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99th percentile of the Richardson number largely mirror the large-scale patterns in
the turbulence frequency maps. In comparison, the turbulence index (TI1) diagnoses
increased potential for turbulence most frequently at high latitudes north of where
turbulence is observed most frequently. For the analyzed 99th percentile thresholds
of the diagnostics, the probability of detection (POD) is around 20%, despite the over-
prediction at average turbulence frequencies of 0.15%. Although the POD increases
with higher diagnostic percentiles, this comes at the cost of an exponentially decreas-
ing precision. Representative precision is achieved, if at all, only for a small fraction
of the observed turbulence. Near high clouds, as indicated by low satellite infrared
brightness temperatures, turbulence frequencies increase by a factor of more than
five. However, a non-negligible POD is again only achieved at the expense of signifi-
cant overprediction by the diagnostics. So, whereas EDR > 0.18 m?/3 - s7! is observed
most frequently in regions where small Richardson numbers are diagnosed most fre-
quently in ERAS5, the rare occurrence of the analyzed turbulence intensity remains
hidden in the diagnostic frequency maps.
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1 | INTRODUCTION

Atmospheric turbulence is commonly described as the
cascading transfer of energy from larger- to smaller-scale
eddies down to the molecular scale and dissipation
through viscosity. This process redistributes heat, momen-
tum, and chemical constituents within the atmosphere,
modifying the evolution of the large-scale flow (e.g., Grams
et al., 2011; Martius et al., 2010; Spreitzer et al., 2019),
the transport pathways of trace gases through mixing
across transport barriers (e.g., Berthet et al., 2007; Hoor
et al., 2004), and the radiative budget of the atmosphere
(e.g., Forster & Shine, 1997; Riese et al., 2012). Further-
more, turbulence is the leading cause of weather-related
aircraft incidents (e.g., Gultepe et al., 2019; Sharman
et al., 2012). As such, understanding when and where tur-
bulence occurs in the atmosphere and how best to predict
it are active research questions. Two approaches to answer
these questions have been employed in past literature.
The first approach is to use observational data like the
turbulence reports provided by commercial aircraft. The
benefit of this approach is direct knowledge of the occur-
rence and magnitude of the turbulence. This approach is
limited, however, first because reports are only available
along flight routes and second because well-forecast turbu-
lent regions or those easily spotted (e.g., convective storms)
are undersampled by aircraft. For the upper troposphere,
a few studies on the geographic distribution of turbulence
that use aircraft reports do exist. For example, Wolff and
Sharman (2008) examined over 2.3 million manual pilot
reports of the perceived turbulence intensity from flights
over the contiguous United States (CONUS). The manual
pilot reports are not intended to provide research-quality
turbulence information, and the derived turbulence maps
should be interpreted as relative distributions and not
true probabilities. They found relative maxima during
winter for the aviation turbulence category moderate or
greater (MOG) turbulence and regional maxima associ-
ated with mountain-wave turbulence, the jet stream, and
convective storms. More recently, Ko et al. (2023) com-
piled MOG turbulence maps over the CONUS from more
than 200 million automated reports of measured turbu-
lence intensities. The turbulence maps show localized
small-scale frequency maxima and pronounced regional
variability, and although Ko et al. (2023) relate certain
maxima to mountain waves and the jet-stream location,
they conclude that more reports are necessary to derive
robust MOG turbulence maps. The limitations of these
few available studies highlight that, along with the con-
tinuously growing dataset of archived turbulence reports,
more studies on the spatial and temporal distribution of
upper-tropospheric turbulence are necessary.

The second approach to analyze the spatial and tem-
poral distribution of turbulence is to use gridded datasets
of meteorological quantities (such as from reanalyses,
weather model output, or climate model output) to con-
struct maps of turbulence diagnostics. Because turbulence
as a microscale process is not resolved in the models, these
diagnostics identify resolved flow features that indicate
the potential for flow instabilities and turbulent break-
down. Different diagnostics are either associated with
different flow instabilities or focus on varying aspects
of the evolution of individual instabilities. Accordingly,
no single diagnostic exists to identify all observed turbu-
lence. Nevertheless, the easy availability of such gridded
model datasets has led to a large number of studies
examining the spatial and temporal distribution of tur-
bulence diagnostics, in both the past and the future. For
example, Jaeger and Sprenger (2007) examined 44 years
of European Centre for Medium-Range Weather Fore-
casts (ECMWF) 40-year Re-Analysis (ERA40) data for the
Northern Hemisphere and compiled frequency maps for
turbulence diagnostics near the tropopause. They found
that the diagnostics diagnose turbulence most frequently
over the winter storm tracks, with varying location and
extent of the maxima for individual diagnostics. A more
recent study confirmed these results for a similar selection
of diagnostics and on the 250-hPa pressure level, using
41 years of ECMWF Reanalysis Version 5 (ERAS5) data
(Lee et al., 2023). A number of studies have examined
the conditions near storm tracks in climate model output
and have found the frequency of turbulence according
to the diagnostics to increase in the future (e.g., Smith
et al., 2023; Williams & Joshi, 2013).

These two approaches to analyze the spatial and tem-
poral distribution of turbulence complement each other
in theory. In practice, the relation between a diagnostic
climatology and a turbulence climatology depends on two
characteristics of the analyzed diagnostic. The first char-
acteristic is the fraction of turbulence that is attributed
to the flow conditions described by the diagnostic. The
second characteristic is the fraction of the flow condi-
tions described by the diagnostic that is turbulent. Or to
rephrase it in one question: “How much turbulence is
diagnosed, and at what precision?” Several studies have
quantified the predictive skill of the variety of known tur-
bulence diagnostics using automated turbulence reports
(e.g., Sharman et al., 2006; Sharman & Pearson, 2017).
These studies generally focus on turbulence diagnostics
as a forecast tool and derive metrics that provide, among
other things, a hierarchy of the predictive skill of the
diagnostics. Although this hierarchy of the predictive
skill helps guide the selection of the diagnostics used in
turbulence diagnostic climatologies, the metrics used in
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these studies are generally not applicable to interpret the
climatologies.

We are unaware of any study that has analyzed
a climatology of observed and diagnosed turbulence
simultaneously along with the predictive skill of the
selected diagnostics. We address this issue using a dataset
of eight years of automated turbulence reports from
commercial aircraft and compare it with two popular
diagnostics calculated from ERAS5 reanalyses (Hersbach
et al., 2020). We aim to show the geographic distribu-
tion of upper-tropospheric turbulence by season from the
measurements and show how these diagnostics compare.
We calculate the predictive skill of these diagnostics (how
much turbulence is diagnosed and at what precision)
and discuss the applicability of building climatologies
of turbulence from diagnostics, with the insight that
corresponding observations of turbulence provide.

Section 2 introduces the measurement and downlink
procedure of the turbulence reports and the preselection
steps applied to derive robust turbulence frequencies. This
section furthermore introduces the ERAS5 reanalysis and
the turbulence diagnostics. Section 3 presents the seasonal
frequency maps of the observed turbulence in compari-
son with the ERA5-derived diagnostics and discusses how
they compare in the context of the predictive skill metrics.
Section 4 revisits key aspects of the analysis using sub-
sets of reports classified by cloud brightness temperature,
aiming to determine whether the diagnostics perform
differently under near-cloud and in-cloud conditions.
Section 5 discusses the capabilities and limitations of the
turbulence reports and the ERAS5 diagnostics, as well as
the methods applied to analyze and compare them. Our
conclusions are summarized in Section 6.

2 | DATA AND METHODS

This study is based on automated Aircraft Communica-
tions Addressing and Reporting System (ACARS) turbu-
lence reports from commercial aircraft from January 1,
2017-December 31, 2024. The turbulence reports are made
available through the Meteorological Assimilation Data
Ingest System (MADIS) database by the National Oceanic
and Atmospheric Administration (NOAA). The start of the
analyzed time period is set by a gap of archived ACARS
reports in the MADIS database in 2016.

The cube root of the eddy dissipation rate EDR =
€3 (in m?/3 - s71) has been established as the standard
aviation turbulence intensity metric (Sharman & Pear-
son, 2017). For the automated turbulence reports and
under the assumption of isotropy, EDR is derived from
spectral analysis of the measured vertical wind (Shar-
man et al., 2014). The measurements of the vertical wind
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are available at 8 Hz. Every 55, the on-board algorithm
calculates the Fourier transform for a 10-s time series of the
vertical wind and derives an EDR estimate from the power
spectrum. This results in 12 EDR estimates each minute.
From these, the system identifies both a median and the
peak EDR value for each minute. In this study, we use the
peak EDR value recorded each minute as the measure of
turbulence.!

We apply four preselection steps to the turbulence
reports downloaded from the MADIS archive. First, we
disregard all reports below 8-km flight altitude to remove
the bias of the localized probing of the middle and lower
troposphere at airport locations. Second, we disregard all
reports that have been flagged as questioned or rejected by
the internal consistency checks that MADIS applies (such
as an unrealistic aircraft speed over the distance between
two consecutive reports). Third, we select only archived
reports with a regular one-minute sampling period along
individual flight tracks. Regular sampling is only given for
flights for which MADIS fills flight segments without rou-
tine or triggered reports with EDR = 0 m?/3 - s7! reports.
Routine reports are downlinked either every 15 or every
20 minutes to minimize downlink cost. Triggered reports
are additionally downlinked when the measured EDR
exceeds certain thresholds (see next paragraph). Fourth,
we exclude all reports located in the stratosphere, as
explained further in the following paragraph.

Figure 1a,b illustrates the seasonality of tropopause
altitude alongside the constant mean cruise altitudes. In
winter, aircraft probe more stratospheric air due to the
lower tropopause heights. The vertical distribution of
turbulence frequencies relative to the tropopause reveals
a sharp gradient across the ERA5-derived lapse-rate
tropopause (LRT, Figure 1c), resulting in a seasonal bias
with fewer turbulence encounters in winter compared
with summer. To minimize the impact of this tropopause
seasonality and to focus on the regions where turbulence
occurs most frequently, we limit the analysis to reports
within the upper troposphere, excluding all stratospheric
reports. For the dynamic tropopause, which is on average
located below the LRT (Figure 1a,b), the turbulence fre-
quency maximum shifts up to 1 km above the tropopause,
indicating that turbulence often occurs in these regions
of differing tropopause definitions. To minimize the influ-
ence of the tropopause seasonality, we proceed with the
analysis using only reports below the LRT.

Figure 1c introduces EDR > 0.18 m?/? - s as the tur-
bulence intensity threshold analyzed in this study. The
turbulence intensity is selected based on the downlink
thresholds for triggered reports. Reports are downlinked
if the median EDR exceeded 0.06 m?/3.s! over four
of the previous six minutes, if the peak EDR exceeded
0.12 m?/3.s7! over three of the previous six minutes,
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The upper panels show a schematic of the tropopause seasonality in a latitude-altitude cross-section. The cruise altitudes

are indicated with horizontal lines. (a) The winter season with lower average tropopause altitudes compared with the summer season in (b).

The PV = 2 PVU dynamic tropopause is indicated at, on average, lower altitudes compared with the lapse-rate tropopause (LRT), as well as a

stratospheric intrusion of low PV air in winter. The lower panels show zonally averaged relative frequencies f(EDR > 0.18 m?/3 - s~!) for all
regularly sampled ACARS reports from the NOAA MADIS archive from January 1, 2017-December 31, 2024. The reports are binned at the
local latitude and vertical distance from the local lapse rate tropopause in (c), and from the PV = 2 PVU dynamic tropopause in (d). Zonally

averaged report counts of 104, 10%, and 10° are indicated by the gray contour lines. [Colour figure can be viewed at wileyonlinelibrary.com]

or whenever the peak EDR exceeds 0.18 m%3.s7!
(WMO, 2013). Therefore, EDR > 0.18 m?/3 - s1 is the low-
est turbulence intensity without a downlink bias. It falls
between the aviation turbulence categories light or greater
(LOG) turbulence, defined by EDR > 0.15 m?/3 - s71, and
MOG turbulence, defined by EDR > 0.22 m?/3 - s71,

The second dataset we use is the ERAS5 reanalysis
(Hersbach et al., 2020), to calculate two popular turbu-
lence diagnostics and the LRT altitude (WMO, 1957).
We use hourly ERAS5 output fields on a regular 0.25°
latitude-longitude grid and on the native vertical hybrid
sigma-pressure level. Spatio-temporal matching of the
LRT and the diagnostics from the two neighboring
full-hour ERAS5 fields with the turbulence reports is
achieved through linear interpolation in the horizontal
and vertical, as well as in time.

The first diagnostic we calculate from the gridded
ERAS fields is the Richardson number (Richardson, 1922):

Ri = N?/S2. 9]

Static stability is defined as N? = g/0 - (00/0z), where g is
Earth’s gravitational acceleration, 6 is the potential tem-
perature, and zis the altitude. The squared vertical shear of
the horizontal wind is defined as S? = (du/0dz)? + (dv/0z)?,

with the zonal and meridional wind components u and
v. The Richardson number can be derived from stability
analysis in linear wave theory, where Ri < 1/4 is an insta-
bility criterion. In the gridded ERAS5 fields, the analytically
derived gradient Richardson number becomes the bulk
Richardson number, which can be interpreted to char-
acterize the stability of the atmosphere as follows. First,
small Richardson numbers can indicate wind shear that
is strong enough to overcome the restoring buoyant forces
in stably stratified flow, resulting in overturning of isen-
tropes and generation of Kelvin-Helmholtz instability as
a common source for turbulence in the free atmosphere
(e.g., Dutton & Panofsky, 1970; Sharman et al., 2012). Sec-
ond, small or negative Richardson numbers can indicate
weakly stable or unstable stratification (scaled by the wind
shear), along with increased potential for moist convection
and in-cloud turbulence.

The second diagnostic is the Turbulence Index 1 (TI1:
Ellrod & Knapp, 1992):

TIL = 4/S? - (D%, + DZ)). ()

The shearing deformation is defined as Dgy = dv/ox +
ou/dy and the stretching deformation as Dsr = ou/dx —
ov/dy using the horizontal derivatives of the wind

85USD17 SUOWILLOD) BAIERID) 3(qedtidde B Aq paueAoh a/e SN YO (88N JO SN 104 AR.GITBUIIUO AB]1M UO (SUORIPUOI-PUR-SWLIBI WY A8 IM ARR1q 1PU1IUO//SANU) SUORIPUOD PUe SW L U3 39S *[5202/2T/70] U0 Aiqi auliuo AB|IM ‘80us|poX3 2180 PUe UIIESH 104 3Imuisu| UOIEN ‘3OIN AQ £2002°b/200T 0T/10p/w0d 4| 1M ARe1q U1 U0 STELU//SANY WOJ) PaPeoumoq ‘0 ‘X0L8LLYT


http://wileyonlinelibrary.com

KALUZA ET AL.

Quarterly Journal of the 50f16

components in zonal (x) and meridional (y) directions.
TI1 is a semi-empirical diagnostic, which is commonly
used in studies on atmospheric turbulence because of its
high rank in the predictive-skill hierarchy of known diag-
nostics (e.g., Sharman & Pearson, 2017). Large TI1 values
indicate strong wind shear, scaled by the flow deforma-
tion, which can increase horizontal temperature gradients
and in turn increase wind shear according to the ther-
mal wind relation (Ellrod & Knapp, 1992). The Richardson
number and TI1 are related through the vertical shear
of the horizontal wind as one component for instability
in stably stratified flow. TI1 has a high predictive skill,
although it neglects the influence of the stratification,
implying that the strongest wind shears resolved in the
models used in validation studies (e.g., Sharman & Pear-
son, 2017) frequently result in instability and turbulent
breakdown of the flow. The relationship of the Richardson
number and TI1, their varying characteristics, and their
frequent appearance in studies on atmospheric turbulence
motivated us to select them as example diagnostics for our
study.

The third dataset we use consists of Geosta-
tionary  Operational  Environmental Satellite 16
(GOES-16) Advanced Baseline Imager (ABI) satellite
brightness-temperature measurements in infrared band
13 (10.3 pm). We use the full disk measurements at the
native horizontal and temporal resolutions of 2km and
10 minutes, respectively. Brightness temperatures are
matched to the ACARS reports via a nearest-neighbor
search in both space and time.

We derive three kinds of seasonal frequency maps
by sorting the upper-tropospheric reports into 4° X 4°
latitude-longitude bins and calculating the frequency of
reports exceeding the thresholds of interest (EDR, Ri,
TI1) relative to all reports in each bin. First, we derive
vertically averaged seasonal turbulence frequency maps
for EDR > 0.18 m?*?-s~! from the regularly sampled
upper-tropospheric ACARS turbulence reports from Jan-
uary 1, 2017-December 31, 2024. Second, we derive ver-
tically averaged seasonal turbulence diagnostic frequency
maps for the 99th percentile of the Richardson number at
the report location, Ri < 0.37, and for the 99th percentile
of TI1 at the report location, TI1 > 2.13 x 107® s~1. The
percentile method is a common approach in turbulence
diagnostic climatologies, with the choice of the percentile
being motivated either empirically or to mirror the fre-
quency of the analyzed turbulence intensity. We select the
99th percentile as an example and discuss the relevance
of this choice in Section 3.2. The third kind of seasonal
frequency maps we derive are for Ri <0.37 and TI1 >
2.13x107° s7! from all upper-tropospheric ERA5 grid
points within the altitude range 11 + 0.9 km, which corre-
sponds to the mean and standard deviation of the vertical
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distribution of the analyzed upper-tropospheric reports.
We exclusively use data from aircraft equipped with the
National Center for Atmospheric Research (NCAR) EDR
reporting algorithm, focusing on flight tracks with a reg-
ular one-minute sampling frequency from routine, trig-
gered, and interpolated reports, and on consistently down-
linked turbulence intensities with EDR < 0.18 m?/3 - 571,
Consequently, the derived turbulence frequencies should
not exhibit sampling bias.

3 | RESULTS

The following subsections present turbulence frequency
maps for individual seasons in comparison with the
according frequency maps of the 99th percentile of
the Richardson number and TI1. We begin with the
frequency maps for the Northern Hemisphere winter
(December-January-February, DJF) in Section 3.1, fol-
lowed by an analysis of the average and regional predictive
skill of both diagnostics in Section 3.2. After the more
detailed description of the approach for DJF, the compari-
son of the observed and diagnosed turbulence frequencies
under consideration of the regional predictive skill is
repeated for the remaining seasons in Section 3.3.

3.1 | Turbulence and diagnostic
frequency maps for DJF

Figure 2a shows the turbulence frequency map for EDR >
0.18 m?/3 . 5! derived from all ACARS turbulence reports
from flights during DJF and in the altitude range between
8 km and the LRT. The geographic coverage of the MADIS
ACARS reports is limited to flights leaving or arriving at
airports in the USA. EDR > 0.18 m?/3 - s~! occurs most
frequently over large areas of the North Pacific and the
western North Atlantic, whereas North America exhibits
comparatively low turbulence frequencies across broad
areas (Figure 2a). Additional turbulence frequency max-
ima occur over tropical oceans.

Figure 2b shows the DJF frequency map for the
99th percentile of the ERA5 Richardson number at the
report location, Ri < 0.37. The distribution of Ri < 0.37
shows a general agreement with the distribution of EDR >
0.18 m?/3 . s~! (Figure 2a), capturing the key features iden-
tified in the turbulence map. Small Richardson num-
bers are diagnosed most frequently in regions where
EDR > 0.18 m??3 - s7! is observed most frequently. When
examined in more detail, differences between observed
and diagnosed turbulence become evident in the fre-
quency maps (Figure 2a,b). For example, Ri < 0.37 occurs
frequently over northern South America and over the
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FIGURE 2 Relative frequency maps derived from upper-tropospheric (8 km < z < z;rr) turbulence reports during DJF for (a)

EDR > 0.18 m? - 571, (b) Ri < 0.37, and (c) TI1 > 2.13 x 107° s~1. The display threshold is 5000 reports per bin. Black contour lines in (a)
show report counts of 10*, 10°, and 10°. Filled contours in (b) and (c) show the relative frequencies of the diagnostics at the report location,
and black contour lines the relative frequencies (in steps of 3%) derived from all upper-tropospheric grid points in the ERAS5 in the range

11 + 0.9 km altitude. Vertical and horizontal line markers in (b) and (c) indicate above-average local diagnostic precision and probability of
detection (POD), respectively, compared with the seasonal average (see also Figure 3e). [Colour figure can be viewed at wileyonlinelibrary.com]

Philippine Sea (Figure 2b), where EDR > 0.18 m?/3 . 57!
is rarely observed (Figure 2a). Over Argentina and east
of Australia, EDR > 0.18 m?? - s~! is observed compara-
tively frequently (Figure 2a) where Ri < 0.37 exhibits no
frequency maximum (Figure 2b). The relative frequency

maxima of Ri < 0.37 diagnosed along the flight tracks align
with the frequency maxima of Ri < 0.37 derived from all
tropospheric ERAS5 grid points in range 11 + 0.9 km alti-
tude (Figure 2b). The alignment of the frequency maxima
suggests that the air masses sampled by the turbulence
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reports are, to some extent, representative for the upper
troposphere. For example, Ri < 0.37 occurs over 6% of the
time over the western North Atlantic, in regions where
Ri £0.37 is also encountered over 4% of the time along
flight tracks. The difference in the magnitude of the fre-
quency maxima could arise from mitigation strategies in
flight planning, where forecast regions of small Richard-
son numbers are avoided. Additionally, the interpola-
tion of the Richardson number to the time and location
of the reports smooths extreme values compared with
those at ERAS5 grid points, contributing to the observed
discrepancies.

Figure 2c shows the DJF frequency map for the 99th
percentile of TI1 at the report location, TI1 > 2.13 X
1076 g1, Compared with the Richardson number, TI1
shows less agreement with the distribution of the observed
turbulence (Figure 2a). The predominant features in the
TI1 frequency map are the maxima over the North Pacific
and the western North Atlantic (Figure 2c), which are
shifted towards higher latitudes compared with the tur-
bulence frequency maxima (Figure 2a). The northward
shift of TI1 frequency maxima is apparent along the flight
tracks and in the altitude range of 11 + 0.9 km, indicat-
ing that the occurrence of TI1 > 2.13 x 107® s~! along the
flight tracks is generally representative for the distribution
of TI1 > 2.13 x 107 s7! in the upper troposphere.

3.2 | How much turbulence is
diagnosed, and at what precision?

The DJF frequency map for the 99th percentile of the
Richardson number (Figure 2b) broadly agrees with
the turbulence frequency map for EDR > 0.18 m?/3 - s~
(Figure 2a), whereas the distribution of the 99th percentile
of TI1 (Figure 2c) exhibits a distinct northward shift of
the storm track maxima compared with the observed tur-
bulence and the Richardson number. The alignment (or
lack thereof) of the seasonal diagnostic frequency max-
ima with the seasonal turbulence frequency maxima does
not provide information about the classification skill of
the diagnostics (i.e., the question posed in the Introduc-
tion: “How much turbulence is diagnosed, and at what
precision?”).

Starting with the distribution of observed turbu-
lence intensities (Figure 3a) and the threshold EDR >
0.18 m?/3 - 571, a classification metric quantifies how well
a diagnostic threshold separates reports with EDR <
0.18 m?*/3.s7! from reports with EDR > 0.18 m?/3 . s~
(Figure 3b,c). A common way to illustrate the classifi-
cation skill is to calculate the probability of detection
(POD) and the probability of false detection (POFD) and
plot POD-POFD pairs as a function of the diagnostic
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threshold as receiver operator characteristic (ROC) curves
(Figure 3d). Figure 3d shows the ROC curves for
the Richardson number and TI1, calculated from all
upper-tropospheric EDR reports from flights during DJF
and for EDR > 0.18 m?/3 - s~1. The ROC curve for TI1 is
shifted towards the top-left corner relative to the ROC
curve for the Richardson number, indicating that TI1 has
a lower POFD at any given POD and therefore a higher
classification skill. The POD of 19.3% for Ri < 0.37 and
23.8% for TI1 > 2.13x 107% s7! answers the first ques-
tion, “How much turbulence is diagnosed?” The precision,
however, cannot be inferred from the ROC curves, because
the precision depends on the class imbalance, defined by
the fraction of reports that exceed EDR > 0.18 m?/3 - s71,
and the POD and the POFD are independent of the class
imbalance.

In Figure 3e, the precision on the y-axis is plotted
against the POD on the x-axis, thus including the class
imbalance:

TP POD x P

Precision = = ,
TP+FP POD X P+ POFD xN

(3)

considering the true positives (TP), false positives (FP),
positives (P: EDR > 0.18 m?*? -s7!), and negatives (N:
EDR < 0.18 m?/3 - s71). TI1 has comparatively high preci-
sion at sharp thresholds with low POD (Figure 3e), indi-
cating that the largest TI1 values resolved in ERAS are
frequently associated with EDR > 0.18 m?/3 - s~!. Com-
pared with TI1, the Richardson number has a lower pre-
cision at sharp thresholds,? but it approaches TI1 with
increasing POD, and both diagnostics converge towards
the average class imbalance P/(P + N) =0.0019 at the
right-hand y-axis intercept, which corresponds to the aver-
age occurrence frequency of 0.19% during DJF for EDR >
0.18 m?/3 . 571,

According to the EDR reports, 0.19% of the upper tro-
posphere during DJF is turbulent with EDR > 0.18 m?/3 -
s~1. The 99th percentiles of the Richardson number and
TI1 each define 1% of the upper troposphere as turbulent.
Overprediction is therefore inherent to the approach and
increases further, because only a fraction of all observed
EDR > 0.18 m?3 - s7! is described by the 99th percentile
of a diagnostic. Ri < 0.37 with a POD of 19.3% exhibits
a precision of 2.5% (Figure 3e), and TI1 > 2.13x 107¢ s7!
with a POD of 23.8% exhibits a precision of 3.4%. The
precision curves indicate that, at the given model res-
olution, the seasonal turbulence frequency distribution
for EDR > 0.18 m?/3 - s~! cannot be inferred reliably from
individual diagnostics. Strict diagnostic thresholds might
offer comparatively high precision, but only for a small
fraction of turbulence encounters; the majority may not
align with the climatological features inferred from such
thresholds. Lowering the threshold increases the POD, but
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FIGURE 3 Classification skill of the ERA5-derived Richardson number and TI1 during DJF at the report location. The first three plots
show the distribution of (a) the measured EDR, (b) the TI1 index at the report location, and (c) the Richardson number at the report location.
Reports with EDR < 0.18 m?/3 - s~! are indicated in light gray shading and those with EDR > 0.18 m?? - s~! in dark gray shading. The black
line in (a) represents the lognormal fit obtained using the method described by Sharman et al. (2014). For details on this method and a
comparison of the fit with values reported in the literature, see the Appendix. The reports classified as turbulent by the 99th percentile
thresholds of the diagnostics (dashed vertical lines) are highlighted by the shading in (b) and (c). The 99th percentile thresholds are indicated
by the circle marker for Ri and the triangle maker for the TI1. Panel (d) shows the ROC curves for Richardson number (black) and TI1 (gray)
and the markers as in (b) and (c). The precision curves are shown in (e) with lines, and markers as in (d). The small cirlcle and triangle
markers indicate the POD-precision pairs of Ri < 0.37 and TI1 > 2.13 x 107® s~! for the individual 4° x 4° bins in Figure 2.
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at the cost of exponentially decreasing precision, thereby
reducing the representativeness of the inferred climatolog-
ical features.

Figure 3e is derived from all upper-tropospheric
ACARS reports in the MADIS archive during DJF. About
50% of these reports are downlinked from flights over the
contiguous USA (contour lines in Figure 2a), which there-
fore dominates the average predictive skill displayed in
Figure 3e. The range of regional variability of the predic-
tive skill for the 99th percentiles of TI1 and Richardson
number is illustrated in Figure 3e, and above-average POD
and precision is highlighted in Figure 2b,c. It is neither
feasible nor necessarily reasonable to downscale classifi-
cation metrics to arbitrarily small temporal and spatial
scales. The way the metrics are presented here helps iden-
tify contiguous regions of enhanced or reduced classifi-
cation skill on seasonal time-scales. The 99th percentile
of the Richardson number shows above-average predic-
tive skill in the storm tracks and locally along the tropi-
cal flight routes (Figure 2b), whereas POD and precision
are both below average over large areas of the western
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USA. For TI1 > 2.13x 107% s~!, POD and precision are
also enhanced in the storm tracks (Figure 2c). In the
Tropics, turbulence is rarely associated with the selected
TI1 threshold (POD below average). Over the USA, on
the other hand, the precision exhibits below-average val-
ues. In summary, the inherent overprediction of diagnos-
tic thresholds with non-negligible POD, the exponential
trade-off between POD and precision, and the regional
variability of both metrics highlight that the geographic
distribution of EDR > 0.18 m?/3 - s! cannot be inferred
from the distribution of the ERA5-derived Richardson
number and TI1.

3.3 | Turbulence and diagnostic
frequency maps for MAM, JJA, and SON

Figure 4 presents the turbulence frequency map for EDR >
0.18 m*/3.s7! for March-April-May (MAM), June-
July-August (JJA), and September-October-November
(SON), alongside the 99th percentile of the Richardson

| (a) MAM

0.0 0.1 0.2 0.3 0.4 0.5 0.6
f(EDR=0.18 m?s=1) (%)

FIGURE 4

f(Ri<0.37) (%)

Relative frequency maps for EDR > 0.18 m?/3 - s~! from upper-tropospheric (8 km < z < z;gr) turbulence reports, for (a)

MAM, (b) JJA, and (c) SON. The display threshold is 5000 reports per bin. Black contour lines show report counts of 10%, 10°, and 10°. The
right-hand panels show relative frequency maps for Ri < 0.37, for (d) MAM, (e) JJA, and (f) SON. Black contour lines show the relative
frequencies (in steps of 3%) derived from all upper-tropospheric grid points in the ERAS5 in altitude range 11 + 0.9 km. Stippling highlights
bins where POD and precision are enhanced simultaneously compared with the seasonal average (see also Figure 5d). [Colour figure can be

viewed at wileyonlinelibrary.com|
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FIGURE 5

Relative frequency maps for TI1 > 2.13 x 1076 s7! at upper-tropospheric (8 km < z < z;gr) report locations, for (a) MAM,

(b) JJA, and (c) SON. The display threshold is 5000 reports per bin. Black contour lines show the relative frequencies (in steps of 3%) derived

from all upper-tropospheric grid points in ERA5 in altitude range 11 + 0.9 km. Stippling highlights bins where POD and precision are

enhanced simultaneously compared with the seasonal average. (d) shows the precision curves as introduced in Section 3.2 and Figure 3e, for

the Richardson number in black and TI1 in gray, for all seasons. The classification skill of the 99th percentiles Ri < 0.32 and

TI1 > 2.13 x 107® s7! is indicated by the circle and triangle marker. [Colour figure can be viewed at wileyonlinelibrary.com]

TABLE 1

Centered pattern correlation of the turbulence frequency maps for EDR > 0.18 m?/3 - s~! and the frequency maps for

Ri < 0.37 and TI1 > 2.13 X 1075 s71. The data are scaled by the cosine of latitude to account for the convergence of meridians in the

latitude-longitude grid.

Pattern correlation coefficient against f(EDR > 0.18 m?/3 - s71)

DJF
fRi £0.37) 0.43
f(TI1 > 2.13 x 1076 s71) 0.38
f(Ri < 0.37) north of 20°N 0.60
f(TT1 > 2.13 x 107 s~1) north of 20°N 0.30

number Ri <0.37. The corresponding frequency maps
for TI1 > 2.13 x 107® s7! are shown in Figure 5. During
MAM and compared with DJF, turbulence frequencies for
EDR > 0.18 m??3 . s7! decrease over the North Atlantic
and the North Pacific, where the frequency maximum
shifts northwestward (Figure 4a). Turbulence frequen-
cies increase across large parts of eastern North America,
which may be related to the seasonal occurrence of deep
convection as a source of upper-tropospheric turbulence.

MAM JJA SON
0.48 0.47 0.16
0.31 0.30 0.42
0.65 0.75 0.68
0.49 0.55 0.38

In tropical latitudes, turbulence frequencies remain
elevated over the Pacific but not over the Atlantic. The 99th
percentile of the Richardson number, Ri < 0.32, broadly
captures the large-scale distribution of observed turbu-
lence, similar to DJF. In contrast, f(TI1 > 2.13 x 107¢ s71)
continues to peak at high latitudes over the oceans, with
the maximum over the northwest Pacific partially align-
ing with the observed turbulence frequency maximum.
Table 1 lists the centered pattern correlation coefficients
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for each seasonal diagnostic map compared with the cor-
responding turbulence frequency map, providing a more
quantitative assessment of their spatial agreement. The
pattern correlation coefficient is generally higher for the
Richardson number than for TI1, except in SON, where
the signal in the Tropics dominates the Richardson num-
ber frequency map. For comparison, we also calculated
the pattern correlation using only data north of 20°N.
During JJA, the average frequency f(EDR >
0.18 m?/3 . s71) decreases to 0.1% (right-hand side y-axis
intercept in Figure 5d). This decrease is also visible in
Figure 4b, with reduced turbulence frequencies across
all regions except for tropical latitudes over the Atlantic.
The f(Ri < 0.37) map captures the overall reduction, aside
from the persistent maxima in the Tropics (Figure 4e). TI1
similarly reflects the overall decrease in the extratropics
(Figure 5b). Although the Richardson number might be
assumed to have better skill than TI1 during Northern
Hemisphere summer, the precision curves (Figure 5d)
indicate a noticeable drop in predictive skill for both diag-
nostics compared with the other seasons, with TI1 still
outperforming the Richardson number on average. In
SON, turbulence frequencies increase again, particularly
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along the storm tracks. This seasonal change is reflected by
both the Richardson number and TI1, with TI1 exhibiting
its frequency maximum at higher latitudes.

4 | DOES THE RICHARDSON
NUMBER OUTPERFORM TI1IN
NEAR-CLOUD AND IN-CLOUD
ENVIRONMENTS?

To assess whether the Richardson number or TI1 perform
differently in near-cloud or in-cloud conditions compared
with clear-air conditions, in terms of both predictive skill
and their alignment with turbulence frequency maps, we
repeated the analysis after dividing the dataset accord-
ing to cloud-top brightness temperatures from satellite
observations.

The nearest-neighbor pixels in the GOES-16 ABI
full-disk channel-13 (10.3-pm) measurements were
assigned to the ACARS reports, at the native spatial grid
spacing of 2 km and time intervals of 10 minutes. GOES-16
data are available from January 1, 2020. Figure 6a shows
that turbulence with EDR > 0.18 m?/3 - s~! occurs more
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FIGURE 6 Classification skill of subsets of all upper tropospheric reports (8 km < z < zyrrkm) during DJF. (a) Two-dimensional

histogram of the GOES ABI 10.3-um brightness temperature Ty, (in K) at the report location and the measured EDR (in m?/3 - s~1). The
histogram is normalized by the report count in each EDR bin. The black solid line shows the cumulative frequency from high to low
temperatures for reports with EDR > 0.18 m?/3 - s, and the black dashed line shows the cumulative frequency for all for reports. The
vertical line shows the T, = 235 K threshold. (b) The ROC curves for the Richardson number (black) and TI1 (gray), for reports with

Ty > 235 K (solid lines) and reports with T, < 235 K (dashed lines). (¢) The according precision curves. The bottom row plots (d), (e), and (f)
show the same information for the brightness-temperature difference Tyeport — Tp(10.3 pm) and the threshold of —10 K. [Colour figure can be

viewed at wileyonlinelibrary.com|
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frequently at low brightness temperatures. The reports
are split based on the empirical brightness temperature
threshold of 235K to separate the turbulence frequency
maximum associated with high cloud tops from the back-
ground flow. The cumulative frequencies indicate that
Ty, < 235 K encompasses less than 10% of all reports and
almost 40% of reports with EDR > 0.18 m?/3-s~!. The
ROC curves (Figure 6b) indicate a lower skill for reports
with T}, < 235K, but the lower area under the curve is due
first of all to the different class imbalance. The right-hand
side y-axis intercept in Figure 6¢ shows an average fre-
quency for EDR > 0.18 m?/3-s7! larger than 0.8% for
T, < 235 K, compared with about 0.15% for T}, > 235 K.
The precision is enhanced for Ty, < 235 K compared with
Ty, > 235 K, particularly for the Richardson number,
which would agree with the assumption that Ri performs
better (relative to TI1) in near-cloud and in-cloud con-
ditions. TI1, however, still outperforms the Richardson

DJF, T10.3um > 235 K
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number, which would agree with the assumption that
instabilities related to mesoscale-resolved wind shear
(for example, in outflow regions of warm conveyor belts
and embedded convection) contribute to near-cloud and
in-cloud turbulence, particularly in the winter storm-track
turbulence frequency maxima. Another possible approach
to split the reports is based on the difference between
the temperature at the report location and the brightness
temperature (Figure 6d-f). A turbulence frequency max-
imum is evident for temperature differences around 0K,
where the reports are located close to the cloud deck. The
separation of the reports based on the temperature dif-
ference threshold of —10 K achieves results comparable
with the previous approach, which was based solely on
the brightness temperature.

Figure 7 compares the DJF turbulence and diagnos-
tic frequency maps for reports with Ty, > 235 K with those
with T}, < 235 K. For turbulence in the absence of high

DJF, T103um=235K

el R

f(EDR=0.18 m?3s-1) (%)

f(Ri<0.41) (%)

f(Til = 1.38x107%s71) (%)

175°W 125°W 75°W 50°W 25°W  0°

Relative frequency maps for turbulence reports between 8 km and z; gy during DJF. Left panels for reports with GOES 16

ABI channel-13 brightness temperature Ty, > 235 K, for (a) EDR > 0.18 m?? - 57!, (b) Ri < 0.42, and (c) TI1 > 2.10 X 107 s~ Right panels
for reports with brightness temperature T}, < 235 K, for (d) EDR > 0.18 m?/? - 571, (¢) Ri < 0.41, and (f) TI1 > 1.38 x 107° s~!. Black contour
lines in (a) and (d) show report counts of 10%, 10°, and 10°. The display threshold for Ty, > 235 K and Ty, < 235 K is 5 x 10° reports in sum
from both subsets. [Colour figure can be viewed at wileyonlinelibrary.com]
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clouds (T, > 235 K), the observed turbulence frequencies
(Figure 7a) are generally enhanced over the oceans com-
pared with over land. The DJF frequency map for the
99th percentile of the Richardson number (Ri < 0.42,
Figure 7b) exhibits pronounced maxima in the Tropics,
but shows a weaker maximum over the North Atlantic
compared with the frequency distribution for all reports
(Figure 2b). The frequency map for the 99th percentile
of TI1 (TI1 > 2.10 x 107° s71, Figure 7c) remains largely
unchanged relative to Figure 2c.

In contrast, turbulence in the vicinity of high clouds
(Ty < 235 K) occurs most frequently at latitudes south of
40°N over the North Atlantic and along tropical flight
routes (Figure 7d). In agreement with Figure 6c and
compared with Ty > 235 K, the report count decreases,
whereas turbulence frequencies increase. High clouds are
associated with overall reduced Richardson numbers in
ERAS, which is reflected by the fact that the 95th per-
centile of the Richardson number for T, < 235 K (Ri <
0.41) is comparable with the 99th percentile threshold
used for Ty, > 235 K (Ri < 0.42). The enhanced turbulence
frequencies also lead to a comparable classification skill
between Ri < 0.42for T, > 235 Kand Ri < 0.41 for reports
with Ty, < 235 K (Figure 6c¢), which is why we select the
95th percentile to analyze reports near high clouds. Fre-
quencies of Ri < 0.41 are enhanced where turbulence is
observed most frequently (Figure 7d,e) but also extend into
other regions, such as the central North Atlantic and large
areas of the North Pacific (within the GOES field of view).
Similarly, the occurrence frequencies for the 95th per-
centile of TI1 (TI1 > 1.38 x 10~° s~!) are enhanced over
large portions of both the North Atlantic and the North
Pacific.

5 | DISCUSSION

The planetary-scale frequency maxima for EDR >
0.18 m?/? - 5! and their seasonality (Figures 2a and 4a—c)
appear to align with the underlying large-scale dynam-
ics of the atmospheric circulation, such as baroclinic
wave activity over winter storm tracks, deep convection
for the springtime continental maximum over eastern
North America, and the location of the Intertropical Con-
vergence Zone (ITCZ). Although deep convection and
strongly sheared flow in baroclinic waves are sources of
upper-tropospheric turbulence, this study highlights that
caution is advisable when inferring the distribution of
the infrequent occurrence of EDR > 0.18 m?/3 - s~! from
frequently occurring flow features that characterize a
geographic region.

Turbulence with EDR > 0.18 m?/3 - s~! in the upper
troposphere is likely more common than the turbulence

Royal Meteorological Society

reports suggest, as airlines actively seek to avoid
turbulence. Turbulence avoidance relies on onboard
and ground-based radar to identify convection, on pilot
and automated reports of turbulence encountered from
other aircraft, and on turbulence forecasts from weather
models, such as the Graphical Turbulence Guidance
(GTG: Sharman & Pearson, 2017). Regional variations
in observational coverage and differences in the propor-
tion of easily avoidable turbulence could influence not
only the overall turbulence frequency scale but also the
internal consistency of the turbulence frequency maps
(Figures 2a and 4a-c). Turbulence is more likely to be
avoided when it is well forecast (e.g., by the GTG), visu-
ally identifiable (e.g., convective storms), or spatially
limited (e.g., terrain-induced turbulence near mountain
ranges). However, it remains uncertain to what extent
the effect of turbulence avoidance on the representa-
tiveness of turbulence reports can be quantified. The
agreement between the turbulence diagnostics along the
flight tracks and at all upper-tropospheric grid points
in ERA5 can only be a rough proxy, considering the
identified limitations of the diagnostics for representing
EDR > 0.18 m?/3 - s7L.

For the automated turbulence reports, EDR is derived
solely from measurements of the vertical wind component.
This approach assumes that the measured vertical veloc-
ity fluctuations are representative of the entire turbulent
spectrum, which is only valid under the assumption of
isotropy. However, atmospheric turbulence is not gener-
ally isotropic, particularly in stably stratified or strongly
sheared flows, so EDR estimates may be biased toward
certain flow structures or instability types.

The separation of reports based on cloud bright-
ness temperature highlights interesting differences, most
notably the increased turbulence frequencies near high
clouds and the more widespread geographic distribution
of the 95th percentile of TI1 compared with where TI1
maxima generally occur. However, in terms of classifica-
tion skill, both the Richardson number and TI1 achieve
a non-negligible POD only at thresholds associated with
considerable overprediction, meaning that the observed
turbulence distribution cannot be inferred directly from
the diagnostic frequency maps.

Given the limited turbulence-report climatologies
available in the literature, we demonstrate that these
reports can be used to generate seasonal turbulence-
frequency maps, provided that the report-downlink
procedure and irregular sampling of the less turbu-
lent stratosphere are accounted for. Accordingly, we
present a turbulence climatology for one EDR threshold
and the upper troposphere, and we emphasize that the
effect of turbulence avoidance is not easily quantified.
In light of the variety of available turbulence diagnostic
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climatologies, we show that the interpretation of seasonal
ERAS turbulence diagnostic frequency maps with regards
to EDR > 0.18 m?/3 - s7! is challenging at least. The inter-
pretation of the diagnostic maps is difficult because of
the infrequent occurrence of EDR > 0.18 m?/3 - s71, the
exponential trade-off between POD and precision for
individual diagnostics, and the regional variability of
these metrics. The separation of reports based on cloud
brightness temperature reveals that, under low brightness
temperatures, turbulence frequencies increase by more
than a factor of five, background-flow Richardson num-
bers are lower, and both the turbulence and diagnostic
frequency maps exhibit markedly different geographic
distributions. However, the turbulence distribution
still cannot be inferred from the diagnostic distribu-
tion, as the sharp trade-off between POD and precision
remains.

6 | SUMMARY

Seasonal frequency maps of upper-tropospheric turbu-
lence have been derived from aircraft reports and com-
pared with seasonal frequency maps of the 99th percentile
of the Richardson number and TI1 in the ERA5 reanal-
ysis, under consideration of the predictive skill of the
two diagnostics. The turbulence frequency maps are based
on eight years (January 1, 2017-December 31, 2024) of
automated EDR turbulence reports from commercial air-
craft, provided by the NOAA MADIS archive. Internal
sampling biases have been taken into account by only con-
sidering archived reports with a consistent one-minute
sampling frequency along flight tracks, and by deriv-
ing turbulence frequencies for EDR > 0.18 m*/3 - s™! as
the lowest turbulence intensity in the reports without a
downlink bias.

The seasonal turbulence frequency maps for EDR >
0.18 m?/3 - s~! show contiguous planetary-scale frequency
maxima, as far as the geographic coverage of the US-based
airlines that contribute to the MADIS archive allows.
In the midlatitudes, the analyzed turbulence intensity is
observed most frequently over the North Atlantic and
North Pacific storm tracks during winter. North America
shows comparatively low turbulence frequencies through-
out the year, except for a widespread increase in the
east during spring. At tropical latitudes, turbulence fre-
quency maxima are observed over the Pacific and the
Atlantic, varying in latitude and magnitude throughout
the year.

The seasonal frequency maps of the 99th percentile of
the Richardson number largely mirror the regional and
seasonal patterns observed in the turbulence distribution,
whereas the 99th percentile of TI1 predicts turbulence

predominantly north of the observed winter storm-track
turbulence frequency maxima. Overprediction is inherent
to the 99th percentile approach, as EDR > 0.18 m?/3 - s~
occurs only 0.15% of the time according to the turbu-
lence reports. Despite the overprediction, only about 20%
of all observed turbulence is associated with each of the
diagnostics at the given thresholds. Adjustment of the
diagnostic threshold can increase the POD, but at the
cost of exponentially decreasing precision. Representative
precision is therefore only given for small fractions of the
observed turbulence, if at all. The precision and the POD
of both diagnostics vary regionally, which complicates the
interpretation of the diagnostic frequency maps further. A
separation of reports based on GOES-16 satellite infrared
brightness temperature shows that turbulence frequen-
cies near high clouds increase by more than a factor of
five, with a distinct maximum south of 40°N over the
North Atlantic. However, a non-negligible POD is again
only achieved at the expense of significant overpredic-
tion by the diagnostics. So, while EDR > 0.18 m?/3 - s
is generally observed most frequently in regions where
small Richardson numbers are diagnosed most fre-
quently in ERAS5, the rare occurrence of the analyzed
turbulence intensity remains hidden in the diagnostic
frequency maps.
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ENDNOTES

'In the literature on the turbulence reporting algorithm, a report
sometimes refers to a set of one-minute EDR measurements that are

downlinked in a bundle.
2The negative Richardson numbers are not critical for the initial off-

set from TI1, aside from very low POD. The logarithmic scale in
Figure 3c can be deceiving here.
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APPENDIX A. LOGNORMAL FIT FOR THE
EDR DISTRIBUTION

As a quality and consistency check, we have derived
a lognormal fit for the EDR distribution from all

upper tropospheric ACARS reports from January 1,
2017-December 31, 2024 (Figure 3a), following the
method described in Sharman et al. (2014). We have
adjusted the EDR range for the optimization of the fit
parameter from 0.10-0.64 m?/3 - s~ to 0.18-0.64 m?/ -
s~!. EDR values between 0.02 and 0.16 m?/3-s~! are
underrepresented because of the reporting technique,
as only turbulence intensities EDR > 0.18 m?/3 - s~! are
downlinked consistently. The underestimation of low EDR
isevidentin Figure 3a. A similar fall-off for low EDR values
is evident in the EDR probability distribution functions in
Sharman et al. (2014) and Ko et al. (2023).

The lognormal fit parameters in this study (4 = —3.61,
o = 0.63) agree more with the United Airlines distribution
in Sharman et al. (2014) (1 = —3.83, ¢ = 0.79) compared
with the Delta Airlines distribution (z = —2.85, ¢ = 0.57).
This agreement is expected, as we only use flight data
with a regular one-minute sampling frequency from reg-
ular, triggered, and interpolated reports. Together with
the exclusion of underestimated low EDR values during
the lognormal fit optimization, this approach is compara-
ble with the regular one-minute United Airlines reporting
technique.
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