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ABSTRACT

Dropsondes from the NOAA G-IV aircraft were used to examine the presence of low bulk Richardson

numbers RB in tropical cyclones. At least one 400-m layer above z 5 7.5 km exhibited RB , 1 in 96% of the

sondes andRB# 0.25 in 35%of the sondes. The latter represent almost certain turbulence. Sondes frommajor

Hurricane Ivan (2004) were examined in detail. Turbulent layers fell into three broad groups. The first was

found below cloud base near the edge of the central dense overcast (CDO) where relative humidity fell below

40%. Near-zero static stability existed within the turbulent layer with stability and shear maxima above it.

This structure strongly resembled that seen previously from sublimation of precipitation beneath cloud base.

The second type of turbulent layer was located within CDO clouds in the upper troposphere and was due

almost entirely to near-zero static stability. This most likely arose as a result of cooling via longwave flux

divergence belowCDO top. The third type of turbulent layer existed well outside the CDOandwas produced

by large local vertical wind shear. The shear maxima associated with the beneath-cloud and outside-CDO

turbulent layers produced a sharp transition from weak inflow below to strong outflow above. The results

suggest that the CDO creates its own distinctive stability profile that strongly influences the distribution of

turbulence and the transition to outflow in tropical cyclones.

1. Introduction

The horizontally extended, long-lasting ‘‘central

dense overcast’’ (CDO) found within the outflow layer

of mature tropical cyclones represents one of the most

dramatic cirrus cloud layers in the subtropics. The CDO

can be as much as 400 hPa thick near the storm center.

Cirrus cloud tops lie at the elevated tropopause within

the eyewall region and descend outward from the storm

center in an umbrella shape (Cairo et al. 2008). Outside

the storm core, a ‘‘moat’’ exists in which convection is

largely inactive (e.g., Molinari et al. 1999). In this region

the cirrus deck thins with increasing radius but still

coversmost of the circulation. Outside about the 200-km

radius, renewed deep convection is widespread within

outer bands. Continuous cirrus cloud cover often is

present out to or beyond the 300-km radius, with thin

and likely also subvisible cirrus (e.g., Dinh et al. 2010)

extending considerably farther. Distinct bands are often

observed in cirrus, both within and on the edge of the

CDO. Knox et al. (2010) have shown that such cirrus

bands occur not just in tropical cyclones but in turbu-

lence near mesoscale convective systems (MCSs) and on

the anticyclonic shear side of midlatitude jets.

Trier and Sharman (2009) and Trier et al. (2010) used

observations and high-resolution numerical simulations

to investigate turbulence within cirrus bands north of

anMCS. Vertical wind shear played two roles: it directly

reduced Richardson number (Ri), and it created dif-

ferential horizontal advection of equivalent potential

temperature ue that reversed the sign of ›ue/›z and thus

created a (moist) Ri less than zero at the outer part of

the cirrus anvil. The bands took the form of shallow

convective roll vortices like those seen in the planetary

boundary layer. These rolls became strong only in the

presence of cloud–radiative interaction in their simula-

tions, suggesting that radiative processes within the anvil

played an important role.

The tropical cyclone CDO represents a larger and

deeper cirrus layer that has the potential to contain the

same turbulent processes as the MCS. Longwave warm-

ing exists at the base of the CDO and longwave cooling

in the upper part (Fovell et al. 2009; Bu et al. 2014;
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Melhauser and Zhang 2014). These radiative processes

have the potential to contribute to small static stability in

the upper troposphere. In addition, outflow jets are fre-

quently present that contain strong vertical wind shear at

their base (e.g., Merrill and Velden 1996). The ingre-

dients are thus present for a low Richardson number and

potential turbulence. Consistent with this view, Emanuel

and Rotunno (2011) produced a revised closure for their

theory of tropical cyclones that explicitly assumed Ri

in the outflow layer remained near its critical value for

turbulence. This condition played an essential role in

connecting the dynamics of the storm core to that of the

outflow layer. Despite the potential importance of tur-

bulent processes, almost no measurements of Ri in

tropical cyclones have been made, and the influence of

the CDO on tropical cyclone dynamics and thermody-

namics has not been investigated.

This study makes use of dropsondes released from the

upper troposphere in tropical cyclones. They reveal the

frequent existence of turbulent layers within, beneath,

and outside the CDO. The structure and causes of these

layers, and their relationship to processes within tropical

cyclone outflow, are described.

2. Data and methods

Data for this study come fromGPS sondes (Hock and

Franklin 1999) that were released within 1000 km of the

center of tropical cyclones by the National Oceanic and

Atmospheric Administration (NOAA) G-IV aircraft

over 7 years (1997–99; 2002–05). The sondes in this study

were the same as those used by Molinari et al. (2012),

except that about 100 additional sondes were included

here because small gaps in dewpoint were accepted that

were not allowed in the earlier CAPE calculations. The

data were interpolated to 100-m vertical resolution.

Linear interpolation in temperature, dewpoint, and

wind was performed across less-than-400-m gaps in the

soundings. No supplementation of the sondes above the

release point from global model gridded analyses was

carried out in this study. After this processing, 2571

sondes remained for analysis.

The G-IV sondes have a mean release elevation near

13 km (175 hPa). Molinari et al. (2012) showed a fairly

uniform distribution of sondes with respect to radius and

azimuth within 1000 km of the center. The sondes are

not released on a uniform grid but rather might repre-

sent only certain quadrants and radial ranges in any

given flight. Composite analyses will be carried out by

averaging these irregularly spaced sondes in 100-km

radial bins. A radius–height (r–z) section of the number

of sonde observations in each 100-km radial bin (color

shading) is shown in Fig. 1. The number peaks at radii

between 300 and 600 km and below the 12-km elevation.

Only 27 sondes were available between the storm

center and the 100-km radius. That region will not be

addressed.

Figure 1 also shows the radial–vertical distribution

(contoured) of the number of sonde observations in

Hurricane Ivan (2004). More than 320 sondes were de-

ployed, the most of any individual storm in this study.

They covered the period 9–16 September, as the storm

moved from near 108N, 508W to the central Gulf of

Mexico. Later sections of the paper will focus solely on

Hurricane Ivan. Only those levels and radius bins with

10 or more observations will be included in the analyses.

For all but 12h of the sonde collection, Ivan was a major

hurricane with maximum winds exceeding 110 knots

(kt; 57ms21). Thehistory ofHurricane Ivan is described in

the National Hurricane Center (NHC) report of the storm

(http://www.nhc.noaa.gov/pdf/TCR-AL092004_Ivan.pdf).

Because dropsonde data are available only at discrete

levels in the vertical, a bulk Richardson number RB is

utilized. The critical value for turbulence is lost in this

discretization, making an empirical estimate of the cri-

terion for turbulence somewhat larger than 0.25 (e.g.,

Stull 1988). Nevertheless, ifRB# 0.25 in a discrete layer,

turbulence is almost certain to exist somewhere within

the layer. When RB exceeds 0.25 but is less than unity,

turbulence might or might not be present (e.g., Lane

et al. 2012). For simplicity in this paper, 0.25 , RB , 1

will be labeled a ‘‘low Richardson number layer’’ and

RB # 0.25 a ‘‘turbulent layer.’’ The bulk Richardson

FIG. 1. Number of sondes used in this study within 100-km radial

bins and 100-m vertical layers. Color shading: total number ofG-IV

sondes. Contours: number of G-IV sondes inHurricane Ivan alone.
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number will be calculated over 400-m layers every 100m

in the vertical. It is given by

RB5
(g/uy)(Duy/Dz)

[(Du)21 (Dy)2]/(Dz)2
, (1)

where Dz is 400m, other differences are between the top

and bottom of the layer, uy is virtual potential temper-

ature, and the overbar indicates a mean over the layer.

No Richardson number was calculated within any layers

of missing data greater than 400m. The only exception

was for missing relative humidity above the 9-km level,

for which a value of 50% was assumed. This will have

little impact on RB calculations owing to the small satu-

ration vapor pressure at those high levels. Storm-relative

winds (i.e., with tropical cyclone motion subtracted) were

used in Eq. (1), but measured winds give the same result

because the storm motion has no vertical derivative. The

numerator (stability) and denominator (shear squared) of

Eq. (1) will sometimes be displayed separately and ex-

pressed in units of 1024 s22.

For saturated layers, it is appropriate to calculate

a moist Brunt–Väisälä frequency (Durran and Klemp

1982; Trier et al. 2010). Trier et al. (2010) calculated

a full moist Richardson number, but this was done from

numericalmodel output, for which all variables, including

liquid and ice mixing ratios, were known at every point.

Dropsondes contain numerous limitations that make

such a calculation problematical. These include (i) a dry

bias that sometimes does not produce saturation even in

cloudy layers (Jaubert et al. 1999), (ii) missing dewpoints

in the upper troposphere due to instrument limitations at

low temperatures, and (iii) no estimates for condensate

mixing ratios. The first two limitations made it difficult to

even identify saturated layers. For instance, the appendix

shows that almost no saturated layers existed in the

Hurricane Ivan dropsonde data either below 4 or above

12km (the latter often because of missing dewpoints).

This is not realistic in a major hurricane.

The appendix shows that the moist Brunt–Väisälä
frequency in the RB calculation produced differing re-

sults from the dry estimates within saturated layers in

the low and middle troposphere. Nevertheless, it is ar-

gued that the results of this paper are largely unaffected

by the use of the dryRB from Eq. (1). Three major types

of low Richardson number will be identified: the first

occurred in clearly unsaturated layers beneath cirrus,

the second occurred high in the troposphere where the

dry and moist estimates approach one another, and the

third occurred in the upper troposphere well outside

the storm core where the air was usually clear. In none of

those examples was the moist Richardson number crit-

ical. Equally important, identifying saturated layers with

the dropsondes was difficult as noted above. For all of

these reasons, following Kudo (2013) and Luce et al.

(2010), only dry Richardson number estimates were

considered in the body of the paper. The appendix pro-

vides a more detailed discussion of these issues.

The thickness of the layer used in Eq. (1) was chosen

to be equal to the largest data gap over which in-

terpolation was carried out. Typical dropsonde errors of

0.28C and 0.5–2.0m s21 (Hock and Franklin 1999) could

produce large errors in RB over such a narrow layer.

However, suchmeasurement errors are likely correlated

in the vertical, and this would reduce errors in vertical

gradients. Conservative decisions were made with re-

gard to vertical resolution: 100m is considerably coarser

than the raw sounding resolution, andRBwas calculated

over 400m rather than 100m. The results will be pre-

sented primarily in terms of the percentage of sondes for

whichRB falls below a particular value. Evidence will be

presented in the following section that errors in these

percentages are much smaller than the signal.

To distinguishRB distribution within tropical cyclones

from that in the typical hurricane season subtropical en-

vironment, RB was also computed from high-resolution

rawinsonde data available from Stony Brook University

(http://www.sparc-climate.org/data-center/). Four sets of

twice-daily subtropical rawinsondes during the months of

August and September were chosen from Miami and

San Juan (each 1998–2008), Seawall Airport in Barbados

(1998–2003), and Grand Cayman (1998–2001). Any ra-

winsonde at these four locations that fell within 1000 km

of the center of a tropical cyclone at the sonde release

time was removed. The resultant data from the four sets

of subtropical rawinsondes will be labeled the ‘‘non–

tropical cyclone rawinsondes’’ to distinguish them from

the G-IV sondes, all of which were within 1000km of

a tropical cyclone. The non–tropical cyclone data is made

up of 2466 sondes, comparable in number to that from

the G-IV.

Finally, 96 rawinsondes from the Stony Brook data

between 1998 and 2011 that were within 500km of a ma-

jor hurricane were examined. Although their number is

small, these sondes provide confirmation of themaximum

in turbulence at the upper limit of G-IV sonde data in

Hurricane Ivan.

3. Results

a. G-IV sondes

The potential for smallRB in the upper troposphere of

tropical cyclones becomes apparent in Fig. 2, which shows

RB and its individual components, averaged over allG-IV

sondes. Stability is fairly large above the boundary layer
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but small from 10–13-km elevations. This reflects the

combined influence of the warm core in the upper tro-

posphere, in which isentropes turn downward, and the

cold core at the tropopause where the isentropes turn

upward. Vertical shear increases upward from the mid-

troposphere. This combination produces a second region

in tropical cyclones of small RB (along with the planetary

boundary layer) in which turbulence might be common.

Part of the goal of this paper is to evaluate the role of

CDO physics and dynamics in producing this structure.

The fraction of sondes with low RB provides another

means of assessing the opportunity for turbulence.

Figure 3 shows this fraction for three sets of data: G-IV

sondes in depressions, storms, and category-1 and -2

hurricanes (blue), G-IV sondes from major (categories

3–5) hurricanes (red), and non–tropical cyclone rawin-

sondes (black). The maximum in the frequency of RB ,
1 (Fig. 3a) occurred in the planetary boundary layer, as

expected. A minimum in low-RB frequency was present

from 1.5 to 7 km. Each dataset showed an increase of

frequency with height above the middle troposphere to

a prominent secondary maximum in the upper tropo-

sphere. The weak and strong tropical cyclones deviated

from the nontropical cyclone background above 8 km.

Maximum upper-tropospheric low-RB fractions in tropi-

cal cyclones reached 45%–55% near 13km, which rep-

resents the top level that is sufficiently represented by the

dropsondes. The fraction of sondes meeting the turbu-

lence criterion (Fig. 3b) also indicates an increase in the

upper troposphere, peaking at 20% just above the 13-km

FIG. 2. Vertical profile of the numerator from Eq. (1) (stability

term; blue), the denominator (shear-squared term; green), and the

bulk Richardson number from these mean fields (red; values above

5 are set to 5). The RB components have units of 1024 s22. These

calculations include all G-IV sondes.

FIG. 3. (a) Percentage of sondes with RB , 1 as a function of

height. Black: non–tropical cyclone rawinsondes. Blue: G-IV sondes

within 1000 km of tropical depressions, storms, and category-1

and -2 hurricanes. Red: G-IV sondes within 1000 km of major

hurricanes. (b) As in (a), but for the percentage of RB # 0.25.

Plotted points contain a minimum of 60 observations.
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level for major hurricanes. Overall, 96% of G-IV sondes

contained at least one layer with RB , 1 and 35% with

RB # 0.25 above z 5 7.5 km.

One concern in Fig. 3 is the high percentage of low RB

appearing near the upper limit of G-IV sonde avail-

ability (Fig. 1). To confirm these results, the same cal-

culations weremade from all rawinsondes within 500 km

of the center of tropical cyclones (Fig. 4). This figure

gives virtually the same levels of peak low-RB frequency

just above the 13-km level. Percentages of turbulence

and of low RB decrease above that level to minimum

values near 17 km. The vertical structure of the low-RB

region coincides with the CDO layer shown for a single

storm by Cairo et al. (2008), implying that the CDO

might play a role in the turbulence.

The layers between 2- and 7-km elevations contain

relatively high stability and small vertical wind shear

(Fig. 2) and thus should not exhibit frequent instances of

low RB. In those layers only about 5% of sondes met the

low-RB criterion, and 1.5%met the turbulence criterion

(Figs. 3a,b). Even if sonde measurement errors were re-

sponsible for every one of these lowRichardson numbers

between 2 and 7km, it would imply an error rate much

smaller than the substantial maxima in the boundary

layer and outflow layer. It appears that any possible

measurement errors did not contribute meaningfully to

the distribution of low-RB and turbulent layers found in

this study.

The turbulence criterion was met in 44% of sondes

in major Hurricane Ivan over at least one layer above

7.5-km height. The remainder of this paper will examine

Hurricane Ivan sondes in detail in order to understand

the physical mechanisms that produced these turbulent

layers.

b. Turbulent layers in Hurricane Ivan

An r–z section of storm-relative radial velocity in

Fig. 5 shows outflow reaching a maximum near the

12-km level. Large vertical shear of the radial flow ex-

isted at middle radii at 9–11-km heights and at outer

radii at 11–12-km heights.

The CDO structure can be seen in the mean relative

humidity in Fig. 6. Relative humidity peaked at 10.5–

11.5-km elevations, with high values extending outward to

middle radii of the storm. The percentage of sondes with

low RB and with the turbulence condition met is also

plotted. Low RB exceeded 15% over the entire outflow

layer. The peak frequency of low RB was found in two

locations: the upper troposphere at small radii, just above

the core of the CDO, and at 900–1000-km radii, well out-

side theCDO.The frequency of turbulent layers peaked in

the same regions. Both RB criteria show secondary max-

ima at middle radii near the outer edge of the CDO.

The structure of turbulent layers in Hurricane Ivan

was investigated for each individual sonde. Three

prominent signatures arose. The first emerged only be-

low cirrus base and resulted almost entirely from low

stability. This signature appeared in at least one 400-m

layer in 16% of dropsondes. The second appeared only

above cirrus cloud base (32% of sondes) and again was

associated primarily with low static stability. The third

FIG. 4. Percentage of rawinsondes having RB , 1 (blue) and

RB, 0.25 (red), calculated from the surface to the 20-km elevation

from all rawinsondes within 500 km of a major hurricane.

FIG. 5. Radius–height section of the mean storm-relative radial

velocity (increment 1m s21) for Hurricane Ivan (2004), in 100-km

radial bins and 100-m vertical layers. Cyan represents inflow and

yellow represents outflow. Darker cyan and yellow indicate radial

components exceeding 4m s21.
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signature of turbulence arose mostly in clear air outside

the CDO at larger radii (3% of sondes) and resulted

primarily from large vertical wind shear. The low per-

centage of the last type of turbulent layer arose in part

because fewer G-IV sondes were released at large radii

[see Fig. 2 in Molinari et al. (2012)].

Composites were constructed for each type of turbu-

lent layer. Members of these composites were chosen

subjectively that provided a subset of clean examples.

Thus, for instance, if multiple turbulent layers with dif-

fering structure appeared in a single sounding, that

sounding was not included in a composite.

1) BELOW-CLOUD TURBULENT LAYERS

The first prominent signature of RB # 0.25 in the

Hurricane Ivan sondes existed below cloud base and

occurred in 16% of sondes. Two identifiable subgroups

were isolated. The first, with 12 sondes, displayed the pre-

cipitation sublimation signature described by Luce et al.

(2010) and Kudo (2013), which includes a vertical wind

shear maximum above cloud base. The second group

(13 sondes) was qualitatively identical to the first be-

neath cloud base but displayed no shear maximum just

above. Because both groups were similar other than the

local difference in wind shear, only the 12-sonde com-

posite will be shown.

Two examples of below-cloud turbulent layers are

shown in Fig. 7. The top panels show each of the sonde

locations plotted on an infrared satellite image closest to

sonde release time. The remaining panels show RB and

its components and a skew T–logp plot for each sound-

ing. The magenta bar indicates the 400-m-thick turbu-

lent layer.

Both sondes shown in Fig. 7 were released within the

CDO at radii of 329 and 534 km, respectively. The skew

T–logp diagrams show that cloud base was located just

below 300 and 350 hPa, respectively, in the layer where

the relative humidity fell from saturation (with respect

to ice) to very low values below. In both soundings

a distinct stable layer coincided with cloud base. Just

above this layer, vertical shear exhibited narrowmaxima

of 22 and 19m s21 km21, respectively. This corre-

sponded to a turning of the wind, especially in Fig. 7d,

where cyclonic inflow turned to strong outflow. Beneath

the stable layer, and thus beneath cloud base, static

stability became slightly negative. The turbulent layers

coincided with this low stability.

A composite of the 12 soundings that displayed simi-

lar structure are shown in Fig. 8. Relative humidity,

stability, radial and tangential wind components, andRB

are displayed in the four panels. The cyan shading rep-

resents the cloud layer. The composite turbulent layer

was located at a height of 9.3 km and a radius of 491 km,

near the outer edge of cirrus clouds in the storm.

Relative humidity (Fig. 8a) exceeded 95% over the

lowest kilometer of the cloud, then fell sharply to less

than 35%beneath the cloud—a surprisingly low value in

the vicinity of a tropical cyclone. The large stability

variations revealed in the individual soundings also

emerged in the composite. Maximum stability (Fig. 8b)

was found in the lowest 100m of the cloud andminimum

stability was found 500m below cloud base.Weak inflow

and cyclonic flow (Fig. 8c) existed in themidtroposphere

through the top of the turbulent layer. Just above, at the

level of the stable layer, a sharp transition to strong

outflow was present. The value of RB remained above 2

through most of the troposphere and fell to near unity in

the upper troposphere (Fig. 8d). The turbulence crite-

rion was met only beneath cloud base.

The stability and shear variations shown in Figs. 7 and

8 closely resembled those produced by sublimation of

precipitation shown by Luce et al. (2010) and Kudo

(2013). A schematic diagram for these turbulent layers is

given in Fig. 9. When precipitation falls from cirrus into

dry air, it quickly sublimates and produces a cold anom-

aly. If sublimation is strong enough, then a strong stable

layer develops above this cold anomaly (thus at and just

above cloud base) and a statically unstable or near-

neutral layer develops beneath it. The critical RB for

turbulence in the composite arose almost entirely owing

to the negative stability anomaly; vertical wind shear was

modest or small in these layers.

FIG. 6. Composite relative humidity with respect to ice (T# 08C)
or water (T . 08C) for Hurricane Ivan (shaded). Black and red

contours represent the percentage occurrence, respectively, of

RB , 1 (increment 15%) and RB , 0.25 (stippled starting at 5%;

increment 5%).
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FIG. 7. Two examples of turbulent layers beneath cirrus cloud basewithin the CDOofHurricane Ivan. (top) Infrared

satellite images at the time closest to the sonde release (crosses show the release locations): (a) 2156 UTC 6 Sep and

(b) 2026 UTC 7 Sep. (c),(d) Vertical profiles for the sondes in (a),(b), respectively: (left) bulk Richardson number,

(middle) vertical profiles of the stability term (black) and the shear-squared term (green) from Eq. (1) (units for both

are 1024 s22), and (right) skew T–logp diagrams for each sonde (solid blue shows temperature and dashed red shows

dewpoint). Each longwind barb is 5m s21 and each short barb is 2.5m s21. Themagenta band shows the turbulent layer.
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The composite structure in Fig. 8 displayed strong

vertical wind shear (exceeding 20m s21 km21) immedi-

ately above the stable layer. The composite wind di-

rection changed by 508 in a single 400-m layer as the

radial velocity in the storm sharply veered from inflow to

outflow (Fig. 8c). In tropical cyclone numerical simula-

tions, vertically propagating gravity waves are extremely

common within 200 km of convection (F. Zhang 2013,

personal communication). It is speculated that the duct-

ing or partial ducting of gravity waves by the stable layer

could produce such a shear maximum (e.g., Hooke 1986).

Alternatively, mixing in the unstable layer below could

reduce the vertical shear, creating an increase in shear in

the layer immediately above. Regardless of the cause, the

combination of shear and stability fluctuations associated

with sublimation appeared to play a direct role in de-

termining the base of the outflow layer in these sondes.

2) LOW STABILITY WITHIN THE CDO

Nearly one-third of Hurricane Ivan sondes displayed

upper-tropospheric turbulent layers in the presence of

cirrus clouds. The two sondes shown in Fig. 10 were

released at r 5 176 and 204 km, respectively—closer to

the center than most sondes in the beneath-cloud tur-

bulent layers in Figs. 7–8. The first sonde was released in

a region with a cloud-top temperature of about 2448C

FIG. 8. Composite sounding for sondes that exhibited turbulent layers beneath cirrus cloud base. Composite is with

respect to the turbulent layer shown by the magenta shading. Because the turbulent layer existed over a range of

heights, the composites begin at 2 km. (a) Mean relative humidity with respect to ice (T # 08C) or water (T . 08C).
The blue shading represents the cirrus layer. (b)Mean ›uy /›z (Kkm21). (c)Mean storm-relative radial velocity (red)

and tangential velocity (blue; both m s21). (d) RB from Eq. (1) using the mean fields. Solid contours indicate levels

where 10 or more values were available, dashed lines indicate 4–9 sondes, and no contour was plotted if fewer than 4

sonde observations were available.
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(Fig. 10a), whereas the sounding indicates the low-RB

layer lies at about 2558C (Fig. 10c). This suggests the

unstable layer lies above cloud top. But if the clouds

were partly transparent to IR radiation, as is common

with thin cirrus, the brightness temperature might be

overestimated and thus the cloud-top height under-

estimated. It cannot be said with any certainty that the

low-RB layer was within or above cloud.

The second sonde in Fig. 10 was located where the

infrared cloud-top temperature was 2708C. The turbu-

lent layer within this sounding (Fig. 10d) was centered at

2548C.As a result, the turbulence in the second sounding

lies unambiguously within the cloud layer. Both turbulent

layers were found in regions with tropospheric deep

clouds.

A composite of 30 such cases was created that was

restricted to turbulent layers located above the 12-km

level. The mean radius of these sondes was 358 km, and

all were released at a location with clear visual evidence

for cirrus clouds on infrared satellite images. About two-

thirds of sondes in this composite displayed tropospheric

deep clouds as in Fig. 10, while the remainder had sub-

saturated middle levels. Composite relative humidity

(Fig. 11a) indicates a cloud base near the 11-km level.

The turbulent layer existed well above cloud base,

where composite relative humidity fell to about 60%. It

is uncertain whether this subsaturated value still fell

within the cloud layer. Garrett et al. (2005) noted that

thin cirrus can exist with humidity near 60% and still

have a significant radiative impact. It is also possible that

the drop in relative humidity values aloft arose because

of the reduced frequency of dewpoint observations at

this high level (dashed line segment in Fig. 11a). Given

the small mean radius of this composite and the typical

top of the CDO well above the 13-km level (Cairo et al.

2008), it is hypothesized that the composite turbulent

layer in Fig. 11 lies within cloud.

Consistent with the soundings in Fig. 10, the com-

posite turbulent layer resulted almost entirely from

a strong decrease in stability (Figs. 11b,d). In contrast to

the beneath-cloud composite, the turbulent layer existed

well above the base of the outflow layer (Fig. 11c). The

tangential velocity showed deep cyclonic flow for the

entire layer up to the 13-km level. This reflects in part

the small mean radius for this composite, closer to the

center than the first composite.

Given the complexity of longwave radiative fluxes in

cirrus clouds, which depend not only on cloud thickness,

but also on particle size and density (e.g., Ackerman

et al. 1988), the cause of the turbulent layer shown in

Fig. 11 could not be determined with certainty. Long-

wave flux divergence and cooling beneath cloud top and

longwave warming within the cloud (Bu et al. 2014;

Melhauser and Zhang 2014) would contribute to this

stability anomaly, and it appears likely that these pro-

cesses are playing a role. Regardless of the cause, it was

striking that one-third of sondes in Hurricane Ivan ex-

hibited evidence for turbulence at a level above cirrus

base.

3) SHEAR-INDUCED TURBULENT LAYERS

Two examples of turbulent layers produced by large

vertical wind shear are displayed in Fig. 12. These

sondes were released at r 5 836 (Fig. 8a) and 537 km

(Fig. 8b). Turbulence was associated primarily with

a maximum in vertical wind shear within a transition

from weak cyclonic flow to strong anticyclonic outflow.

A composite of 11 sondes with shear-induced turbu-

lent layers in Hurricane Ivan (Fig. 13) was constructed

by requiring both RB # 0.25 and the shear term in Eq.

(1) exceeding 2 3 1024 s22 (14m s21 km21). These tur-

bulent layers fell generally outside the CDO at a mean

radius of 837 km. The general lack of cloudiness in these

profiles showed in relative humidity below 50% at all

levels above 3 km (Fig. 13a). The composite wind shift

within the turbulent layer (not shown) amounted to al-

most 608 over 400m. TheRB value was large through the

lower and middle troposphere (Fig. 13d) and fell below

unity only in the turbulent layer. This turbulence com-

posite reveals a sharp transition to the outflow layer

(Fig. 13c) that is not directly associated with cloud-

induced diabatic effects.

4. Discussion

Dropsondes from the NOAAG-IV aircraft were used

to examine the presence of low bulk Richardson num-

bers RB in tropical cyclones. Above the planetary

boundary layer, the maximum frequency of RB , 1

(‘‘lowRB’’) andRB# 0.25 (‘‘turbulence’’) was located in

FIG. 9. Schematic diagram for turbulent layers beneath cloud

base. The solid line represents the potential temperature from the

beneath-cloud turbulence composite. Blue shading shows the cir-

rus layer, yellow shading shows the stable layer, and magenta

shading shows the turbulent layer. The stars indicate sublimating

snow or ice.
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FIG. 10. As in Fig. 7, but for turbulent layers in the upper troposphere produced by low stability in the absence of

strong vertical wind shear. These sondes were released at (a),(c) 2227 UTC 6 Sep and (b),(d) 2310 UTC 11 Sep.
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the upper troposphere. The fraction of sondes with low

RB exceeded 50% just above the 13-km level in major

hurricanes. The non–tropical cyclone environment ex-

hibited a maximum of only 25% at levels near 11.5 km.

Turbulence reached a maximum frequency above the

12-km level of 10% in weaker tropical cyclones and 20%

in major hurricanes—several times more frequent than

outside of tropical cyclones. Major Hurricane Ivan

(2004) was studied in detail.

Three predominant prototypes of turbulent layers

were shown in Hurricane Ivan: beneath cloud base near

the edge of the CDO (16% of sondes), well above cloud

base within the CDO (32%of sondes), and at the base of

the outflow layer outside the CDO (3% of sondes).

Overall, 44% of sondes exhibited RB # 0.25 in at least

one upper-tropospheric layer (the sum of the previous

numbers exceeded 44% because some sondes exhibited

multiple types of low RB). Each of these turbulence

types will be discussed in detail below.

a. Turbulence associated with the sublimation of
precipitation

The turbulent layers in this composite were located

beneath the base of the CDO at a mean radius of 491 km

and a mean height of 9.3 km. They were found near the

outer edge of the CDO, but only in the presence of

relative humidity below 40%. The schematic in Fig. 9

resembles the structure induced by sublimation of fro-

zen precipitation shown by Luce et al. (2010) and Kudo

(2013). The extreme dryness of the layers would enhance

the sublimation rate and make unstable lapse rates more

likely (Schultz et al. 2006). This type of turbulent signa-

ture was rarely found near the storm core in this study

because soundings were too moist.

FIG. 11. As in Fig. 8, but for turbulent layers in the upper troposphere within the CDO produced by low stability in

the absence of strong vertical wind shear. Solid contours indicate levels where 25 or more observations were

available; dashed lines indicate 10–24 sondes. No contour was plotted if fewer than 10 sondes were available.
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FIG. 12. As in Fig. 7, but for high-shear turbulent layers outside the CDO. These sondes were released at (a),(c)

1929 UTC 8 Sep and (b),(d) 2102 UTC 15 Sep.
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The satellite image shown by Kudo (2013, his Fig. 2)

indicated that the turbulent layers were located within

the extended CDO of a typhoon, but likely one that was

undergoing extratropical transition. Kudo’s sounding

and flight-level data indicated a relatively low cloud base

near 500 hPa. The well-mixed turbulent layer was pres-

ent between 505 and 610 hPa, over a temperature range

from 08 to2158C. These layers were well beneath those

shown in the below-cloud turbulence composite in this

study, and at a higher temperature. A search of the

Hurricane Ivan data turned up 13 soundings that ex-

hibited turbulent layers at levels and at temperatures

comparable to Kudo (2013).

On the basis of his simulations, Kudo argued that,

other things being equal, turbulence will be weaker at

colder temperatures. In particular, vertical velocity os-

cillations were half the magnitude when the stable-layer

temperature was 2208 versus 2108C. In contrast, the

beneath-cloud turbulence composite in this study ex-

hibited a mean cloud-base temperature of 228.58C, not
unlike that observed by Luce et al. (2010). The reason for

the lack of turbulence at these temperatures in the simu-

lations ofKudo (2013) is uncertain. It is possible that larger

precipitation rates or more continuous precipitation are

needed at lower temperatures. The results here suggest

that upper-tropospheric, sublimation-induced turbulence

at temperatures below 2258C was about 3 times more

common than the warmer midtropospheric examples in

the one major hurricane that was studied in detail.

Kudo’s (2013) study was prompted by turbulence ob-

servations from aircraft. Pilot reports and eddy dissipa-

tion rate data from commercial aircraft provide a direct

measure of turbulence location and magnitude. Work is

underway to evaluate this reported turbulence in the vi-

cinity of tropical cyclones and to determine the variation

of the Richardson number in nearby rawinsondes.

FIG. 13. As in Fig. 8, but for high-shear turbulent layers outside the CDO. Solid lines indicate levels where 10 or more

observations were available; dashed lines indicate 4–9 observations.
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b. Turbulence above cirrus base

The second type of turbulent layer in Hurricane Ivan

appeared in 32% of dropsondes. The 30-sonde com-

posite was found at a mean radius of 358 km, close to the

storm center rather than near the edge of the CDO.

Turbulence existed 2.5 km above cloud base (Figs. 10–

11) and thus was likely influenced by diabatic processes

within theCDO.Aswith sublimation-induced turbulence,

it arose almost entirely from low stability. Bu et al. (2014)

andMelhauser and Zhang (2014) have noted the negative

vertical gradient in longwave heating from cirrus base to

cirrus top. This has the potential to create unstable lapse

rates within the cloud layer. Garrett et al. (2005) attrib-

uted cloud-top cooling within the anvil of a thunderstorm

to shielding of the cloud top from surface upwelling ra-

diation. However, Garrett et al. (2005) did not find Ri

values indicative of turbulence in the anvil. The question

arises as to why such eventswere so common inHurricane

Ivan studied in this paper. Because more than 65% of

members of this composite displayed deep saturated or

nearly saturated layers beneath the turbulent layer (see

examples in Fig. 10), it is hypothesized that the thickness

of the CDOnear the tropical cyclone center enhanced the

shielding effect and thus the cloud-top cooling, making

low stability and turbulence more likely.

Cloud-top cooling is accompanied by shortwave

warming during the day. The G-IV sondes in this study

were primarily released during late afternoon/early

evening local time, with a second subset during the

overnight hours. Virtually none were released when the

sun was high in the sky. Recent results byMelhauser and

Zhang (2014, their Fig. 9) suggest that shortwave

warming destabilizes the upper troposphere within the

cirrus overcast even more strongly than longwave radi-

ative processes. Sondes released by the National Aero-

nautics and Space Administration (NASA) Global

Hawk (Braun et al. 2013) show promise in further un-

derstanding the role of cirrus-layer warming and cloud-

top cooling, because they cover a wider range of the

diurnal cycle and are released above the CDO top.

Despite the uncertainty surrounding themechanism, the

presence of upper-tropospheric turbulence in nearly

one-third of sondes in Hurricane Ivan makes this

a worthy topic for further study.

c. Turbulence outside the CDO

The third type of turbulent layer arose almost entirely

from exceptional vertical wind shear at the base of the

outflow layer. It was found at a mean elevation of

11.5 km and a mean radius of 837 km, well outside the

edge of the CDO. The vertical shear maximum sepa-

rated layers of differing origin: strong anticyclonic

outflow from the storm core was present above the

turbulent layer and weak cyclonic inflow was present

below (Figs. 12–13). Tropical cyclones exhibit sub-

stantial inward fluxes of angular momentum by azi-

muthal eddies (Pfeffer and Challa 1981; Molinari and

Vollaro 1989) that maximize at larger radii. They drive

mean outflow where such fluxes increase upward and

inflow below and above (Holland and Merrill 1984;

Molinari and Vollaro 1989). The eddy momentum

source within outflow jets thus helps to produce mean

upper-tropospheric inflow beneath the outflow jets that

contribute to the sharpness of the outflow layer and

potentially to turbulence at the base of the outflow.

d. Other causes of turbulence

The results provide strong evidence that the CDO

organizes its own stability field via diabatic effects. The

two CDO-based turbulent layers (both below and above

cloud base) exhibited low stability associated with the

impacts of latent and/or radiative heating and cooling.

The third turbulent layer was characterized almost en-

tirely by large shear. However, many turbulent layers

were found with both negative stability anomalies and

positive shear anomalies. Gravity waves produce alter-

nating layers of stability and shear anomalies and, as

a result, high and low Richardson numbers (e.g., Lane

et al. 2012; Fovell et al. 2007). It is possible that gravity

waves are responsible for some of the turbulent layers

not included in the three composites. Subsequent study

will examine the role of gravity waves in the structure of

the outflow layer.

This paper focused on layers with RB # 0.25, but in

three-dimensional flows with both horizontal and ver-

tical shear, turbulence can occur when RB , 1 (Knox

et al. 2010; Lane et al. 2012). In particular, a correspon-

dence has been found between regions of negative ab-

solute vorticity (and thus inertial instability) and

turbulence (Dunkerton 1983; Knox et al. 2010). Low

inertial stability is known to exist in tropical cyclone

outflow (Rappin et al. 2011). The relationships in trop-

ical cyclones among diabatic physics, turbulence, gravity

waves, and inertial and symmetric instability represent

a promising area of future research.
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APPENDIX

Influence of Using a Moist Brunt–Väisälä Frequency

The results shown in the body of the paper made use

of a dry Brunt–Väisälä frequency, even in saturated re-
gions. In such regions, Durran and Klemp (1982) noted

that the dry estimates did not correctly represent the

stability term within the Richardson number. They

provided an accurate estimate for the Brunt–Väisälä
frequency in saturated layers:

N2
m 5 g(ab2 c) , (A1)

where

a5
11Lqs/RT

11 «L2qs/cpRT
2
, (A2)

b5
1

u

du

dz
1

L

cpT

dqs
dz

, (A3)

c5
d(q‘ 1 qs)

dz
, (A4)

q‘ is the liquid water mixing ratio, and «5 0.622. In this

appendix, the challenges of using Eq. (A1) with drop-

sonde data are noted, and arguments are made that the

dry estimates retained considerable value for the types

of turbulent layers studied in this paper. The liquid

water mixing ratio was omitted in Eq. (A4) because it

was unknown from the dropsonde data.

Saturation rarely existed in the sonde data. Only

RD93 sondes from Vaisala were used in this study, and

these have a known dry bias (e.g., Jaubert et al. 1999). In

addition to this sensor issue, dropouts of dewpoint

temperature were fairly common at low temperatures in

the upper troposphere. Figure A1 shows the number of

sondes that exhibited saturation or supersaturation as

a function of height forHurricane Ivan and for the entire

G-IV dataset. Many levels in Hurricane Ivan contained

fewer than five observations of saturation. Less than 1%

of the G-IV sondes exhibited saturation in the middle

troposphere and above 12 km. The frequency of satu-

ration was not well represented in these layers.

The Richardson number was calculated using Eq. (A1)

for all available saturated layers in the G-IV dataset. The

fraction of RB , 0.25 in these layers is shown in Fig. A2.

For comparison, the same results from the dry calculation

(equivalent to the sumof the red and blue lines in Fig. 3b)

are also displayed. Figure A2 shows that the frequency

of RB , 0.25 in saturated layers was much larger in the

FIG. A1. Number of dropsondes that displayed saturation or

supersaturation as a function of height. Blue indicates Hurricane

Ivan (327 sondes); red indicates all G-IV data (2571 sondes).

FIG. A2. Black indicates percentage of G-IV sondes that met the

dry turbulence criterion using Eq. (1) (equivalent to the sum of the

blue and red curves in Fig. 3b). Red indicates percentage of sondes

in saturated layers that met the moist turbulence criterion [using

Eq. (A1) to estimate the Brunt–Väisälä frequency] when at least 26
sondes (1% of the total) were available. Blue is similar to red, but
indicates when at least 10 sondes were available. Missing contour
indicates fewer than 10 observations.
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lower and middle troposphere than shown by the dry

calculation. The high fraction of moist turbulent layers

below 4 km is a topic worthy of further study, but the

lack of a true estimate of saturation in these layers

noted above does not allow such a study to be carried

out with the available data.

The limited results shown in Fig. A2 leave no doubt,

consistent with Durran and Klemp (1982), that a moist

Richardson number must be used in saturated layers.

Nevertheless, it is argued that the dry RB calculations

shown in the body of the paper were largely un-

influenced by these results, because turbulent layers

existed (i) in clearly unsaturated layers beneath cirrus

(Figs. 7–8), (ii) high in the troposphere where the dry

andmoist estimates approach one another (Figs. 10–11),

and (iii) well outside the storm core where the air was

usually clear (Fig. 13). In none of those examples was the

moist Richardson number critical.
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