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ABSTRACT

The NOAA G-IV aircraft routinely measures vertical aircraft acceleration from the inertial navigation

system at 1Hz. The data provide a measure of turbulence on a 250-m horizontal scale over a layer from 12.8-

to 14.8-km elevation. Turbulence in this layer of tropical cyclones was largest by 35%–40% in the inner

200 km of radius and decreased monotonically outward to the 1000-km radius. Turbulence in major

hurricanes exceeded that in weaker tropical cyclones. Turbulence data points were divided among three

regions of the tropical cyclone: cirrus canopy; outside the cirrus canopy; and a transition zone between them.

Without exception, turbulence was greater within the canopy and weaker outside the canopy. Nighttime

turbulence exceeded daytime turbulence for all radii, especially within the cirrus canopy, implicating radiative

forcing as a factor in turbulence generation. A case study of widespread turbulence in Hurricane Ivan (2004)

showed that interactions between the hurricane outflow channel and westerlies to the north created a region

of absolute vorticity of 26 3 1025 s21 in the upper troposphere. Outflow accelerated from the storm center

into this inertially unstable region, and visible evidence for turbulence and transverse bands of cirrus

appeared radially inward of the inertially unstable region. It is argued that both cloud-radiative forcing and

the development of inertial instability within a narrow outflow layer were responsible for the turbulence. In

contrast, a second case study (Isabel 2003) displayed strong near-core turbulence in the presence of large

positive absolute vorticity and no local inertial instability. Peak turbulence occurred 100 km downwind of the

eyewall convection.

1. Introduction

Turbulence in tropical cyclones

Molinari et al. (2014, hereafter MDV14) and Duran

andMolinari (2016) described the vertical variation of the

bulk Richardson number RB in tropical cyclones using

both rawinsondes and G-IV dropsondes. Figure 1 shows

the vertical profile of the fraction of rawinsonde obser-

vations within 500km of amajor hurricane that contained

RB, 1 andRB, 0.25. The latter regions weremost likely

to contain turbulence. A peak in the frequency of low

Richardson numbers existed in the planetary boundary

layer, as expected. A clear secondary maximum, how-

ever, occurred in the upper troposphere, in the layer

containing the tropical cyclone cirrus canopy (e.g., Cairo

et al. 2008). Low RB layers fell into three broad groups.

The most common was located within cirrus canopy

clouds in the upper troposphere (centered above 13km)

and was due almost entirely to low static stability layers

within the cirrus deck. The authors speculated that these

were produced by longwave and shortwave radiative

forcing within the upper-tropospheric cirrus. The second

type of low RB was found below the cloud base near theCorresponding author: John Molinari, jmolinari@albany.edu
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edge of the cirrus canopy, most commonly occurring at

9–10-km height, 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 cirrus (Luce et al.

2010; Kudo 2013). The third type of turbulent layer ex-

isted mostly outside the cirrus canopy and was produced

by large local vertical wind shear beneath the outflow jet.

The results suggest the cirrus canopy in tropical cyclones

creates its own distinctive stability and shear profiles that

strongly influence the distribution of turbulence. The

results supported the closure of Emanuel and Rotunno

(2011) and Emanuel (2012), whose theoretical model

required the Richardson number to be near a critical

value for turbulence in the outflow layer.

Several excellent review papers have been written on

turbulence in the atmosphere (Knox et al. 2010; Sharman

et al. 2012; Lane et al. 2012). Upper-tropospheric turbu-

lence is generated by overshooting convection, and peaks

about 1km above the convection. A second type of tur-

bulent region propagates away from the convection, and

owes its existence to shear and stability variations forced

by convectively driven gravity waves (e.g., Lane et al.

2012). This can produce alternating layers of low and high

Richardson numbers more than 100km from the convec-

tion. Gravity waves have been observed and simulated in

tropical cyclones (Pfister et al. 1993; Kuester et al. 2008).

The waves had a 15–100-km horizontal wavelength, a 4–

8-km vertical wavelength, and 20–100-min periods. The

waves in the study of Pfister et al. (1993) appeared to be

driven by mesoscale heating regions moving within the

tropical cyclone. These large-amplitude, localized gravity

waves appear to be relatively rare, asymmetric, and epi-

sodic. Smaller-scale, high-frequency, nearly continuous

gravity waves in the lower troposphere were simulated by

Nolan and Zhang (2017). Those waves near 700hPa were

beneath the layer of interest in this study.

Sublimation of ice beneath precipitating cirrus also

produces turbulence, supported both by observations

in a region of cirrus (not associated with a tropical cy-

clone; Luce et al. 2010) and high-resolution idealized

modeling of precipitating cirrus (Kudo 2013). In these

studies, turbulent layers extended downward by asmuch

as 2 km beneath the sublimation layer, but not above,

because of the presence of strong stability maxima.

MDV14 show several examples of this phenomenon in

tropical cyclones.

Other than the data collected by the G-IV aircraft,

direct measurements of turbulence are rare in the upper

troposphere of tropical cyclones. By making use of

commercial pilot reports, Kim et al. (2014) found regions

of moderate and severe turbulence near z 5 12km in a

Pacific typhoon undergoing extratropical transition. The

turbulence occurred several hundred kilometers away

from the center within the anticyclonic outflow layer. The

turbulent regions were characterized by banded struc-

tures within the cirrus cloud shield. Such bands might be

associated with small Richardson numbers, but also with

the presence of negative absolute vorticity (Knox et al.

2010), which in tropical cyclones is most likely in the

outflow layer (Rappin et al. 2011; Ditchek et al. 2017). In

an overview of the existence of cirrus bands in tropical

cyclones, Knox et al. (2010) noted a 10–50-km spacing

between the bands, which were oriented like spokes on a

wheel at the edges of the cirrus canopy. Pilots avoid such

bands, which are known to be turbulent (e.g., Lenz et al.

2009; Knox et al. 2010). Kim et al. (2014) simulated tur-

bulent cirrus bands in a tropical cyclone. They argued that

cloud-radiative forcing and large vertical wind shear each

contributed to the formation of the observed bands. Trier

and Sharman (2009) and Trier et al. (2010) found similar

mechanisms in the outflow layer of mesoscale convective

systems over land.

Duran and Molinari (2019) found that turbulence

had a substantial influence on upper-tropospheric sta-

bility in tropical cyclones. Surprisingly, turbulence was

shown to produce maxima and minima in static stability

in a high-resolution numerical model. This arose be-

cause themagnitude of turbulence changed dramatically

with height in a manner that was consistent with vertical

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

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

from 96 rawinsondes within 500 km of 17 major hurricanes (Fig. 4

from MDV14). The yellow shading indicates the layer in which

G-IV VAA data are examined.
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gradients of Richardson numbers. The changing static

stability fields altered the shape of the transverse cir-

culation and strongly influenced the upper-tropospheric

potential vorticity. Turbulence played a significant role

in this evolution.

Light-to-moderate turbulence occurs at times during

every NOAAG-IV flight, especially when the aircraft is

within or above cirrus (J. Kaplan 2017, personal com-

munication). The G-IV aircraft routinely measures in-

stantaneous vertical aircraft acceleration (VAA) from

the Inertial Navigation System (INS) at 1Hz, equivalent

to a 250-m horizontal scale. In this paper the term

‘‘turbulence’’ is used to describe the absolute value of

VAA on that scale. This dataset is, to our knowledge,

the onlymeasure of turbulence over large spatial regions

of multiple tropical cyclones, whereas previous work

was more anecdotal.

Given the evidence for the important roles of turbu-

lence in the above papers, the goals of this paper are (i) to

describe the distribution of turbulence with respect to

storm intensity, radius, and time of day and (ii) make use

of these distributions to gain insight into the thermody-

namics (role of clouds and radiation) and dynamics

(inertial instability) within the tropical cyclone outflow

layer. In addition, brief case studies provide detail for two

specific storms: Hurricanes Ivan (2004) and Isabel (2003).

These provide insight into the influences of variations in

the storm environment on the distribution of turbulence.

2. Radiative forcing in tropical cyclones

Figures 2 and 3 have been adapted from Bu et al.

(2014), who evaluated the role of radiative forcing in

multiple idealized numerical model simulations of

tropical cyclones. The yellow bar represents the G-IV

flight-level range. Figure 2 displays, averaged over the

diurnal cycle, shortwave radiative warming and long-

wave warming and cooling using the HWRF numerical

model with Thompson et al. (2008) microphysics and

Rapid Radiative Transfer Model for Global Circulation

Models (RRTMG) radiation (Fig. 7c from Bu et al.

2014). The dashed lines represent undisturbed clear

skies, and the solid lines show the cloudy region of the

tropical cyclone. The clear-sky net radiative forcing

arose because longwave cooling exceeded the diurnal

mean of shortwave warming, creating about 1Kday21

net radiative cooling without much vertical variation

below 12-km height.

The presence of a tropical cyclone cirrus canopy

substantially altered the net forcing. In the cloudy re-

gions, longwave cooling began near 10-km height and

intensified steadily to a value of 29Kday21 at 14.5-km

height. Shortwave warming peaked in the same layer,

but with a smaller magnitude. As a result, averaged over

the day, significant net cooling existed in the cirrus

canopy between 13 and 15 km. Other things being equal,

such forcing reduces the static stability beneath the peak

cooling. It is striking that the greatest frequency of low

RB (Fig. 1) was found in the same region. This suggests a

significant role for radiative forcing in producing tur-

bulence in tropical cyclones.

The radius–height distribution of azimuthally aver-

aged cloud condensate (shading) and net radiative

warming (contours) over the length of the day is given in

Fig. 3 [from Fig. 11a of Bu et al. (2014), which made use

of a different high-resolution model and physical pa-

rameterizations than in Fig. 2, but with very similar

results]. It is notable that the vertical gradient of cooling

near the edge of the cirrus canopy exceeded that at inner

radii. The difference arose not only from slightly stron-

ger longwave cooling near 14-km elevation, but also

stronger longwave warming that occurred near the

12-km height. Such a feature was found by Dinh et al.

(2010) in thin and even in subvisible cirrus. In tropical

cyclones near the edge of the cirrus canopy, where low-

andmiddle-level cloudiness is less common, it is possible

that blackbody radiation reaches the cirrus from the

FIG. 2. The area-averaged vertical profiles of the radiative

forcing tendencies (Fig. 7c of Bu et al. 2014). Given are longwave

(blue) and shortwave (red) radiative heating, and their sum

(black). Solid lines indicate the mean over 350-km radius in a

tropical cyclone; dashed lines indicate the same fields from the

RRTMG clear-sky sounding. The yellow shading is as in Fig. 1.
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warm ocean underneath. The net result is stronger ra-

diative forcing at the cirrus canopy edge than at other

radii. A great benefit of the turbulence data in this paper

is its concentration in the layers of greatest interest for

radiative forcing.

Melhauser and Zhang (2014) simulated tropical cy-

clones in the WRF model for perpetual day and per-

petual night. Although they used a different numerical

model and parameterized microphysics, their results

supported Bu et al. (2014). Perpetual night simulations

produced more intense convection and stronger storms

as a result of destabilization by cloud-top cooling, con-

sistent with Figs. 2 and 3. Perpetual daytime simulations

produced substantial warming from 9 to 13km and little

net cloud-top cooling, resulting in weaker convection

and weaker storms. Thus, although radiative forcing is

smaller in magnitude than latent heating in a tropical

cyclone, it still has a substantial impact, especially in the

upper troposphere where heating associated with phase

changes of water is much smaller than at lower levels.

Figures 2 and 3 show that the vertical distribution of

turbulence data from the G-IV aircraft is almost per-

fectly positioned to study these processes.

3. Data and methods

a. Turbulence data

Flight-level vertical acceleration of the G-IV aircraft

at 1Hz has been stored since 1998, but has not been ex-

amined to the authors’ knowledge. NOAA Aircraft Op-

erations Center (AOC) flight-level data are described at

https://data.nodc.noaa.gov/cgi-bin/iso?id5gov.noaa.ncdc:

C00581. The data are available at https://seb.noaa.gov/

pub/acdata/. All Atlantic Ocean basin G-IV flights within

1000kmof the storm center from 1998 to 2016 are utilized

for this study. Density changes were neglected over the

narrow layer of interest. No systematic evidence of tur-

bulence changes during aircraft turning were seen, and

no data were removed during turns. Table 1 shows the

distribution of the number of G-IV VAA observations

within 1000km of a tropical cyclone as a function of

height over 400-m layers. The choice of 400m minimized

roundoff error and ensured stable vertical structure (see

discussion by MDV14). Data are rare beneath 12.8km

and nonexistent above 14.8km. The radial variation of

turbulence is examined only for those layers with more

than 300000 observations, resulting in nearly 5 million

VAA observations summed from 12.8 to 14.8km. The

G-IV turbulence data lie almost exclusively beneath

the tropopause, which occurs in tropical cyclones within

FIG. 3. Vertical cross section of the net azimuthally averaged longwave plus shortwave ra-

diative heating averaged over a full day (adapted from Fig. 11a of Bu et al. 2014). Solid and

dashed contours represent positive and negative heating rates, respectively. The total con-

densate is shaded on a log scale, and the net radiative heating is contoured (increment 0.058 h21

for positive values and 0.18 h21 for negative values).

TABLE 1. Number of 1-Hz G-IV VAA data points within 1000 km

of tropical cyclones, separated into 400-m vertical layers.

Layer (km) No. of VAA observations

12.0–12.4 20 371

12.4–12.8 24 725

12.8–13.2 335 779

13.2–13.6 1 058 894

13.6–14.0 1 094 716

14.0–14.4 1 684 672

14.4–14.8 786 755

14.8–15.2 0
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the 15–18-km layer (Cairo et al. 2008; Molinari and

Vollaro 2014; Duran and Molinari 2018, 2019).

Vonich and Hakim (2018) produced power spectral

composites using lower-tropospheric flight-level data

from the NOAAP-3 and the U. S. Air Force. They found

that the spectral slope steepens over wavelengths of 10–

200km, and they suggested that analyses of spectra could

ultimately provide more information on turbulence. The

G-IV flight-level winds are not quality controlled, and

thus such a potentially insightful calculation is not possi-

ble in this paper.

Data for radial variations of turbulence were orga-

nized into 200-km radial bins out to 1000km. Only 7.2%

of all turbulence observations within r 5 1000km ex-

isted within the 200-km radius, and 15% existed from

800- to 1000-km radii. The peak observation frequency

was found almost uniformly from 200- to 800-km radii,

amounting to 78% of the total.

Turbulence observations were separated into daytime

(0600–1800 LT) and nighttime (1800–0600 LT). During

most of the hurricane season, the daytime is longer than

12h. At 0600 and 1800 LT, however, the sun angle is low,

and radiative cooling is likely exceeding solar heating.

Thus, even though the sun rises before 0600 LT and sets

after 1800 LT in most storms, it was felt that the even

split of the day into two 12-h periods was reasonable.

Examination of themagnitude of turbulence averaged

over each season produced an artifact. The years from

2008 to 2013 contained nearly 50% higher mean turbu-

lence magnitude than all years before and after that

period. We normalized the outlier years to have the

same mean as the other years. The appendix describes

the nature of the problem and the resultant solution.

Statistically significant turbulence variations make

use of the t test at the 99.999% level. The high signifi-

cance threshold takes into account the large number of

data points.

b. Other data

The cirrus canopy state at the location of each turbu-

lence observation was defined using infrared brightness

temperatures Tb. Only IR images within 15min of obser-

vation timeswere used. Thismethodhas aweakness: as the

cirrus thins it becomes partially transparent to infrared

radiation, and the satellite senses warmer temperatures

from below. This likely produces an unrealistically high Tb

in the presence of thin cirrus. Given this weakness, very

broad definitions of the cirrus state were employed. The

cirrus canopy was defined as the region with Tb , 2408C.
Regions without high cloud outside the canopy were rep-

resented by Tb . 08C. A transition region was defined by

brightness temperatures between 08 and 2408C. Figure 4

shows two examples of the cirrus canopy definition

resulting from this classification. These particular exam-

ples (from Hurricanes Ivan 2004 and Isabel 2003) were

chosen because they are discussed in another context in

section 5, which shows additional fields.

The radius for each observation was calculated using

the great circle distance from HURDAT2 center po-

sitions (Landsea and Franklin 2013). HURDAT2 was

first interpolated from 6-h to 1-min frequency in order

to avoid unrealistic jumps in the center position in

adjacent 1-Hz data.

The case studies made use of wind and absolute vor-

ticity from ERA-Interim analyses (Dee et al. 2011) on a

0.78 3 0.78 grid. They also utilized G-IV dropsonde data

described in detail by MDV14. Finally, vertical wind

shear data every 6 h were obtained from the Statistical

Hurricane Intensity Prediction Scheme (SHIPS). Shear

was calculated in SHIPS as the magnitude difference

FIG. 4. Two examples of cirrus canopy definition: (a) 1215 UTC

15 Sep 2004 in Hurricane Ivan; (b) 0945 UTC 16 Sep 2003 in

Hurricane Isabel. Yellow represents the cirrus canopy, gray rep-

resents outside the canopy, and green represents the transition

region. The bold arrow and adjacent number provide vertical wind

shear direction and magnitude between 850 and 200 hPa. Each of

these time periods is addressed further in section 5.
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between 850- and 200-hPa wind vectors, averaged over

a 0–500-km radius from the vortex center (DeMaria

et al. 2005).

4. Results

The vertical aircraft acceleration varied with a near-

normal distribution (Fig. 5a). Turbulence is the absolute

value of VAA; the 99th percentile of turbulence was

0.43ms22 (Fig. 5b), but note that this does not represent

extreme conditions. This lack of strong turbulence re-

flects in part the infrequent sampling of storm cores by

the G-IV aircraft. Turbulent kinetic energy is often cal-

culated using 25-Hz data, and no such resolution exists in

the G-IV data. Of primary interest in this paper are the

insights that the spatial variation of turbulence on a 250-m

scale might provide about upper-tropospheric physics in

tropical cyclones.

Both the major tropical cyclones and all other tropical

cyclones from tropical depression to category 2 (Fig. 6a)

showed peak turbulence at the innermost radial bin,

35%–40% larger than at outer radii. This is consistent

with the large frequency of Richardson numbers below

0.25 at small radii in hurricanes and its outward decrease

as shown by Duran and Molinari (2016). Major hurri-

canes exhibited 8% higher turbulence values at inner

radii than weaker storms (Fig. 6a).

Nighttime turbulence exceeded that in daytime

(Fig. 6b) by 9.9% at the 200–400-km radius and 7.6% in

the inner 200km. These radii are likely within the cirrus

canopy (Fig. 4). Turbulence is larger overnight for all

radii out to 1000km.

Turbulence was separated into quadrants according

to vertical wind shear direction in Fig. 6c. Turbulence

peaked downshear left (DSL). DSL turbulence ex-

ceeded the opposite upshear right (USR) quadrant by

30% in the storm core. In general, downshear turbu-

lence exceeded upshear, consistent with the variations

of lightning with vertical shear given by Corbosiero and

Molinari (2002). Cirrus canopies in sheared storms are

asymmetric and favored downshear (e.g., Fig. 4).

The variation of turbulence with cloud type (Fig. 7a)

shows the largest turbulence existed in the cirrus canopy

outside the 200-km radius. From 200- to 400-km radii, the

canopy region turbulence exceeded that from the tran-

sition region by 10.6% and the region outside the canopy

by 17.5%. Figure 7a represents all times of day. Based on

previous discussion (see the introduction and Fig. 6b),

more turbulence is expected at night. Figure 7b compares

turbulence in the cirrus canopy for night versus day.

Nighttime turbulence exceeded daytime by 22.4% at the

200–400-km radius. The existence of deep cirrus ap-

peared to play a significant role in the distribution of

turbulence. The following section addresses selected case

studies from individual storms.

5. Selected case studies

a. Cirrus bands in Hurricane Ivan (2004)

Hurricane Ivan (2004) was a Cape Verde–type storm

that crossed the Atlantic, Caribbean, and Gulf of

Mexico, and reached Category 5 intensity three separate

times. The history of Hurricane Ivan is described in

the National Hurricane Center report of the storm

(https://www.nhc.noaa.gov/data/tcr/AL092004_Ivan.pdf).

MDV14 examined RB distributions in Ivan, and

Molinari and Vollaro (2014) discussed the existence of

symmetric instability in Ivan using a composite of 320

dropsondes released by the NOAA G-IV over several

days. In this paper, only theG-IV flight on 15 September

2004 is addressed. Hurricane Ivan maximum winds

FIG. 5. Distribution of (a) VAA and (b) turbulence (absolute

value of VAA; both in m s22) over all storms and radii. The 99th

percentile value of 0.43 is given by the vertical line in (b).
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weakened from 140 kt (1 kt ’ 0.51 m s21) on the

previous day to 115–120 kt over 24 h. Vertical wind

shear evolved from 3008 at 6.8 m s21 at 0000 UTC

15 September to 2288 at 4.1 m s21 at 1200 UTC. The

shear direction thus had a component from the west

over the 12-h period.

An infrared image centered on the G-IV flight times is

provided in Fig. 8. Also given are the flight track and the

observations with turbulence greater than 0.43ms22

(99th percentile, shown by white dots). The colored seg-

ments of the flight track are repeated in the lower panel.

The black star is the initial time the G-IV reached the

minimum altitude examined in this study. G-IV sonde

locations are shown by the X’s, except for soundings

that are plotted in this paper, which are labeled A, B,

FIG. 6. (a) Radial variation of the mean turbulence magnitude

(m s22) for major hurricanes (red) and all other tropical cyclones

(blue) in 200-km radial increments. (b) As in (a), but for day (0600–

1800 LT; red line) and night (1800–0600 LT; blue line). (c) As in

(a), but for each of the four vertical wind shear–related quadrants,

for all radii and times. DSL, DSR, USL, and USR refer to down-

shear left and right, and upshear left and right. Radii with black

dots passed the significance test between the fields in (a) and

(b) and between DSL and USL quadrants in (c).

FIG. 7. (a) Magnitude of turbulence with respect to radius within

the cirrus canopy (blue), in the transition zone (green), and outside

the cirrus canopy (red). (b) Mean turbulence within the cirrus

canopy only, separated into day and night. Dots indicate significant

differences between cirrus and noncirrus in (a) and between night

and day in (b). The black dashed line is the weighted mean of night

and day.
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and C.1 A time series of 1-Hz vertical aircraft acceler-

ation values are plotted in the lower panel, along with

the release times of the sondes.

Cloudiness was asymmetric in Hurricane Ivan at

this time, with deep cirrus extending downshear and

DSL of the storm (Fig. 4a). The aircraft flew at the

outer edge of the regions of lower Tb. Two primary

regions of turbulence existed, one south of the storm

early in the flight, and the other north of the storm in

the deep cirrus. This northern event will be examined

further. Because of the 250-m resolution of the data,

turbulence at the 99th percentile was not continuous

in space to the north as implied by the nearly solid

white line in Fig. 8. Instead, it occurred in 12.3% of

points along the track between 848 and 908W, which is

12 times larger than a 99th percentile frequency for

the entire dataset, and 4 times larger than the average

frequency in this Ivan flight. This region of Hurricane

Ivan represented among the greatest concentration of

turbulence outside the core for the storms that were

examined.

Figure 9 shows soundings from three dropsondes

north of the center. The sonde data begin 600m beneath

the aircraft (to allow adjustment to the environment of

the sonde), and thus cannot directly address the source

of flight-level turbulence above. However, winds and

stability from the sondes will provide some insight. The

magenta bars in Fig. 9 indicate 400-m thick layers in

which RB , 0.25, following MDV14. To the left of

the soundings are the two components of RB: stability

in black and shear squared in green. Sonde A, at a ra-

dius 308 km north-northwest of the center, displayed

FIG. 8. (top) TheG-IVflight track from 0551 to 1058UTC 15 Sep 2004, overlaid onto infrared

brightness temperature, analogous to Fig. 1 of Duran and Molinari (2016). This satellite image

is valid at 1015 UTC, which lies within 2 h of the release of sondes A, B, and C. The locations

with turbulence greater than 0.43m s22 (99th percentile) are shown by white dots. The track is

divided into colored segments that are repeated in the lower panel, which displays the 1-Hz

VAA values. The black star in the top panel gives the location where the G-IV first reached an

altitude covered by this study. G-IV sonde locations in both panels are shown by the X marks

(shifted off the track for clarity), except for soundings that are displayed, which are labeled

A, B, and C. The sonde between B and C was not used because of a complete lack of wind data.

1 The sonde betweenB andCwas not used because of a complete

lack of wind data.
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multiple layers of RB , 0.25.2 The likely turbulent layer

at 375 hPa in sonde A closely resembled those described

by MDV14 and was caused by sublimation of pre-

cipitation beneath the cloud base. Consistent with this

was very dry air beneath a well-defined cirrus base near

350 hPa and negative static stability just below the in-

ferred sublimation layer. The presence of a capping in-

version situated just above the sublimation layer and

located well below the altitude of the aircraft suggests

that these features are unlikely to influence the turbu-

lence studied in this paper. Sublimation signatures in

sondes are thus not explicitly addressed in subsequent

soundings. A possible indirect role of sublimation is

addressed in the discussion. More relevant to the flight-

level turbulence observed in Fig. 9 is an unstable layer in

sonde A at the top of the sounding, which lies about

600m beneath flight level. MDV14 attributed such

layers to destabilization by longwave cooling increasing

upward and reducing static stability.

Sonde B was located almost directly north of the

storm at the 404-km radius. The cirrus base remained

well defined near 350 hPa. Outflow reached 25ms21 at

the top of sonde B, where tangential winds were weak.

This is suggestive of the results of MDV14 and Molinari

andVollaro (2014), who found enhanced outflow in Ivan

where inertial stability was weak.

Sonde C was found to the east of the turbulent layer.

Its structure dramatically differed from the others,

containing a nearly saturated column and no sub-

limation signature. Static stability was higher than for

the other sondes. Anticyclonic outflow occurred at the

top of the sounding, but the outflow was weaker than

for sonde B.

The cloud distribution was somewhat disrupted and

banded north of the storm at 1215 UTC 15 September

(Fig. 4a). Infrared images, however, often do not show

cirrus bands clearly (Lenz et al. 2009). Figure 10

provides visible satellite images and absolute vorticity

and wind vectors at 175 hPa near 0000 and 1200 UTC

15 September. Some striking changes occurred over

this 12-h period. At 0000 UTC (Fig. 10a), absolute

vorticity north of the storm reached 26 3 1025 s21.

This represents strong local inertial instability. The

negative absolute vorticity existed north of an arc of

very small-scale cloud fluctuations near 27.58N near the

northern edge of the main cirrus canopy. By 1200 UTC

(Fig. 10b), no negative absolute vorticity was found

FIG. 9. Soundings from sondes (top) A, (middle) B, and (bottom)

C. (left) Vertical profiles of the stability term (black; 1024 s22) and

the shear squared term (green; 1024 s22) from the RB definition.

(right) Skew T–logp diagrams for each sonde; solid blue shows

temperature, anddashed red shows dewpoint.Each longwind barb is

5m s21, and each short barb is 2.5m s21. The magenta bands show

the turbulent layers within the soundings, defined by RB , 0.25.
2 The unstable layer just above 400 hPa was labeled even though

winds were not available in that layer. Static stability is negative,

however, and shear is zero or positive, and thus RB must be zero or

negative.

MARCH 2019 MOL INAR I ET AL . 577



near the storm center, indicating a dramatic response

to the previous instability. The representation of the

convection seemed to change somewhat, from cellular

near 0000 UTC to banded at 1200 UTC near 298N. The

cirrus bands shifted northward with the storm. The

presence of turbulence in such bands is consistent with

the review of Knox et al. (2010).

b. Near-core turbulence in Hurricane Isabel (2003)

Hurricane Isabel was a long-lived Cape Verde–type

storm that reached category 5 status during its traverse

of the Atlantic and made landfall in North Carolina as a

category 2 storm. The time of interest in this study was

16 September 2003, when the storm was over the open

Atlantic near 278N, 708W. Vertical wind shear began

increasing on 15 September, and by 16 September the

stormweakened from category 3 to category 2. Figure 4b

showed a strong downshear shift in this cirrus canopy

associated with the vertical wind shear.

The G-IV flight track and the visible satellite image

for Hurricane Isabel at 0945 UTC 16 September are

given in Fig. 11. The major turbulence event in this

flight was found near the core as the aircraft flew just

outside of a partial eyewall northeast of the storm

center. This period of strong turbulence, which began at

0908 UTC, will be examined further. A high-resolution

plot of this turbulent region (Fig. 12) shows a banded-

ness in Tb northwest of the storm near the location of

the one sonde (A) that was released in this region.

Isabel contained several points where turbulence ex-

ceeded 3m s22. Between the black asterisk and 708W,

55.9% of points had turbulence above the 99th per-

centile, 4 times the frequency of the Ivan values in the

outer bands. The largest turbulence along the track

existed southeast of sonde A, just downwind of the

convection located near the eyewall. The turbulent

region also occurred downshear of the storm center

(Fig. 4b), consistent with larger turbulence downshear

overall (Fig. 6c). Variations in aircraft elevation asso-

ciated with strong turbulence show clearly on this high-

resolution plot. The aircraft elevation peaked at the

end of the updraft as the vertical acceleration passed

through zero, and was lowest at the end of the down-

draft period, as expected. Time between vertical

acceleration maxima ranged between 36 and 48 s

southeast of sonde A, giving a time scale for the turbu-

lent fluctuation.

The sonde skew T diagram (Fig. 13) differed dramati-

cally from the Hurricane Ivan sondes. A deep, saturated,

near-moist adiabatic layer exhibited almost no direc-

tional vertical shear in the entire column. The 200-hPa

absolute vorticity (Fig. 14) also varied sharply from the

Ivan case. Absolute vorticity was positive and quite large,

with values near 17 3 1025 s21 in the most turbulent re-

gion. The large turbulence thus existed in a cyclonic and

inertially stable region. The greatest turbulence occurred

downwind of an intense convective cell in the partial

eyewall with little turbulence observed upwind. The

Hurricane Isabel case provides an example of inner-core

turbulence likely forced by eyewall convection.

FIG. 10. Visible images valid at (top) 2245 UTC 14 Sep and

(bottom) 1215 UTC 15 Sep (same time as Fig. 4a). Absolute

vorticity (yellow shading for negative values and contoured in

green; increment 13 1025 s21) and winds at the 175-hPa level are

also shown at 0000 and 1200 UTC 15 Sep. Only absolute vorticity

values below 23 1025 s21 are shown to avoid dense contours near

the storm core. In the lower panel the blue G-IV flight track also

shows the locations of turbulence above the 99th percentile in

white dots.
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6. Discussion

a. Turbulence distribution

Both major hurricanes (greater than category 2) and

weaker storms showed that turbulence within the inner

200km of the radius was 35%–40% larger than at the

outer radii, consistent with Duran and Molinari (2016;

their Fig. 2), who found that the maximum low Ri-

chardson number frequency decreased monotonically

with the radius over the same region. Major hurricanes

exhibited about 8% larger turbulence than weaker

storms at all radii. These expected results provide some

verification of the value of the data, since deep con-

vection on average is more frequent at small radii in

strong hurricanes. More subtle aspects arose when the

diurnal cycle and the role of the cirrus canopy were

considered.

Overnight turbulence exceeded that during the day

by 7%–9% over all radii. This surplus overnight in-

creased to 22% if only the 200–400-km radii within

the cirrus canopy were evaluated. This suggests that,

as postulated by Bu et al. (2014), strong radiational

cooling near the cirrus top overnight is playing a

significant role in the enhancement of turbulence.

b. Case studies

The Hurricane Ivan case indicated a relationship

between turbulence and outflow layer inertial in-

stability, defined as absolute vorticity , 0. In principle,

such local inertial instability can be removed by hori-

zontal mixing; both inflow and outflow parcels accel-

erate in the same direction they are moving, eventually

creating a neutral absolute angular momentum region

analogous to the mixing of buoyant parcels in a heated

boundary layer. As noted by Ooyama (1966), however,

if the flow in the tropical cyclone is broadly outward, as

seen in Fig. 10, then the acceleration in the unstable

region would only be outward, creating strong outflow

jets with potentially large vertical wind shear above and

below. This type of structure was apparent in the wind

fields at 175 hPa in Figs. 9 and 10, where air accelerated

from the storm center into the inertially unstable region

at larger radii. If parcel mixing by inflow and outflow

cannot occur, inertial instability might require mixing

on small vertical scales [Dunkerton (1983), who noted

turbulence can be generated by the removal of inertial

instability]. We hypothesize that the inertial instability

came first as a result of interactions with westerlies.

These interactions might also include the potential

FIG. 11. As in Fig. 8, but for Hurricane Isabel at 0945 UTC 16 Sep 2003.
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impact of negative absolute vorticity arising from

the convection in the bands. Once the inertial insta-

bility developed, it was followed by acceleration of

outflow, turbulence, and removal of instability on a

12-h time scale, which was suggested by Molinari and

Vollaro (2014).

The sharp vertical gradients of outflow might play a

critical role in the Hurricane Ivan turbulence. Figure 15

shows mean Richardson numbers during rapid in-

tensification of a storm in an idealized axisymmetric

simulation (adapted from Duran and Molinari 2019).

The low Richardson number from 13- to 15-km eleva-

tion is consistent with the observations shown in Fig. 1.

The tropical atmosphere in general has lower static

stability at cirrus level, but this reduction in stability is

much larger in hurricanes (Duran and Molinari 2016).

Although the high-entropy narrow outflow has a posi-

tive static stability anomaly beneath it (not shown), the

strong shear in the same layer and the offsetting effects

of radiative cooling create low Richardson numbers in

the upper troposphere (Duran and Molinari 2019). In

addition, a narrow outflow channel can create shallow

layers of inertial instability that contribute to the tur-

bulence by reducing the absolute vorticity.

It is hypothesized that the sublimation near the 9-km

level does not influence turbulence at the G-IV flight

FIG. 12. As in Fig. 11, but highlighting the region containing the largest turbulence. (bottom)

Turbulence (black) and aircraft altitude (red) over a 20-min period. Range rings are depicted at

50-km intervals. Only a single sonde (‘‘A’’) was released in this region. The satellite image is

valid at 0915 UTC 16 Sep 2003 to better coincide with the time of largest turbulence.

FIG. 13. As in Fig. 9, but for sonde A in Hurricane Isabel in

Figs. 11 and 12, released at 0913 UTC 16 Sep 2003 at r 5 153 km

north-northwest of the storm center.
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level, because the turbulence extends only below cloud

base. Nevertheless, such sublimation is likely indicative

of strong outward advection of hydrometeors in en-

hanced outflow from the storm core, which could pro-

duce sublimation outside the core as these particles fall

from the cirrus layer. It is hypothesized that the sub-

limation signature is an indicator of the existence of

favorable conditions for turbulence beneath the cirrus,

but is not a direct cause of turbulence at the G-IV flight

level seen in this study.

The Hurricane Isabel case provided an example of

turbulence near the core of a strong hurricane. Vertical

acceleration varied sharply just downwind of intense

convection in the eyewall. Turbulence values exceeded

the 99th percentile of the flight-level dataset at more

than 50% of data points in this region. Much smaller

turbulence existed upwind of this convective feature.

The time scale of this oscillation was 36–48 s yielding a

wavelength of 8–12km. Similar vertical velocity per-

turbations were seen just outside the core of Hurricane

Patricia (Duran and Molinari 2018).

This region of turbulence was located downshear of

the center in an area of large upper-tropospheric inertial

stability. Absolute vorticity values approached 17 3
1025 s21 in this region. This contrasted the region of

turbulence in Hurricane Ivan, which was several hun-

dred kilometers from the center of the storm and in an

area with a history of inertial instability. It appears that,

unlike Ivan, inertial instability played no apparent role

in the generation of turbulence in the core of Isabel.

Rather, it is hypothesized that the observed distribution

of turbulence was generated by intense convection near

the eyewall and advected downwind by the upper-level

flow. The turbulence could have also been produced by

convectively generated gravity waves that propagated

northwestward.

The tropical cyclone outflow layer remains relatively

unobserved. Duran and Molinari (2019) showed that enor-

mous variations in tropopause-region static stability are

driven primarily by (i) differential advection of entropy in

both the horizontal and vertical and (ii) vertical gradients

of radiative forcing and turbulence. A narrow layer of

turbulence implied inFig. 15 produces awell-mixed layer,

but also produces stability maxima above and below

where turbulence is not active. These turbulence-related

stability changes alter the shape and strength of the radial–

vertical circulation, especially in the upper troposphere.

7. Conclusions

The importance of turbulence in the tropical cyclone

outflow layer addressed by Emanuel (2012) and Duran

and Molinari (2019) provided the motivation for exam-

ining the only broad-based upper-level turbulence dataset

available. The current study described a decrease in tur-

bulence with radius and an increase with storm intensity.

Nighttime values exceeded those in daytime. Turbulence

outside the storm core was greatest within the cirrus

canopy, suggesting the cloud-top cooling played a role.

The case studies displayed the variable nature of the tur-

bulent environment within the hurricane outflow layer:

FIG. 14. As in Fig. 10, but for Hurricane Isabel at 1145 UTC 16

Sep. The absolute vorticity is from 1200 UTC. Unlike Fig. 10, the

contour interval is 2 3 1025 s21 with all values being shown.

FIG. 15. Average over 24 h of rapid intensification from an axi-

symmetric Cloud Model 1 (CM1) numerical model (Bryan 2017;

Bryan andRotunno 2009) of radial velocity (m s21; contoured) and

Richardson number (shaded). This figure was provided by Patrick

Duran, adapted from the results of Duran and Molinari (2019).
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low upper-tropospheric inertial stability and anticyclonic

flow existed several hundred kilometers from the center at

the edges of the cirrus canopy inHurricane Ivan.High cloud

was also present, suggesting a role for cirrus cloud-top

cooling. In contrast, strong turbulence in Hurricane Isabel

occurred at inner radii near deep eyewall convection in the

presenceof large absolute vorticity and inertial stability. The

largest values were found downshear of the center and

downwind of the upper-tropospheric flow from the eyewall.

Turbulence in the upper troposphere in a tropical cyclone

can be generated inmanyways.High-resolution simulations

of tropical cyclones to further delineate the role of turbu-

lence seem to be a promising avenue for further research.
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APPENDIX

Removal of Artifacts in the Turbulence Data

Figure A1 shows the radial distribution of turbulence

grouped into two sets of years. Also plotted is the standard

deviation of turbulence for each group. It is apparent that

one 6-yr period (2008–13) contained substantially larger

turbulence (48%) versus the mean of the other years.

Table A1 compares storm and data distribution character-

istics for these two periods. These periods do not mean-

ingfully differ in the average radius and height of the data.

There is also little difference in the mean location and time

of year of the observed storms. The only appreciable dif-

ference is that themean storm intensitywasweaker by 11kt

for the periodwith larger turbulence. This result contradicts

the findings of this paper that themagnitude of turbulence is

positively correlated with storm intensity. Therefore, it ap-

pears that none of the analyzed characteristics could ac-

count for this change in turbulence magnitude.

Despite many communications with NOAA personnel,

we could not track down the source of this discrepancy.We

attribute the issue to a data processing problem, because

persistent, multiyear INS errors of 50% are not possible.

Two possible solutions existed: (i) omit the 6-yr outlier

period, or (ii) normalize (i.e., reduce) the 2008–13 period

to have the same mean as the other years. The normali-

zation was chosen because the radial variation of turbu-

lence (Fig. A1) was so similar for the two sets of data. This

conservative approach allows us to use all years of data.
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