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Boundary Layer Roll Vortices in Hurricane Conditions
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Abstract.  This study uses a 3-D high-resolution boundary layer model to investigate the
effects of moisture on the development, strength, intensity, and location of roll vortices in
hurricane like conditions.  Six model experiments were conducted, each with a different
initial moisture profile.  The two main moisture sources in the model are an initial linear
moisture profile and air-sea moisture fluxes.  Moisture model experiments clearly indicate the
significance moisture plays in atmospheric boundary layer (BL) roll vortices.  The strength of
the atmospheric BL roll vortices increases as the overall amount of moisture increases.   
Mechanical forces are the main source of energy production in the BL when large amounts of
initial moisture are present, while energy production through buoyant forces become more
important when little initial moisture is present.  The roll wind speeds and Monin-Obukhov
length ratios agree with previous observations and studies.  The stream function values,
however, are much larger than previous models indicate.

1.  Introduction

Radarsat synthetic aperture radar (SAR) images
obtained in Hurricanes Bonnie, Danielle, Georges, and
Mitch revealed the presences of roll vortices in the
boundary layer (Katsaros et. al. 2000).  Roll vortices are
extremely important because they can greatly influence
the magnitude of certain fluxes (e.g. moisture,
momentum, and heat) in the BL.  To simulate these roll
vortices in hurricane-like conditions, a 3-D large eddy
simulation model was used with initial conditions that
are indicative of hurricanes.  This study looks at how the
amount of moisture in the initial conditions as well as
air-sea moisture fluxes at the surface of the boundary
layer effects roll vortices.   

1.1 Background

In an observational study of roll vortices during cold
air outbreaks by LeMone (1973), quantitative
descriptions of the rolls were produced.    Roll vortices
were observed and measured 4 different times over the
tower and 8 different cases of roll vortices were studied
using aircraft.  Some results from this study were that
horizontal winds within the boundary layer ranged
between 8-15 ms-1 and the boundary layer height varied
from .6 km to 2.2 km.  A maximum value of uroll =1.2
ms-1, where uroll is the horizontal roll wind speed, was
observed and the location of the maximum u-component
wind of the rolls was .07z, where z is the BL height.
The ratio of uroll to Vg was approximately .1.  The
maximum vertical velocity was 1.0 ms-1 and it occurred
at .33z.  Brown (1980) calculated theoretical secondary
flow parameters including stream function, and
determined that the maximum stream function within a
roll was approximately .1 m2s-1 (see Fig. 1).  Both
Brown and LeMone determined that the major terms in
roll maintenance are energy production from wind shear
______
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Figure 1. Stream function contours from a roll cross-
section taken from Brown (1980).   

(mechanical forces) and buoyancy.
The effects of latent heat release and non-

precipitating clouds with cloud-top cooling on roll
development are discussed differently.  Mason (1985)
used a finite difference model to investigate the neutral
planetary boundary layer.  Mason did not find any
substantial changes in roll dynamics considering
simulations with and without latent heat release and
non-precipitating clouds with cloud-top cooling.  Sykes
et al. (1988) found that the aspect ratio (the ratio of
wavelength to height of the rolls) increased to 10 when
latent heat release was included in the model.  Dry
model experiments produced aspect rations ranging
between 1 and 3.  The aforementioned models, however,
have initial and boundary conditions based on typical
cold air outbreak situations.

1.2 Monin-Obukhov Length Ratio (-z/L)

In this study, z equals the boundary layer height and
is assumed to be 2 km.  L is the Monin-Obukhov length
and is defined as:

L =
u*

3 T
kg ¢ w ¢ T 

(1)
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Mean flow equations:

(2)
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Convective equations:

(5)
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Where v  is the background horizontal wind, w  is the
background vertical wind, n  is the viscosity of air, q  is
the potential temperature, L  is the latent heat of
vaporization, C p  is the specific heat, F is the
geopotential, ¢ u  is the convective horizontal wind, ¢ w  is
the convective vertical wind, is h  the absolute
vorticity, ¢ q  is the convective mixing ratio,j  is the
stream function.

The interaction between the convective motions and
the mean flow occurs via the convective fluxes

calculated explicitly during the integration of the
convective equations.  The convective fluxes
momentum, <w’T’>, and mixing ratio, <w’q’>, are
calculated by averaging of products of corresponding
deviations over the convective domain.  The convective
system of equations is a non-hydrostatic shallow
convection system for the wind velocity components,
potential temperature, mixing ration and cloud water
content.  Taking into account a low depth of the
boundary layer clouds we assume that the clouds do not
precipitate.  Convective heating and cooling caused by
condensation and evaporation contribute significantly to
the intensity of the BL.  Long-wave radiation cooling is
also taken into account.   

In the present set of experiments the computational
domain for the convective equations has H=2 km in the
vertical direction with 31 levels and 5.5 km in the x-
direction with 17 grid points (Fig. 1) The mean flow
domain has 200 km in the y-direction with 11 grid
points.  Initially, we specified idealized linear profiles of
wind, potential temperature, and mixing ration that
roughly correspond to hurricane conditions.  At the
upper boundary, the values of all variables are
prescribed.  At the sea surface, the momentum, heat, and
moisture fluxes are calculated using the Monin-
Obukhov similarity theory.  The SST is set equal to
303K and the pressure near the surface is close to 1000
mb.

2.  Methods

2.1 Initial Conditions

An initial linear profile of moisture is specified within
the model before the mean flow equations are integrated
(see Fig. 4a).  Also, air –sea moisture fluxes are
implemented in both the mean flow and convective sets
of equations.  These two components defined the
general moisture scheme of the model and consequently
controlled latent heat release and vertical moisture
fluxes.  Thus, in order to modify the moisture profile,
one or both of these parameters needed to be changed.

2.2 Experimental Design

In order to reveal the effects of moisture on roll
vortices, the following experiments are performed.  The
mean flow equations are first integrated for t=4 hours
using a traditional first order turbulent scheme for the
vertical transfer of heat, moisture, and momentum.  For
this, all convective fluxes are assumed equal to zero.
After an equilibrium state is achieved (in about 4 hours),
the convective equations are introduced which explicitly
calculate the convective fluxes associated with roll
vortices.  These fluxes provide additional vertical
transfer of heat, moisture, and momentum.  The
convective equations are integrated for t=6 hours.

2.3 Model Experiments

Six different model experiments were conducted each
with a different moisture profile.  Experiment 1 was the
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Figure 4.  (a) The linear initial moisture plot used in this study.  (b) Illustrations of the 6 different model experiments used
in this study.  The arrow indicates air-sea moisture fluxes and the dark vertical line indicates the percent of the linear initial
moisture plot used.

dry case, which means that the initial mixing ratio (see
Fig 4a, 4b) was set equal to zero and the air-sea
moisture fluxes were turned off.  Experiment 2 featured
the initial mixing ratio equal to zero, but air-sea fluxes
were included in both the mean flow integration as well
as the convective integration.  Experiment 3 had the
initial mixing ratio halved, and air-sea fluxes were
turned off.  Experiment 4 had the initial ratio reduced by
a factor of .75, and air-sea fluxes were again turned off.
Experiment 5 featured the initial mixing ratio halved
and included air-sea fluxes.  Experiment 6 had the full
initial mixing ratio profile and included air-sea moisture
fluxes.

3.  Results

3.1 Stream function

After completing all six model experiments, the
model data was analyzed (see Fig. 5a-5f).  Experiments
1 and 2 produced very similar results, experiments 3 and
4 produced similar results, and experiments 5 and 6 also
produced similar results.  The first quantity analyzed
was stream function.  These two quantities were plotted
on an x-z cross-section at Y=250 km after complete
integration of the mean flow and convective equations.
The stream function is analogous to the gradient wind,
and tends to increase as the amount of moisture
increases for the 6 model experiments conducted.  The
rolls from experiments 1 and 2 produced extremely
weak, elongated rolls.  The max stream function for
both experiments was 1.2 m2s-1.  The height of
maximum stream function was .8 km.  The rolls from
Experiments 3 and 4 produced 4 roll vortices.  The two
outside rolls were located at .25 km, which is extremely
close to the surface of the BL.  The max stream function
for the two outside rolls was 1.6 m2s-1.  The inner roll
vortices were much weaker and their shape was much
more circular.  Inside rolls from experiment 3 were
slightly weaker than the inside rolls from experiment 4.
The rolls from experiments 5 and 6 were extremely well
defined and circular.  The max stream function for roll 5

was 12 m2s-1 and was located at 1km.  The maximum
stream function for roll 6 was 16 m2s-1 and was located
at 1km.  The rolls in experiments 1 and 2 are
approximately 5 km apart, while the 4 rolls generated by
experiments 3 and 4 are closer together with an
approximate distance of 1.5 km between rolls.  The rolls
from experiments 5 are 2.25 km apart and the rolls from
experiment 6 are 3 km apart.

3.2 Winds

The wind speeds generated by the rolls were
calculated in the model.  Values of vertical velocity
(wroll) and the u-component velocity (uroll) were
compared after each model run.  As with stream
function, the similarity between experiments 1 and 2,
experiments 3 and 4, and experiments 5 and 6 held
through.  It appears as though the amount of moisture
increased, the wind speeds of rolls increased as well.
For experiments 1 and 2, the height of maximum uroll

was .1z (.2 km) and the maximum speed was .0036*Vg,
where Vg is the overlying environmental wind speed at
the location of maximum uroll height.  The location of
maximum wroll occurred at .5z (1 km), and the maximum
value of vertical velocity was .6 ms-1.  For experiments
3 and 4, the height of maximum uroll was .05z (1 km)
and the value of the max was .009*Vg.  The location of
the wroll maximum was .125z (.25 km) and the
maximum vertical velocity was .8ms-1.  For experiments
5 and 6, the height of maximum uroll was at a height of
.15z (.3km) and the value of maximum wind speed was
.036*Vg.  The location of maximum wroll was .5z (1 km)
and the maximum vertical velocity was 2ms-1.

3.3 Monin-Obukhov Length Ratio

Figure 6 gives the values of the ratio –z/L for each of
the 6 model experiments.  The x-axis is the amount of
integration time of the mean flow equations.  The y-axis
is the value of –z/L.  Model experiments 1 and 2
produced extremely similar values of L.  The maximum
value for experiments 1 and 2 is approximately 1.55.
The maximum steady-state value for experiment 3 is


