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Vertical shear is a main contributor to intensity change 
predictors for SHIPS 

(statistical TC intensity forecast model) 
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shear profile 

¥! in thermal wind balance 

¥! virtually steady in a no- 
vortex experiment 

u(z) = 0.5 umax (cos(! z/ 12) - 1), 
z = height in km 

RMW (~30 km) 

TC vortex 

height   (~10 km) 

Numerical experiment: spin up TC and hit it with shear 

experiment umax 

no shear 0 m/s 

5mps 5 m/s 

10mps 10 m/s 

15mps 15 m/s 

20mps 20 m/s 
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¥! RAMS (non-hydrostatic) 

! ! surface fluxes: 
o! bulk aerodynamic formula, Ck/CD = 1 
o! Deacon� s̀ formula for drag coefficients 

! ! parameterizations: 
o! warm rain microphysic s 
o! no cumulus convection scheme 
o! no radiative processes 
o! turbulence (based on Smagorinsky) 

! ! SST = 28.5¡C, f-plane 
! ! double, two-way nested domain, 5 km 
! ! intense and resilient TCs 

Focus on structural changes (meso-" scale) 
and conceptual understanding 

Numerical model: the virtue of simplicity 



An unsung pathway to shear-induced weakening 

shear vector 
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distinct, shear-induced thermodynamic impact on inflow layer 

diabatic processes:   
ocean fluxes and radiation 
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shear vector 

A distinct structural change 
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15mps 

Downdraft formation and the Òstationary band complexÓ 

H)53)

shear vector 

6h average 

low level updrafts 

6h average 

N          E           S          W          N 

#e: every 2.5 K     , 350 K 

vertical cross section along 75 km radius:  

w: 

downdrafts form underneath the helical updrafts of the SBC 
precipitation evaporating in unsaturated air below 
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Dynamic response  of moist, baroclinic vortex: tilt direction Dynamic contribution to Òstationary band complexÓ formation 

15mps 
vortex settles into left-of-shear tilt equilibrium 

(e.g. Reasor, Montgomery and Grasso 2004) 
tilt direction 
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outer-vortex tilt = standing VRW wave #1 pattern = low-level vorticity anomaly 

BL3$-)wave # 1 vorticity 
asymmetry 
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right 
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Tilt evolves consistent with balanced dynamics (not shown here) 
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Forcing of vertical motion by low-level vorticity anomaly 
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vertical motion: 

Rc53'+ h)BXH)i Aj)klB)

R'.,)l)B)'-*33,6"*)

frictional convergence 
provided by vortex tilt: 

favorable meso-" scale 
environment for SBC 

formation 

balanced TC vortex dynamics  
"  thermodynamic impact  
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Shear-induced deformation of the Òmoist envelopeÓ 
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Downdrafts outside of the moist envelope 

]:L3- MB)

-6#"3M",('/.,),+.%"#+3,+6'()Q#R)

H)53)

T, )``K)))`]\))))`L]))))`\H)))`DI)V)
<$2"'Y-1))))))))))B)3-MB)))))))))))I:HL3-MBW)

DII)53)

D
II)

53
)

a6",'3(%+,)%+)&#M3#.%+9)7"'3,)
" )Q#R)n<'-%M-6,'2*)

DII)53)
D

II)
53

)
MI:HL) MI:BL) 3X-)

7#"3'/#+)#7)2#R+2"'Y-)
!"#$%&')#7)3#%-6),+.,(#$,)



-'3,) (')'*+, )$'u,"+1)
'W)aA_)'+2))
>W)T, M2,$",--%#+)
)
s)-'3,) (')'*+, )/(6)
>,0'.%#")U+#6)-0#R+W)
)
" )",-<(6-)"#><-6)%+)
#<")-<%6,)#7)
,@$,"%3,+6-)

Robustness of results in our suite of experiments 
a)

RMN68 shear

b)

CBLAST68 shear

c)

RMN54 shear

e)

ICE68 shearO_Ajva!P)

_'6)HM`)

=_c)

",7)



Some supporting evidence from the real atmosphere 
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¥! shear-induced, thermodynamic impact on the inflow layer 

¥! downdrafts associated with Òstationary band complexÓ 

¥! favorable meso-" scale environment for SCB by vortex tilt 
(dynamics) and distortion of moist envelope (kinematics) 

¥! same basic structural evolution with associated weakening 
is found for weaker TCs, more realistic values of CK and CD, 

and ice microphysics also 

Dynamic response  of moist, baroclinic vortex: balance assessment Conclusions 
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Abstract. Recent work has developed a new framework for
the impact of vertical wind shear on the intensity evolution
of tropical cyclones. A focus of this framework is on the
frustration of the tropical cycloneÕs power machine by shear-
induced, persistent downdrafts that ßush relatively cool and
dry (lower equivalent potential temperature,! e) air into the
stormÕs inßow layer. These previous results have been based
on idealised numerical experiments for which we have de-
liberately chosen a simple set of physical parameterisations.
Before efforts are undertaken to test the proposed framework
with real atmospheric data, we assess here the robustness of
our previous results in a more realistic and representative ex-
perimental setup by surveying and diagnosing Þve additional
numerical experiments. The modiÞcations of the experimen-
tal setup comprise the values of the exchange coefÞcients
of surface heat and momentum ßuxes, the inclusion of ex-
periments with ice microphysics, and the consideration of
weaker, but still mature tropical cyclones.

In all experiments, the depression of the inßow layer! e
values is signiÞcant and all tropical cyclones exhibit the same
general structural changes when interacting with the imposed
vertical wind shear. Tropical cyclones in which strong down-
drafts occur more frequently exhibit a more pronounced de-
pression of inßow layer! e outsideof the eyewall in our ex-
periments. The magnitude of the! e depressionunderneath
the eyewall early after shear is imposed in our experiments
correlates well with the magnitude of the ensuing weakening
of the respective tropical cyclone. Based on the evidence pre-
sented, it is concluded that the newly proposed framework is
a robust description of intensity modiÞcation in our suite of
experiments.

1 Introduction

1.1 A new framework for intensity modiÞcation of
tropical cyclones in vertical wind shear

The intensity evolution of tropical cyclones (TCs) embedded
in an environmental ßow with vertical wind shear poses an
important forecast problem. To date, the physical processes
that govern this intensity evolution are not well understood.
In a recent publication (Riemer et al., 2010, referred to as
RMN10 hereafter) a new framework for the intensity modi-
Þcation of TCs in vertical wind shear was proposed. While
previous hypotheses have focused almost exclusively on pro-
cesses above the boundary layer, RMN10 showed that ver-
tical wind shear has a signiÞcant impact on the thermody-
namic properties of the TCÕs inßow layer1. Strong and per-
sistent, shear-induced downdrafts ßush the inßow layer with
low moist-entropy (or equivalent potential temperature,! e)
air Ð Òanti-fuelÓ for the TC power machine. The replenish-
ment of this air by surface heat ßuxes is not complete while
the air spirals towards the storm centre leading to a reduction
of ! e values within the inner-core updrafts in theazimuthal
mean. When viewed from the simpliÞed perspective of an
idealised Carnot cycle, a decrease in the potential intensity
of the TC can be expected (Tang and Emanuel, 2010).

1In the current study, the term Òinßow layerÓ will refer to the
layer of strong inßow associated with surface friction in the lowest
1Ð1.5 km where the departure from gradient wind balance in the
radial direction is generally a maximum (e.g.,Bui et al.(2009), their
Figs. 5 and 6 and accompanying discussion).
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Abstract. A major impediment to the intensity forecast of
tropical cyclones (TCs) is believed to be associated with the
interaction of TCs with dry environmental air. However, the
conditions under which pronounced TC-environment inter-
action takes place are not well understood. As a step towards
improving our understanding of this problem, we analyze
here the ßow topology of a TC immersed in an environment
of vertical wind shear in an idealized, three-dimensional,
convection-permitting numerical experiment. A set of dis-
tinct streamlines, the so-called manifolds, can be identiÞed
under the assumptions of steady and layer-wise horizontal
ßow. The manifolds are shown to divide the ßow around the
TC into distinct regions.

The manifold structure in our numerical experiment is
more complex than the well-known manifold structure of a
non-divergent point vortex in uniform background ßow. In
particular, one manifold spirals inwards and ends in a limit
cycle, a meso-scale dividing streamline encompassing the
eyewall above the layer of strong inßow associated with sur-
face friction and below the outßow layer in the upper tro-
posphere. From the perspective of a steady and layer-wise
horizontal ßow model, the eyewall is well protected from the
intrusion of environmental air. In order for the environmental
air to intrude into the inner-core convection, time-dependent
and/or vertical motions, which are prevalent in the TC inner-
core, are necessary. Air with the highest values of moist-
entropy resides within the limit cycle. This Òmoist envelopeÓ
is distorted considerably by the imposed vertical wind shear,
and the shape of the moist envelope is closely related to the
shape of the limit cycle. In a Þrst approximation, the distri-
bution of high- and low-! e air around the TC at low to mid-
levels is governed by the stirring of convectively modiÞed air
by the steady, horizontal ßow.
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Motivated by the results from the idealized numerical ex-
periment, an analogue model based on a weakly divergent
point vortex in background ßow is formulated. The simple
kinematic model captures the essence of many salient fea-
tures of the manifold structure in the numerical experiment.
A regime diagram representing realistic values of TC inten-
sity and vertical wind shear can be constructed for the point-
vortex model. The results indicate distinct scenarios of en-
vironmental interaction depending on the ratio of storm in-
tensity and vertical-shear magnitude. Further implications of
the new results derived from the manifold analysis for TCs
in the real atmosphere are discussed.

1 Tropical cyclone intensity and environmental
air interaction

It has long been recognized that the interaction of tropical cy-
clones (TCs) with environmental air can have a detrimental
effect on storm intensity. The interaction can be expected to
be particularly pronounced when vertical shear of the envi-
ronmental horizontal wind is present. Vertical wind shear
ensures that at some height levels the environmental ßow
is distinct from the motion of the storm and considerable
storm-relative environmental ßow arises at such levels (e.g.
Willoughby et al., 1984; Marks et al., 1992; Bender, 1997).
This storm-relative ßow then advects environmental air to-
wards the TC. If low moist-entropy (or equivalent potential
temperature,! e) air associated with the environment can in-
trude into the eyewall updrafts, then the conversion of heat
into kinetic energy within the TCÕs power machine is frus-
trated and the storm can be expected to weaken (Tang and
Emanuel, 2010a). Moistening and warming of the environ-
mental air before reaching the eyewall updrafts may diminish
this detrimental impact on TC intensity.

Simpson and Riehl(1958) were the Þrst to propose that
storm-relative environmental ßow Òmay act as a constraint

Published by Copernicus Publications on behalf of the European Geosciences Union.

Atmos. Chem. Phys., 10, 3163Ð3188, 2010
www.atmos-chem-phys.net/10/3163/2010/
© Author(s) 2010. This work is distributed under
the Creative Commons Attribution 3.0 License.

Atmospheric
Chemistry

and Physics

A new paradigm for intensity modiÞcation of tropical cyclones:
thermodynamic impact of vertical wind shear on the inßow layer

M. Riemer1, M. T. Montgomery1,2, and M. E. Nicholls3

1Department of Meteorology, Naval Postgraduate School, Monterey, CA, USA
2NOAAÕs Hurricane Research Division, Miami, FL, USA
3University of Colorado, Cooperative Institute for Research in Environmental Sciences, Boulder, CO, USA

Received: 16 March 2009 Ð Published in Atmos. Chem. Phys. Discuss.: 4 May 2009
Revised: 2 October 2009 Ð Accepted: 2 March 2010 Ð Published: 1 April 2010

Abstract. An important roadblock to improved intensity
forecasts for tropical cyclones (TCs) is our incomplete un-
derstanding of the interaction of a TC with the environmen-
tal ßow. In this paper we re-visit the canonical problem of
a TC in vertical wind shear on an f-plane. A suite of nu-
merical experiments is performed with intense TCs in mod-
erate to strong vertical shear. We employ a set of simpliÞed
model physics Ð a simple bulk aerodynamic boundary layer
scheme and Òwarm rainÓ microphysics Ð to foster better un-
derstanding of the dynamics and thermodynamics that gov-
ern the modiÞcation of TC intensity. In all experiments the
TC is resilient to shear but signiÞcant differences in the in-
tensity evolution occur.

The ventilation of the TC core with dry environmental air
at mid-levels and the dilution of the upper-level warm core
are two prevailing hypotheses for the adverse effect of ver-
tical shear on storm intensity. Here we propose an alterna-
tive and arguably more effective mechanism how cooler and
drier (lower! e) air Ð Òanti-fuelÓ for the TC power machine
Ð can enter the core region of the TC. Strong and persistent,
shear-induced downdrafts ßux low! e air into the boundary
layer from above, signiÞcantly depressing the! e values in
the stormÕs inßow layer. Air with lower! e values enters the
eyewall updrafts, considerably reducing eyewall! e values in
the azimuthal mean. When viewed from the perspective of an
idealised Carnot-cycle heat engine a decrease of storm inten-
sity can thus be expected. Although the Carnot cycle model
is Ð if at all Ð only valid for stationary and axisymmetric TCs,
a close association of the downward transport of low! e into
the boundary layer and the intensity evolution offers further
evidence in support of our hypothesis.
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The downdrafts that ßush the boundary layer with low! e
air are tied to a quasi-stationary, azimuthal wave number 1
convective asymmetry outside of the eyewall. This convec-
tive asymmetry and the associated downdraft pattern extends
outwards to approximately 150 km. Downdrafts occur on the
vortex scale and form when precipitation falls out from slop-
ing updrafts and evaporates in the unsaturated air below. It
is argued that, to zero order, the formation of the convec-
tive asymmetry is forced by frictional convergence associ-
ated with the azimuthal wave number 1 vortex Rossby wave
structure of the outer-vortex tilt. This work points to an im-
portant connection between the thermodynamic impact in the
near-core boundary layer and the asymmetric balanced dy-
namics governing the TC vortex evolution.

1 Introduction

For decades it has been well known that vertical shear of the
environmental wind has a detrimental effect on the intensity
of tropical cyclones (TCs). The processes that modulate the
intensity of a TC when affected by shear, however, are not
well understood. This lack of understanding is partially re-
ßected in high uncertainties that still exist in operational TC
intensity forecasts. In addition, recent projections of global
climate models indicate an increase in vertical wind shear in
the tropical North Atlantic (Vecchi and Soden, 2007). Un-
derstanding the interaction of TCs and the vertically sheared
environmental ßow should thus provide not only a signiÞcant
beneÞt to the operational forecast community but may also
advance our understanding of changes in TC climate charac-
teristics in a globally warming atmosphere.

Numerous previous studies have been devoted to under-
stand the mechanisms by which a TC-like vortex is resilient
to vertical shear. For small amplitude vertical shear forcing
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Abstract. A major impediment to the intensity forecast of
tropical cyclones (TCs) is believed to be associated with the
interaction of TCs with dry environmental air. However, the
conditions under which pronounced TC-environment inter-
action takes place are not well understood. As a step towards
improving our understanding of this problem, we analyze
here the ßow topology of a TC immersed in an environment
of vertical wind shear in an idealized, three-dimensional,
convection-permitting numerical experiment. A set of dis-
tinct streamlines, the so-called manifolds, can be identiÞed
under the assumptions of steady and layer-wise horizontal
ßow. The manifolds are shown to divide the ßow around the
TC into distinct regions.

The manifold structure in our numerical experiment is
more complex than the well-known manifold structure of a
non-divergent point vortex in uniform background ßow. In
particular, one manifold spirals inwards and ends in a limit
cycle, a meso-scale dividing streamline encompassing the
eyewall above the layer of strong inßow associated with sur-
face friction and below the outßow layer in the upper tro-
posphere. From the perspective of a steady and layer-wise
horizontal ßow model, the eyewall is well protected from the
intrusion of environmental air. In order for the environmental
air to intrude into the inner-core convection, time-dependent
and/or vertical motions, which are prevalent in the TC inner-
core, are necessary. Air with the highest values of moist-
entropy resides within the limit cycle. This Òmoist envelopeÓ
is distorted considerably by the imposed vertical wind shear,
and the shape of the moist envelope is closely related to the
shape of the limit cycle. In a Þrst approximation, the distri-
bution of high- and low-! e air around the TC at low to mid-
levels is governed by the stirring of convectively modiÞed air
by the steady, horizontal ßow.
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Motivated by the results from the idealized numerical ex-
periment, an analogue model based on a weakly divergent
point vortex in background ßow is formulated. The simple
kinematic model captures the essence of many salient fea-
tures of the manifold structure in the numerical experiment.
A regime diagram representing realistic values of TC inten-
sity and vertical wind shear can be constructed for the point-
vortex model. The results indicate distinct scenarios of en-
vironmental interaction depending on the ratio of storm in-
tensity and vertical-shear magnitude. Further implications of
the new results derived from the manifold analysis for TCs
in the real atmosphere are discussed.

1 Tropical cyclone intensity and environmental
air interaction

It has long been recognized that the interaction of tropical cy-
clones (TCs) with environmental air can have a detrimental
effect on storm intensity. The interaction can be expected to
be particularly pronounced when vertical shear of the envi-
ronmental horizontal wind is present. Vertical wind shear
ensures that at some height levels the environmental ßow
is distinct from the motion of the storm and considerable
storm-relative environmental ßow arises at such levels (e.g.
Willoughby et al., 1984; Marks et al., 1992; Bender, 1997).
This storm-relative ßow then advects environmental air to-
wards the TC. If low moist-entropy (or equivalent potential
temperature,! e) air associated with the environment can in-
trude into the eyewall updrafts, then the conversion of heat
into kinetic energy within the TCÕs power machine is frus-
trated and the storm can be expected to weaken (Tang and
Emanuel, 2010a). Moistening and warming of the environ-
mental air before reaching the eyewall updrafts may diminish
this detrimental impact on TC intensity.

Simpson and Riehl(1958) were the Þrst to propose that
storm-relative environmental ßow Òmay act as a constraint
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Flow boundaries in idealized numerical experiment 
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