
Using the mass continuity and the divergence equation, they ey the first two model levels (1000 and 975 hPa) ands

second term in Eq1(3) can be written as: the saturated specific entropy at the sea surface temperature
5 9 (w) 3 (3) 95 (SST).a.nd mean sea level pressure (MSLP). The entropy flux
= Pu ndl = —5 o = oy w » (14)  was divided byAp/g to obtain its average over the depth of

the troposphere as expressed by Bd),(whereAp is 900
Substituting Eq. 14) into Eq. @3), it results in: hPa and g is the acceleration of gravity. The effects of radi-
B , ation flux divergence and irreversible generation of entropy
d (s) + () s " 1 s'u - ndl + 3(“)3) — (So)  (15) contained in the(Sp)] term in Eqg. (6) are not considered
ot ap  A* ap here.

Finally, Eq. (L5) is integrated over the depth of the tropo-
sphere, indicating this by square bracKe}s

3 Results

3 (s) ds
o= e v a6

Results from the vorticity balance analysis for two tropical

cyclone cases are described in S8ct: one that intensified

and another that did not intensify into a hurricane. These
1 fs’ il cases are representative of all the cases analyzed. Results

— u-n

A*

17 from the thermodynamic analysis are shown in Se@&.

V, is defined as the entropy ventilation:

V, =
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Fig. 3. Hurricane Dennis(a) Time evolution of the absolute circu- '.:'g' 4. S‘?"“_e as FlgB_but for troplgal storm Eugene._VertlcaI solid
lation averaged in the layer 1000-900 hRg.Terms in the balance lines delimit the_tro_plcal deprgssn_on (TD) an(_j troplc_al storm .(TS)
of Eq. (6) averaged in the layer 1000-900 hPa. The black line repre_stages. Arrqws indicate certain times that will be discussed in the
sents minus the convergence of absolute vorticity (-CAV), line with text and in Figs9 and10.

crosses (vertical advection of momentum, VAM), blue lifig {en-

dency), red line (bulk friction term;, Bulk) and green line (residual

', tendency). Vertical solid lines delimit the tropical depression and6 show. However, the absolute vorticity at the cyclone’s
(TD), tropical storm (TS) and hurricane (Hu) stages as determinechoundary can significantly exceed the value of the Coriolis
by the NHC. Periods when Dennis made landfall are indicated byparameter_ This factor is therefore responsib|e for some part
horizontal bars.. Arrows indicate certain times that will be discussedgs the spinup in many cases. In both Dennis and Eugene the
in the text and in Figs7 ands. convergence of vorticity is nearly in balance with the effects
of surface friction and the vertical advection of momentum.
The net spinup tendency is thus typically a small residual in
the circulation equation. This is in agreement with the order

Equation 6), averaged over the 1000-900 hPa layer, wasf .magnitude of the obseryeq time rate of change of circu-
analyzed for all cases. Figur&and4 show this analysis Iqtlon. Due to thg uncer’Falntles in hqwlthe' ngnglds stress
for hurricane Dennis, which developed in the Caribbean re_o_llvergt_ance associated with surface friction is distributed ver-
gion, and tropical storm Eugene which formed in the Eastlic@lly in the model and other factors, we can not expect the
Pacific. Vertical solid lines show the times when Cyc|onescalculated resu_jua! cwcul_atlontendency to reﬂec_tm detail the
reach their different development stages, obtained from th&ctual change in circulation of the system with time.
NHC archives. Figure7a shows the vertical profiles of convergence of ab-
The circulation tendencies due to the convergence of absolute vorticity at four stages during the evolution of Dennis
solute vorticity and to friction (related to the sub-grid scale (indicated by the horizontal arrows in Fig). The intensi-
turbulent momentum transfer due to deep convective and atfication from the tropical depression to the hurricane stage
mospheric boundary |ayer processes) are, in generaL |argé$ characterized by a Iarge increase in VOFtiCity convergence
than the tendency due to the vertical advection of momenat low levels partly as a result of an increase in the horizon-
tum; nonetheless, the influence of the latter cannot be netal mass inflow there (Fig8) and partly due to an increase
glected, specifically in intensifying tropical cyclones. The in the absolute vorticity of the air being ingested. Corre-
convergence of absolute vorticity causes the cyclones to insponding to this is a lowering of the level of the maximum
tensify, while friction and vertical advection of momentum Vertical mass flux, a phenomenon observed in actual tropical
tend to decrease their intensity. Therefore, a posltivéen- ~ cyclones Raymond et a).1998.
dency is observed when convergence of absolute vorticity is Three times (indicated by arrows in Fi).were analyzed
larger than the sum of those two negative terms. in the evolution of Eugene. The intensification to tropical
Intensification in Dennis and Eugene is accompanied by astorm category shows an increase in convergence of abso-
marked increase in convergence of absolute vorticity in thelute vorticity at low levels for the first day, with maximum
PBL, which is larger in the hurricane than in the tropical values in the layer 1000-900 hPa (F&gn). However, the
storm stage (Fig® and4). This is mainly the result of anin-  vorticity convergence decreases drastically thereafter as the
crease in the horizontal mass flux into the cyclones, as 5igs. system decays. Thus, as with Dennis and the other systems,

3.1 \Vorticity balance
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Fig. 6. Time evolution of minus the convergence of absolute vor-

ticity (solid line), —A (dotted line), and the absolute vorticity at 3.2 Entropy balance

the cyclone’s boundaryf) (dashed-dotted line) averaged over the

1000-900 hPa for tropical storm Eugene. The line with crosses reptn order to gain a better understanding of the processes that
res.ent.s the quiqlis paramgtgr at Eugene’§ central Iati?ude. Verticatguse some systems to intensify into a hurricane and oth-
sollql lines delimit the transition from tropical depression (TD) to ers not to intensify, the thermodynamic analysis described in

tropical storm (TS). Sect.2.2is applied below to the five cases studied.

intensification is intimately related to the convergence of vor-3'2'1 Hurricane Dennis

ticity in the GFS. We now examine the factors controlling this With minor exception, the circulation in the PBL around

convergence. the numerically simulated Atlantic hurricane Dennis in-

creases monotonically through the entire period considered,
as Fig.11 shows. For most of the period the SST exceeds
285°C and for the first three days the ventilation tendency is

Atmos. Chem. Phys., 9, 140%417, 2009 www.atmos-chem-phys.net/9/1407/2009/
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(a) the tropical wave time (Wajb) the first tropical storm time (TS-
1) and(c) the second tropical storm time (TS-2), before it decayed Eugene

back to tropical depression stage. 2sF @
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near zero, with mostly weak negative values thereafter. The
surface entropy flux increases in step with the circulation, as
does the average moist entropy within the system. The en-
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tropy tendency due to vertical advection is negative for most i ‘ ‘ ]
of the period, with a magnitude generally somewhatlessthan ¢ ¢~ © "¢ 7" -0 -g--g. . .
the tendency due to surface entropy fluxes. Thus, surface % 'e ALY ©
. . . . .. . v o-2r 1
entropy fluxes are high, ventilation is minimal, and Dennis s
intensifies into a major hurricane. “ ‘ ‘ ]
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In contrast, the circulation around East Pacific tropical storm 0 Day/Month/Hour 2005 TS s

Eugene (see Fidl2) increases until shortly after it attains

tropical storm category and decreases thereafter. The ven- ) ) )

tilation tendency is near zero up to the time of peak circu-F'9- 12- Same as Figl1 but for tropical storm Eugene. Vertical

lation and exhibits increasingly negative episodes thereaftelSO“d lines delimit the tropical depression (TD) and tropical storm
. . . (TS) stages.

However, the most important factor in the decay of the simu-

lated Eugene is likely to be the drastic decrease in SST which

commences just after the time of peak circulation. The en-

tropy tendency due to vertical advection is negative up to the

time of maximum circulation, gradually (_:hangmg t0 POSItiVe g4t pacific tropical storm Beatriz presents a more complex
thereafter. Mean entropy peaks at the time of maximum Cir-case in that both ventilation and reduced SSTs appear to play
culation. an important role in its development and decay. For the first

.2.3 Tropical storm Beatriz
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Fig. 13. Same as Figll but for tropical storm Beatriz. Vertical
solid lines delimit the tropical depression (TD) and tropical storm Fig. 15. Same as Fig11 but for hurricane Emily. Periods when
(TS) stages. Emily made landfalling are indicated by horizontal bars.

cindy ‘ nation of Fig.14 shows that Cindy fails to intensify when ei-

@ ther SST values are low or ventilation tendencies are strongly
‘ negative, or both. Only during the second day displayed in
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‘ i this figure when SSTs exceed°Z9and the ventilation re-
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240 ® laxes for a short period does the storm circulation increase
Bione o071 oslo7/1s significantly. This case illustrates in particular the powerful
! ‘ -0 effect of ventilation in limiting intensification, even in the

presence of high SSTs.

3.2.5 Hurricane Emily

<os/ot>
(K kg6 ™)

°§§°m oaorie os/o:ma Atlantic hurricane Emily shows an evolution which is rather
?ZJ\/\,/H—*—*\» similar to that of Dennis (Figl5). SSTs generally exceed
2 ‘ @ 28°C except for some minor episodes, increasing toC30

osforne . DayMonh/Hour 2005 °5/°;’: o near the end of the period studied. Ventilation is slightly

stronger than for Dennis, but significantly weaker than for
Beatriz and Cindy. Strengthening of the circulation is slow

Fig. 14. Same as Figl1 but for hurricane Cindy. Periods when for the first couple of days, but it then accelerates as Emily

Cindy made landfalling are indicated by horizontal bars. intensifies into a major hurricane. The entropy tendency as-
sociated with vertical advection fluctuates, but is generally
negative over the period studied.

two days presented in Fig3the SST experienced by Beat-

riz in the model exceeds 28. However, the circulation only

increases when the ventilation is weak near the very begin4 Discussion and conclusions

ning of the first day and most of the second day. After the

second day more rapidly decreasing SSTs and episodes gprec_ast output f_rom the GFS modglwas used_ in this study to
strong ventilation are correlated with decreasing PBL circu-Investigate the different atmospheric mechanisms that favor

lation. The decreasing SSTs correspond to strongly decreadhe intensification of tropical cyclones into hurricanes and
ing surface entropy fluxes during this latter phase. those responsible for halting intensification. Several cases

were analyzed based on the vorticity and entropy balance
3.2.4 Hurricane Cindy equations, corroborating the strong influence of sea-air en-

tropy fluxes and ventilation by environmental air on tropical
Atlantic hurricane Cindy is also affected by both strong SSTcyclones. In addition, quantitative measures of the influence
variations and variations in ventilation in the model. Exami- of these factors are introduced.

Atmos. Chem. Phys., 9, 140%417, 2009 www.atmos-chem-phys.net/9/1407/2009/



J. C. Main et al.: Intensification of tropical cyclones in the GFS model 1415

The convergence of absolute vorticity favors the intensi-slightly positive 6-12 h after decay commences. This sug-
fication while friction and vertical advection of momentum gests that a transition from deep to shallow (but still precipi-
act to decrease it in the GFS model. Intensification is actating) convection occurs when a cyclone begins to decay.
companied by a large increase in convergence of absolute The two external environmental factors which affect the
vorticity at low and mid-levels, which is the result of strong moist entropy budget in the model are the SST, which enters
horizontal mass inflow and large absolute vorticity at the cy-into the sea-air entropy fluxes, and the environmental wind
clone boundary. Unfortunately, our diagnostic methods areprofile measured relative to the moving cyclone, which drives
insufficiently accurate to show quantitatively that vorticity the ventilation. The vertical entropy advection tendency also
convergence exceeds friction and vertical momentum advechas a large effect on the entropy budget within the cyclone,
tion during intensification and the opposite during dissipa-but is presumably a response to environmental factors rather
tion; these terms are typically close to balance with the acthan an environmental driver itself. Examination of Fijs-
tual circulation tendency being a small residual, but there is15 suggests that these two environmental factors can indeed
little doubt that this is occurring. The small value of the cir- explain the behavior of the five modeled cyclones:
culation tendency relative to the other terms indicates that
the modeled systems remain very close to Ekman balance — Dennis and Emily experience high SSTs and weak
throughout their simulated life cycles. ventilation compared to sea-air moist entropy fluxes

Convergence of absolute vorticity and horizontal mass  throughout the intervals considered, and both amplify
inflow in the model concentrate in a shallower layer as a  into major hurricanes.

tropical cyclone intensifies. As a result, the level of non- For the first day Eugene intensifies under the influ-

divergence and peak vertical mass flux decrease in height.

The absolute vorticity at the cyclone’s boundary increases at
all heights with intensification.

The theoretical analysis dRaymond et al(2007) high-
lights the key role played by precipitation in the intensifi-
cation of tropical cyclones. Precipitation is associated with
latent heat release which is most intense in the lower tropo-
sphere. This in turn is correlated with ascending motion, and
hence convergence in the lower troposphere.

Significant evidence has accumulated indicating that rain-
fall over tropical oceans is controlled to a large degree by the
saturation fraction (precipitable water divided by saturated
precipitable water) of the tropospheric column. In the tropics
the temperature profile of the troposphere varies minimally,
which means that the moist entropy profile is closely related
to the saturation fraction. We analyze the moist entropy bud-
get for this reason.

Following Neelin and Held1987 and Raymond(2000),
we note that the time tendency of moist entropy in the tropo-

sphere has terms related to the surface entropy flux, the radi{

tive loss of entropy at the tropopause, and the lateral impor
or export of entropy. The last can be split into two terms, a
part associated with the vertical advection of entropy in the

tion of environmental air through the cyclone, which we call
the ventilation tendency. The first term is closely related to
Neelin and Held's gross moist stability (GMS).

The vertical advection tendency is generally positive when
ascent is concentrated in the lower troposphere where th
vertical gradient of environmental moist entropy is negative,

whereas it is negative when ascent is concentrated in the up-

ence of high SSTs and weak ventilation. Subsequently
SSTs decrease dramatically and ventilation progres-
sively strengthens. Simultaneously intensification stops
and decay sets in.

Beatriz experiences high SSTs for the first two days but
is episodically subjected to moderate to strong venti-
lation relative to the computed surface entropy fluxes.
Episodes of intensification appear to be related to peri-
ods in which ventilation relaxes. After 2.5d decay sets
in, probably as a result of diminishing surface entropy
fluxes associated with decreasing SSTs.

Cindy remains weak for 1.5 d in conjunction with a pe-
riod of low SSTs and ventilation which is strong relative
to surface entropy fluxes. Only when this ventilation de-
creases in magnitude does Cindy intensify.

That low SST and strong ventilation by environmental air ap-
ear to be the primary factors inhibiting tropical cyclone in-
nsification will come as no surprise. However, two points
make these results worth reporting: (1) We have documented
this behavior in NCEP’s GFS model, which is one of the prin-
cipal models used by cyclone forecasters around the world.
C('Z) Casting these factors in terms of tendencies in the moist
entropy budget equation allows the importance of these fac-
tors to be evaluated quantitatively rather than on an ad-hoc
basis. Hopefully this diagnostic tool can be extended to other
models and to the real world in the study of tropical cyclone
ehavior.

per troposphere where the gradient is positive. In the formemppendix A

case the GMS is negative, in the latter it is positive accord-
ing to Neelin and Held’s definition. Examination of Figs.

Figure 16 shows drag coefficient estimates as a function of

through15 suggests that the vertical advection tendency isneutral wind speed at 10 m from several recent studies, mod-
negative when a cyclone is intensifying, but tends to zero oirified from Fig. 5 inBlack et al.(2007. The COARE 3.0

www.atmos-chem-phys.net/9/1407/2009/
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